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Abstract

The European School of High-Energy Physics is intended to give young physicists an introduction to the the-
oretical aspects of recent advances in elementary particle physics. These proceedings contain lecture notes on
the Standard Model of electroweak interactions, quantum chromodynamics, Higgs physics, physics beyond the
Standard Model, flavour physics, and practical statistics for particle physicists.
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Preface

The twenty-first event in the series of the European School of High-Energy Physics took place in Pardd-
fiird6, Hungary, from 5 to 18 June 2013. It was organized jointly by CERN, Geneva, Switzerland, and JINR,
Dubna, Russia, with support from several bodies in Hungary: Academy of Science; Scientific Research Fund;
University of Debrecen; Wigner Research Centre for Physics. The local organization team was chaired by Pro-
fessor Dezsé Horvath. The other members of the local committee included: Csaba Hajdu, Gergdé Hamar, Janos
Karancsi, Ferenc Siklér, Baldzs Ujvéri, Viktor Veszprémi, and Anna Zsigmond.

A total of 114 students coming from 27 different countries attended the school, mainly from member
states of CERN and/or JINR, but also a few from other regions. The participants were generally students in
experimental High-Energy Physics in the final years of work towards their PhDs.

The School was hosted at the Erzsébet Park Hotel complex in Paradfiird6, about 120 km from Budapest.
According to the tradition of the school, the students shared twin rooms mixing participants of different nation-
alities.

A total of 31 lectures were complemented by daily discussion sessions led by six discussion leaders. The
students displayed their own research work in the form of posters in an evening session in the first week, and
the posters stayed on display until the end of the School. Each discussion group carried out a collaborative
project, studying in detail the analysis from a published paper from one of the LHC experiments; a summary
was presented by a student representative of each group in an evening session in the second week of the School.
The full scientific programme was arranged in the on-site conference facilities.

Our thanks go to the local-organization team and, in particular, to Dezsé Horvath and Csaba Hajdu for all
their work and assistance in preparing the School, on both scientific and practical matters, and for their presence
throughout the event. Our thanks also go to the efficient and friendly hotel management and staff who assisted
the School organizers and the participants in many ways.

Very great thanks are due to the lecturers and discussion leaders for their active participation in the School
and for making the scientific programme so stimulating. The students, who in turn manifested their good spirits
during two intense weeks, undoubtedly appreciated listening to and discussing with the teaching staff of world
renown.

We would like to express our appreciation to Professor Rolf Heuer, Director General of CERN, and Pro-
fessor Victor Matveev, Director General of JINR, for their lectures on the scientific programmes of the two
organizations and for discussing with the School participants.

In addition to the rich scientific programme, the participants enjoyed numerous sports and leisure activities
in and around the Erzsébet Park Hotel complex. Particularly noteworthy were the very nice excursions to the
nearby town of Eger, to Budapest with impressive views of the Danube in flood in addition to the normal sites
of the capital city, and to the spectacular Aggtelek caves. Sports and leisure facilities, including the swimming
pool, wellness centre and ten-pin bowling, provided an excellent environment for informal interactions between
staff and students.

We would also like to thank Professor Jézsef Palinkas, President of the Hungarian Academy of Sciences,
and Professor Péter Lévai, Director General of the Wigner Research Centre for Physics in Budapest, for visiting
the School and more generally for their interest and support. We are very grateful to Kate Ross and Tatyana
Donskova for their untiring efforts in the lengthy preparations for and the day-to-day operation of the School.
Their continuous care of the participants and their needs during the School was highly appreciated. We would
also like to thank Hélene Haller for her help in the early stages of preparing the School.

The success of the School was to a large extent due to the students themselves. Their poster session was very
well prepared and highly appreciated, their group projects were a great success, and throughout the School they
participated actively during the lectures, in the discussion sessions and in the different activities and excursions.

Nick Ellis
(On behalf of the Organizing Committee)
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Quantum Field Theory and the Electroweak Standard Model

E. Boos
M. V. Lomonosov Moscow State University, Skobeltsyn Institute of Nuclear Physics (SINP MSU),
Moscow 119991, Russia

Abstract

The Standard Model is one of the main intellectual achievements for about the
last 50 years, a result of many theoretical and experimental studies. In this
lecture a brief introduction to the electroweak part of the Standard Model is
given. Since the Standard Model is a quantum field theory, some aspects for
understanding of quantization of abelian and non-abelian gauge theories are
also briefly discussed. It is demonstrated how well the electroweak Standard
Model works in describing a large variety of precise experimental measure-
ments at lepton and hadron colliders.

1 Introduction

The Standard Model (SM) of strong and electroweak (EW) interactions is the basis for understanding
of nature at extremely small distances. In high-energy physics usually the relativistic system of units
is used in which the Planck constant 7 and the speed of light ¢ are equal to unity, 4 = ¢ = 1. Taking
into account well-known values for i = 1.055 - 1027 erg s, ¢ = 3 - 10'Y cm/s and the positron electric
charge e = 1.6 - 10712 C and using the relation between the electronvolt and erg (I eV=e- 1 V=1V
1.6 107" C =1.6 - 10~!2 erg), one easily gets the following very useful relation between length and
energy units: 1/GeV =2 - 1074 cm. Due to the Heisenberg uncertainty principle, AzAp > 1/2, the
above relation allows us to understand which energies (momentum transfers) are needed approximately
to probe certain distances:

100 GeV — 10716 cm,

1 TeV — 1077 cm,

10 TeV — 1078 cm.

Therefore, at the LHC one can study the structure of matter at distances of 10718-10~17 cm. For small
distances of the order of 1076 ¢cm or correspondingly 100 GeV energies the SM works very well, as
follows from many studies and measurements.

The SM is a quantum field theory; it is based on a few principles and requirements:

gauge invariance with lowest dimension (dimension four) operators; SM gauge group: SU(3)¢ x
‘SIJ(Q)L X [](1)Y;

correct electromagnetic neutral currents and correct charge currents with (V=A) structure as fol-
lows from four fermion Fermi interations (1)

(jg P ta(l—75) - 1] - Yol —7s) - 76 ] + hec; M

three generations without chiral anomalies;

Higgs mechanism of spontaneous symmetry breaking.

Fermions are combined into three generations forming left doublets and right singlets with respect to the
weak isospin (see Fig.1).

fur = %(1 F ).
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Fig. 1: Fermion generation
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The SM Lagrangian written in accord with the mentioned requirements looks very simple:

L= AWV — 1B B~ G, (G
+ 3 g TLUDI ) + S g TRDA) W, + L,
Ly =Le + LYukawa7
Ly = D, ®'DFD — 120Td — \(DTd)%,
Lyuawa = ~T7Q1 ' ®d? + hoc. — THQ, '8y + hoc. — THL '®efy? + e
The field strength tensors and covariant derivatives have very familiar forms:
Wi, = 0,W, — 0,W), + g2e"*WiW},
B,uz/ = a/,LBl/ - aI/B,ua
G, = 0, AL — 0,AY + gs f°Ab A,

. f
DL =8, —igWir' —igiB, <Y2L) — igs A%,
f
DR =9, —igB, <Y2R> — igg ALt

wherei=1,2,3,a=1,...,8; W;L are gauge fields for the weak isospin group, B, are gauge fields for
the weak hypercharge group and A,, are gluon gauge fields for the strong SUc(3) colour group.
1 4 2

37YuRi :§7Yd = 3

The Lagrangian is so compact that its main part can be presented on the CERN T-shirt (see Fig. 2).

It is hard to imagine that such a simple Lagrangian allows one to describe basically all the phe-
nomena of the microworld. But the SM Lagrangian, being expressed in terms of physics components,
is not that simple, leading after quantization to many interaction vertices between particles or quanta of
corresponding quantum fields.

This lecture is organized as follows. In the next section some aspects of quantum field theory are
briefly discussed. After a motivation as to why do we need a quantum field theory, we consider scalar



QUANTUM FIELD THEORY AND THE ELECTROWEAK STANDARD MODEL

+ (FPY +he.
Tk YyksPhc.
+Ref-V(@)

ii
s

Fig. 2: CERN T-shirt with SM Lagrangian

fields and introduce the Feynman propagator and functional integral approach as a quantization method.
The functional integral given in the holomorphic representation allows us to clarify boundary conditions
and show the connection between the Green functions and S-matrix elements. Feynman diagrams are
introduced. The formalism is extended to the fermion and gauge fields stressing peculiarities in the
quantization procedure and Feynman rule derivation. In the next section a construction of the EW SM
Lagrangian is presented. We discuss experimental facts and theory principles based on which the EW part
of the SM Lagrangian for fermion and gauge fields is constructed. We show explicitly which conditions
on weak hypercharges allow us to get correctly electromagnetic and charge current (CC) interactions
and predict additional neutral currents (NCs). We demonstrate how potentially dangerous chiral anoma-
lies cancelled out. Then spontaneous symmetry breaking, the Goldstone theorem and the appearance
of Nambu—Goldstone bosons are briefly discussed. The Brout—Englert—-Higgs—Hagen—Guralnik—Kibble
mechanism of spontaneous symmetry breaking is introduced leading to non-zero masses of the gauge
fields and appearance of the Higgs boson. Very briefly we discuss in addition to the unitary gauge the
covariant gauge, propagators of Goldstone bosons and ghosts. At the end of the section it is shown how
the spontaneous symmetry breaking mechanism leads to non-zero masses for the fermions in the SM
and how very naturally the Cabibbo—Kobayashi—Maskawa mixing matrix appears. In the next section we
concentrate on some phenomenological aspects of the EW SM such as connections between the Fermi
constant G, the Higgs vacuum expectation value v, consistency of low-energy measurements and W,
Z mass measurements, W-, Z-boson decay widths and branching ratios, number of light neutrinos, two-
fermion processes in eTe™ collisions, tests of the gauge boson self-interactions, top-quark decays and
the EW top production (single top). Briefly we discuss the EW SM beyond the leading order, renormal-
ization and running coupling in quantum electrodynamics (QED), as a simplest example, running masses
and running parameters in the SM, precision EW data and global parameter fits. Concluding remarks are
given in the next section. The quantum chromodynamics (QCD) part of the SM and the phenomenol-
ogy of the Higgs boson are not discussed in these lectures as they are addressed in other lectures of the
School.

For a deeper understanding of the topics discussed, one can recommend a number of very good
textbooks and reviews [1-9] and lectures given at previous schools and specialized reviews [10, 12—15],
which have been used in preparation of this lecture.

2 Introductory words to quantum theory

In classical mechanics a system evolution follows from the principle of least action:

ty ty
55 =5 [ atLao.qw) =0 [ [255% 225(4)} = 0; 5(d) = Sou

1
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For an arbitrarily small variation dq, one gets the well-known Lagrange equation of motion

oL d (0L
== (%) )
dq dt \ 9¢
For a non-relativistic system described by the Lagrangian L = mT‘F — V(q), the second Newton law
follows from Eq. (2),
.. ov 2
m = —_————
q 34

The Hamiltonian of the system is related to the Lagrangian in the following well-known way:

H(p,q) = pq — L(q,q),

where ¢ is a solution of the equation p = %‘

In quantum mechanics the coordinate and momentum are replaced by corresponding operators
p,q — P, G with postulated commutator relation [p(0),§(0)] = —ih. In the Heisenberg picture the
system evolution is described by the Heisenberg equation with time-dependent operators; for example,

the equation for the coordinate operator has the following form:

aq i A
— = —-[H,q§ 3
with a formal solution

This easily follows from the equalities

00 L Aok tg(0)e 14 ef Mq(0)e I = LAg(r) — () =

For the coordinate and momentum operators, one can prove the following inequality:

14

U, ).

which is called the Heisenberg uncertainty principle.

Let us recall a simple proof of the Heisenberg uncertainty principle. The mid value of any operator
A and its dispersion are given by the relations

W|Alp) = A4, (Y|(A—A)[y).

Let us take the following operator constructed from the momentum and coordinate operators
([p, §) = —ih) with arbitrary constant ~y:

A=p+ivg— (p+i).
Then the conjugated operator has the form
AV =p—ing - (p— 7).

For any state |i) we have

(| ATAJp) > 0

@B -p) =@ -] (P —D) +iv(d -] [¥)
= (Ap)® +v*A¢® — iv(dp — pd) = (Ap)* +v*Ag* + vh > 0.
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This is true for any value of v and therefore the determinant is not positive:

hQ
T A@Ap? <.

Thus, we immediately arrive at the uncertainty principle:
1
AqAp > ih

Let us consider the simplest system, the harmonic oscillator, described by the Hamiltonian (we
puth =1)
N 1 R
H = 50"+,

and construct two operators ¢ and a! which are called the annihilation and creation operators:

w
A N S O .«
—a=,/=—q+1 ;a =4/ =q—1i . 4
24 \/2wp 24 \/chp ©@
From the equation [p, §] = —i, one gets [@, af] = 1 and the Hamiltonian takes the form
H= g(aaT +ata)

It is easy to show the following commutation relations with the Hamiltonian:

[H,4) = —wa and [H,a'] = wal.
From (3), R

% =i[Ha] = —iwa = a(t) = a(0)e ™ al(t) = al(0)e™".
Let us consider states with definite energy:
H|E) = E|E).
Then the state G| E) (af|E)) corresponds to the energy (E — w) ((E + w)). Indeed,
Ha|E) = aH|E) — walE) = (E — w)a|E),
Hal|E) = (E + w)al|E).
Let us construct states (Hilbert space of states) starting from the ‘vacuum’ state |0):
al0) = 0.

What is the energy of the vacuum state? This is

H0) = %(aeﬁ +ata)|0) = %|0>.
The state |n) we introduce as |n) = (a')"|0); its energy is given by

H(a""™0) = w(n +1/2)|n).

As we know, such a construction is very successful in describing non-relativistic quantum phenomena
(spectra of atoms, molecules, nuclei etc).

But there are well-known problems:
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— In experiments we have not only particle creation and annihilation but also production of new
particles and antiparticles.

— Relativity and causality might be in conflict with quantum principles.
If in four-dimensional areas X and Y points are separated by the space-like interval (z — )% < 0,
events in the points x and y are causally independent. But in QM we have the uncertainty principle,
ApAx > 1, and in some regions of the order of Az 1/m close to indistinct boundaries of the areas
X and Y the causality might be violated.

Quantum field theory allows us to resolve both of these problems simultaneously.
To describe a particle and an antiparticle with mass m, momentum k and energy wy, = k¥ =

VE2 + m?, let us consider two sets of creation and annihilation operators for each momentum point k
a,a’ and b,b!. Vacuum is defined by the requirements @|0) = b|0) = 0. The Hamiltonian for every
momentum point £ obviously has the following form:
= Yk mvat () - at (B alk) + bt () + bR (E
Hy = ?(a(k‘)a (k) +a'(k)a(k) + b(k)b' (k) + b (k)b(k)),
where wy, = k¥ = v/ k2 + m2. Please note that the mass parameter m is the same for all oscillators with
different k.

One can use a different normalization of an integral measure in order to get the commutation
relations:
/ dkla(k)at (k)] = 1; / dk[b(k)bT (k)] = 1.
We are using .
To= —TF L a@at ()] = @m) 2wk — F)
(2)3 2wy, F '

Total momentum and charge operators taken in so-called ‘normal ordering’ have the following
form:

pr_ /dkk:“ al (B)a(k) + b1 (£)b(F) |

~

O— / ak [al (Bya(F) — 5! (R)b(F)]
One can prove the following commutator relations, which clarify the meaning of the operators:
[13“, aT(E)] — kHat(E); [13“, a(E)} — _kHa(k),

~ A ~

[Q.a(B)] =al () [Q.61()] = —b1 ().
Now one can construct the field operator:

~

B(z) = / 0 [e#a(F) + B (7).

The momentum operator acts on the field operator leading to a coordinate translation:
eiﬁ“yuff(m)e_iﬁ“y“ = @(m + ).

Indeed, one may prove this in a very simple way. Let us introduce an operator A (cv) depending on some

numerical parameter o
iyt PH A iyt PH -~
Y P G (k)e TV P = A(a).
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The operator obeys the following equation:

A ~ o~ ~ o~ o~
(;— =iy*PrA —iy* PP A = —iyH [P“A] .
a

One finds a solution in the form A = a(k)f(a), from which one can immediately see the needed
translation relation:

— (k)<L = —iy"f(a)kra(k) = % = —ighkl fla) =

eiay“ﬁ“&(k)efiay“ﬁ“ — d(k)e*ik“yu _— ZI\)(.T) = (/IS(x +y).

It is very important to note that such a field operator obeys the Klein—Gordon equation:

02 + m2] () = / @ [o7 (k2 4 m2)a(k) + (K + m?)b(k)| = 0
because of B
—k*tm?P= -k + kP +m?P= —witwi=0

R What charge has the state created by the operator 5(9&)" Let us act on the vacuum state by the
®(x) operator: ®(x)|0). This state has the following charge:

QP (x)[0) = —2(x)|0).
In the same way, one gets

Q2'(2)[0) = ®'(2)|0).

This means that the field operator @(x) acting on vacuum produces the state with the negative
charge (1) and the field operator & (x) produces the state with the positive charge (+1).

Now let us consider two space—time points x; and za:

tl,fl t2;f2

and two—Eoint correlation functions—products of field operators between vacuum states. If ¢; < to, the
operator ®(z1)|0) in the correlator R R
(0@ (22) @ (1)0)

creates the charge —1 at ¢1, and the operator &1 (z2)® (1) |0) annihilates this charge at 2. So, charge 1
propagates from the point z; to z and £y > t;. If t5 < t;, the operator ®f(x2)|0) in the correlator

(01@ (1)@ (22)|0)

creates the charge +1 at t5, and ®(z1)®1(22)|0) annihilates this charge at ¢1. So, charge +1 propagates
from the point xo to x1 and to < ¢7.

Since both these actions do not change the vacuum, we should take both correlators into account
to see the causal relation of events in points x; and z3:

(0]T{D" (22)®(21)}]0)
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= (0|1 (22)®(21)|0)O(t2 — t1) + (0@ (21) @' (22)[0)O(t1 — t2)

] d4k e—ik(zg—xl)
- 1/ iR —mzyio - D@1

d4l€ e—ika:
D, =i - 5
(z) 1/ (2m)* k2 — m? 410 ®)

is called the Feynman propagator. Obviously, the Feynman propagator is a Green function of the Klein—
Gordon equation. One can check that all the commutators between the field operators in the points x
and y separated by the space-like interval (z — y)? < 0 are equal to zero. So, the causality takes place.
Also, one can construct multiparticle states by acting of the creation operators (operators have different

The function

quantum numbers corresponding to different kinds of particles) on the vacuum state ‘El, ey En> =

[T, af (k;) |0). The energy and momentum of the states are then obtained by acting of the operators

— — B n 0 — —

Of course, one can get the same results using the usual canonical quantization with the correspon-
dence

PO‘El,...,En>:H

P

o), d(t), L(g.d), S = / dtL(g, ) <=

(@), Bup(), Lip, Bup), S = / a4 L(p, B,0).

The field momentum is then
oL

0@’ dop(x) = .

The Lagrangian of the complex scalar field has the form

m(x) =

L=0,0"0"p —m?plop,

() = ¢ (2); wl(2) = ().

In the same way, as in classical mechanics, the equation of motion comes from the principle of least

action:
oL oL

— =0, —
Op "
The Feynman propagator D, introduced above is a Green function of the equation of motion. For the
field and momentum operators, one naturally assumes the equal-time commutation relation

[#(Z,1), 2@ )]|,_, = —i0(Z - &).

The Lagrangian is invariant under a global phase shift:

(O —m?)p =0.

o(z) = @) o = Const.
Such a combination, called a current, is conserved (this is a simple example of the first Noether theorem):

j*(x) = 10"l — il ot oy,
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Ouj" = 10¢ o + i&”goT(‘)ugo —10,0T0"p — i’y = 0.
Conservation of the current leads to the conservation of the charge:
Q= [ @ = [asislo - iele)
d . -
dif = [ d78o;° = /df(aijl) - /Qdﬁj =0
for falling-off fields.

3 Functional integral in quantum mechanics

However, for our further consideration, the functional integral approach to quantum field theory is more
useful. In particular, it allows us to quantize non-abelian gauge field theories, to clarify better boundary
conditions and renormalization procedure and to get a reduction formula (connection between S-matrix
elements and the Green functions).

Once more we begin with the quantum mechanics as a simple example.

oL

[¢'(t), P ()] = ihd"1.
Let us consider a simple system described by the non-relativistic Hamiltonian

ﬁQ
H(p,q) = 5— +V(a)

2m

In the Schrodinger picture, the evolution of a quantum system follows from the Schrédinger equation
o X

i— V) =H|U).

i W) = A |9)
The formal solution of the Schrédinger equation is

w() = e 2 (0)).
One can define states:
g, t) = dla.t) =dqlq.t).

Then the wave function coordinate representation is

W(q.t) = (gl0(®) = (g]e”"| w(0)) and (glq’) = o(a — q).

If we introduce a complete set of states |go) such that

i — /dqo 140) (ol

we can write
Wa,t) = [ dao tal e ao) a0l ¥(0)) = [ daK (g, a0.1) (o] ¥(0).
where K is the so-called kernel of the Schrédinger equation.

Obviously, [H, H] = 0 and therefore

efiHT _ efiH(thftn) 'efiI:I(tnftn_l) efiH(tlfto)'
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to t to tppr =T

At each time moment ¢; we can introduce a unity operator

~ [ dacla) o

Then, for the kernel K, we obtain the following formula:

K(a,q0, T = to) = / lim Hsz|Qn+1 —i) < 1’ —iHst

nlf

-2 .
—i2=dt efiV(q)ét

For very small (dt), e

2
P
eflﬁét

e 1%&

Qn—i> e <CI1 ‘efiH&’ QO> ;
FAHE) = oA 1 #B(1 4 o(c?)),
Qi> .
—iV(g)st could be factorized out, and therefore
<Qi+1 ‘671H6t Qi> ~ e V(@) <Qi+1
d _ P2 dp _. s i p2
<qi+1 ql> _ / % <Qi+1 e 1§m5t‘p> (pla;) = /271:6 ip(qit1—4i)0t 121”mc$t7
where (g|p) = ¢, (plg) = e P7and 1 = [ 2 |p) (p|.
p = b /2m(Q'+1 _ q)l ~ ei%((h+1*%’)2l.
v om ! ! 2 ot

<Qi+1 ‘efiHét Qi> = <Qi+1 e
).
The last term can be expressed in the following way:
One could make the following substitution of the integration variable:
Then, for the kernel K, one gets

% (5" %)2_‘/(%)} ot [t e v (g)] is
K anOa =N dQ’LHe =N € Jo 2 D = (§ D(q)
Dq

For our consideration it is not needed, but if one takes the integral of dp, one gets the following repre-
sentation for the functional integral measure:

D li \/ \/
() = nﬁmflgin_,%o 271'1575 H ( 2mwiot QT>

We do not discuss mathematical aspects of how well such a construction is determined.

The formula for the kernel, being written as

K (g, qo;t / D(q)e” = / D(g)e!Jo dtLia.at), (6)

can be generalized to the case of quantum field theory. For that we need to recall a few simple but
important formulas for multidimensional Gaussian integrals.

10
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4 Gaussian integrals

Let us consider n coordinates 1, . . ., 4, as a formal vector
n
y= :
Yn

Obviously, y* = (y1 ... y,) with a formal definition of ‘scalar’ product
y' o= Z Yili-
i

The well-known answer for the Gaussian integral has the form

1T (2m)"/?
Z=[dz ... de, e 2% A7 = 2L 7
/ ! Vdet A .

where A is a positive-definite n x n matrix.
Problem. Take the integral and obtain the above formula.
Reminder: det A = H?:l Ai, Where )\; is the eigenvalue of the matrix A.

The integral (7) is an analogue of the integral in a field theory without external sources, as we shall
see in the next part. An analogue of the functional integral with a source is as follows:

Z[J) = / dzy...dz, - e 27 AT (8)

where .J is some vector JT = (J; ... J,). If we make a substitution of integration variable
o =x— (A,

the integral (8) will take the form
Z[J] = ezl AT /da:'l N i o2 AT
So, the integral Z[J] is given by

Z[J] = 02/ TATN L g _ oy JTATH 7(27r)n/2

Vdet A

Generalization of the above formula for the case of complex variables of integration is straightforward.

Let z = z + iy and z* = x — iy. We need to compute the integral

n
_t
Zo = / Hdz;;dzke #Bz
k=1

where B is a Hermitian matrix and 2z = (2*)T. One can diagonalize the quadratic form z*” Bz by
applying a unitary transformation of variables 2’ = U - z such that the matrix U BUT becomes diagonal:

A 0
UBUT = ,
0 M

11
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The integral Z¢ then takes the form

n

_ & RS WAL - Dp(@24y2) T
ZC_/kl;[ledeke k1% —/kl;Ild:deyke kAT T Yk =B 9)

If we add the external complex ‘source’ J,

ZolJ] = / [T dzpdzype= B 14=17,

with the shift of variables of integration we get
ﬂ.n
det B’

In the field theory we have to consider interacting fields. So, we need to consider more complicated
integrals involving source ‘interactions’:

1
Zint[J] _ 7 /deeézAerJzV(a:)’

ZolJ) = BT Zo =T BT (10)

where Zing = Zint[0].

If we expand the exponent e V(@) in ‘perturbation’ theory we can easily get the following form
for the integral Zing[J]:

Zld) = e B 710) = oV o,
5 Functional integral in quantum field theory

As we have seen already, a transition from mechanics to a field theory could be done by means of a
formal correspondence between the coordinate and its derivative and the field ¢(x) and its derivative:

q(t) = w(x); 4(t) — Oup(z).

With this analogy one can immediately write down the following formula for the evolution kernel in the
case of quantum field theory:

Z[J] = /D(Sp)eifd‘*zL(%Bw)Jrifd“:vJ(x)%(w)’ (11)

where the measure D(¢) = [], dy(x) corresponds to the integration over all possible trajectories (field
configurations).

Now all the formulas we derived for Gaussian integrals in the previous section can be applied here
using the functional derivative instead of the usual one. For example,

6J(y)

=W (z —y).
57 () (z—y)
If we consider the Lagrangian for the free scalar field
1 L 9 o 1 2 2 Lo
L= S0updlp — sm*p* = —so (0" +m®) o = —- 9D o, (12)
2 2 2 2
we can get for Z[.J],
1
Z[J] = exp (2 / d*zd'yJ (z)De(z — y)J(y)) : (13)

12
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where the normalization of the measure is taken such that
Z[0] = 1.
Here the function D, is the Green function of the equation of motion:
D' D.=1,
which more accurately means that
i (0% + m2)x De(z —y) = 6B (z —y).
In the momentum representation, by taking the Fourier transform of both sides of this equation, one gets
i (—p2 +m?) D(p) = 1.

The formal solution of the equation is

Dlp)= 5

pe—m

But we need to fix how to deal with the pole. The only possible choice is to add +ie. In this case the
function D,(p) has the familiar form of the Feynman propagator:

1
D =
(p) p2 —m? +ie

Indeed, such fixing of the denominator leads to the fact that in the expression for the functional integral
. a |1 L o 9
ZlJ= [ D(p)exp (i [ d*z iaﬂgpa“cp —5me +Jy| |, (14)

m? gets a shift m?> — m? — ic and the term

/D(sO) exp (—a/dwz(w))

ensures the convergence of the integral.

On the other hand, as we have discussed already, such a form of the Feynman propagator leads to
Feynman boundary conditions, namely if 20 < 3/ the particle propagates from & to ¢/, and if 20 > 7/°
the corresponding antiparticle propagates from & to {/, as follows from the expression

A e o . .
D - - Y ip(E-9) O(t)e wrt 1 O(—t)ewrt] .
o= == [ Gy @ O + (-]
So, the Feynman propagator is a Green function and, in other words, the inverse quadratic form in the
action (12).

In the case of an interacting potential V() we get from (13) the following general expression for
the generating functional:

Zy[J] = exp <—i/d4xV <15J5($)>) - exp (; /dydzJ(y)Dc(y - z)J(z)) : (15)

As will be discussed, one can get the Green functions by taking the needed number of functional deriva-
tives with respect to the source. However, this is not enough, since we do not know how exactly the
functional integral, called the generalized functional integral, and the Green functions are related to the
S-matrix elements needed to compute physics observables.

13
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6 Functional integral in holomorphic representation

We start with the harmonic oscillator as we did before:

~2 2 +2
p w=q
H(P,Q):EﬂL 5

The creation and annihilation operators have the form (4) with the commutator
[a,a"] = 1. (16)

The Hamiltonian of the system taken in a normal form (all creation operators are on the right-hand side)
is
H =wi'a.

The commutator relation (16) has a very nice representation in terms of holomorphic functions, which
are introduced by means of the following scalar product:

27i

(filf2) = / (1(a*)" fo(a*)e—a"a 9@ da,

(@)™

With such a definition of the scalar product, the set of functions ¥,,(a*) = ,n > 0, forms an

Vn!
orthonormal basis ) .
_ n/ x\m,  —a*aq @ AQ _
(U, |U,) = m/a (a*)™e e Onm.- (17)
One can easily prove that > |V, )(|¥,| = 1.
Problem. Prove the relation (17).
The operators &' and @ act according to the following rules:
~T * * * ~ * d *
at (@) =a (@), af(’) = < f(a"). ()
By direct substitution, one can prove the following relation:
(hlatf2) = @filfe). 19)

which means that the operators ¢! and @ are conjugate to each other.

Now we will show a few simple formulas for the holomorphic representation given above, which
are useful for a construction of the S-matrix.

Let us take some operator A with matrix element in our basis

Apm = <\11n|,21|\11m>. (20)

The function

Aa*,a) =2Anm% = Y In)(ml @)

is called the kernel of the operator A. The kernel of a product of two operators is given by the convolution

of kernels: da*d
A1 As(a*a) = /A1 (a* ) Asg (a*a)e_a*aaf_a.

27

The operator A can be decomposed into a formal series of normal ordered creation and annihilation

operators:

A=>"Knm(ah" (@)™ (22)

14
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The following function is called the normal symbol of the operator A:

K(a*,a) = ZKnm(a*)”am. (23)

Problem. Prove the relation between the kernel and the normal symbol of the operator A:
Aa*,a) = eV *K(a*, a). (24)

(Check the equality (24) for the particular case A =afral)

Now we use the relations (22), (23) and (24) to construct the functional integral in the holomorphic
representation.

Let the Hamiltonian of some system be H (a',a). The evolution operator has the form
[ = o Ot
From (22) and (24), one can get the following formula for the kernel of the evolution operator:
U(a*,a) = el amik(a®a)]at (25)

for a small time interval A¢.

In the case of a finite interval, we can split it into small pieces t” —t' = N - At and using our
orthonormal bases (17) we get the following form for the normal symbol of the evolution operator, which
is a convolution of products of the evolution operators:

Ua*,a;t",t') = /exp ([a*an—1 — ay_jan—1+  — afar + afag)
N-1
dajdoy
—iAt[h(a* _ oo 4 h(a* . k=8
iAt[h(a*, an—1)+ -+ h(a", ap)]) IIII 5

In the limit At — 0, N — oo, AN =t" — /, one gets

U(a* a: t// t/) — /ea*a(t”) - exp /t//[—Oé*Oé — lh(Oé* Oé)]dt . H da*d (26)
s Wy ’ o ’ ; 2mi ’

where the boundary conditions are o*(t") = a*, a(t') = a.

In our case for the harmonic oscillator hA(a*, a) = wa*a the integral (26) can be easily computed.
To do this, one should take a variation

) [a*a(t”) + /t/t [—a*a —ih(a”, oz)]dt]

t/l
=a*6a(t") + / dt[-da* & — a*dd — iwa™da — iwda*a]
t/
t//
=a*da(t”) — o (t")éa(t") + / dt[-da” (& + iwa) + da(a” — iwa™)].
t/
The extremum condition gives us the answer. Note that the first two terms cancel each other because of
the boundary condition a*(¢”) = a*. Extremum conditions can be simply solved:

a(t) = e @), a*(t) = e WD (1), Q27)

15
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Then, for the normal symbol of the evolution operator, we get
Ula*,a;t" ') = exp(a*ae @), (28)

substituting the solution (27) into the exponent in (26) where a non-zero contribution comes only from
the first term in the exponent.

An important consequence of this is that for the operator A with the kernel A(a*, a) the kernel of
the operator etHot" fe—iHot' g given by the convolution of corresponding kernels and is equal to
sl R,
A (a*e“"t e it ) . (29)

This relation demonstrates the power of the holomorphic representation in which the evolution is simply

reduced to the substitution of arguments:
a — ae”

Now we come back to the field theory. The field operator is given by

b(o) = [ rggale ™+ el (1)

and the corresponding 4-momentum operator is

PH= / @;;?lfwkw(k)a(k).

Vacuum |0) is the state a(k) |0) = 0 and the one-particle state is E> = a' (k) |0). The operator P* acts

(0= 1) B).

A multiparticle state is constructed as ‘El, e En> =11, af (k;) |0). Obviously,

on the one-particle state as

E>:k0’l§>, P

E>:E

1=

) = (Zk0> (RS
BlRi.. ) = (Zk) [
=1

If H is the Hamiltonian of a system and HPO is a free Hamiltonian, then the S-matrix is determined as the
following limit of the evolution operator:

S= lim G e Hot, (30)

With such a definition, it is clear that S =1if H= HC.

From the formulas (26) and (29), we can obtain the following representation for the kernel of the
S-matrix:

S(a*a)= lim o @iﬁ(a*(ﬁ,t”)a(ﬁ,t”)_ﬁ [a*(E,t)a(ﬁ,t)+h(a*,a)]dt) H da*da

1 27
tk

) D

t'——oco

t" =400

16
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where o (k1) = a* ()", a(k,t') = a(k)e "

Now we consider the system with an external source J(x):

1
L= -0,p0"p —

5 202 + J(z)ep.

2

The kernel of the interaction operator V' = —.J(z)¢(x) is given by

Via'0) = [ g (100" () +"(F.0a(B)].

where 7( k t) = — f J(Z *i’”df. In order to take the integral (31) once more, we should solve the
extremum condmons -
(k t) + 1w(§)a( 3 t) + w(k: t) = (32)
(k t) —iw(k)a*(k,t) — (k,t =
with the boundary conditions
o (k,t") = a*(k)e", a(k,t') = a(k)e " (33)

The solution of these equations has the following form:

t//
a(k,t) = a(k)e ¥t — jet / e (k, )ds,
t/
t”

o (k,t) = a*(k)e™! + ieiwt/ e WS (K, s)ds.

t/
If one substitutes the obtained solutions into the integral (31), one will get the following formula for the
kernel of the S-matrix:

Sy(a*,a) =exp (/ (27;;.:]:2]& [a*(E)a(E)

/ dt / AEI(%, ) (a* (B) 7 1 a(R)e ) /(o) (34)

1 . e

A transition from the kernel to the normal symbol for the S-matrix corresponds to omitting the first term
in the exponent.

Now let us recall the solution of the free Klein—Gordon equation

volz) = / (27:)15%) |a(F)e! + o (R)e ™|

and the Green function (the propagator)

Ak e d4ke—ike
D, _ kE —iwnlt] _ / )
() 1/ 2r)32w’ © R omrrio

In terms of g (z) and D.(z), one can rewrite the normal symbol for the S-matrix in the following way:

Sy(po) = exp (i/d4xj(x)<po(:n) + % /d4xd4yJ(x)Dc(x - y)J(y)> . (35)

17
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Generalization of (35) to the case of the integration potential V(i) is rather straightforward. We can
explore the relation we already faced with

0
exp <—i/d4xV(g0)> = exp <—1/V <> d4:13> exp <i/g0,]d4y> (36)
i6J J—0
Then the expression for the normal symbol of the S-matrix takes a simple and elegant form:
Sy (po) =e i/V 0 d*z
= ex — B
VLo p 0T
: 1
-exp <1/J(y)wo(y)d4y + 2/d4zd4yJ(y)Dc(y - Z)J(Z)> (37)
J=0

If we do not put the source J — 0 after taking functional derivatives, we have the normal symbol of the
S-matrix in the presence of an external source:

Sy (o, J) = exp <—i/V (gj) d%)
op (i [ Tty + 5 [@ayIDly - 76 ) (38)

One can see that if we put g = 0 we get the same formula we as already derived for the generating
functional

Zy(J) = exp <—i/V (l(i]) d%) - exp <; /d4zd4yJ(y)Dc(y - z)J(z)> : (39)

This observation allows us to get a very important relation, which is called the Lehmann—Symanzik—
Zimmermann reduction formula. To do this, we introduce in (38) some arbitrary external field ¢(z)
instead of ¢o(z). Then, by direct computation of functional derivatives with respect to ¢(x) and J(z),
one can check the following relation:

19 )
/Hdmwo(xi) [id < SV(SDO?J)’go,JZO

Z(J)’JJ —0, (40)

p1 Oy
10 J

where J(z) = [ Dc(x — y)J(y). If we keep in mind that the expression of the S-matrix
1
Sy (po) = zn: - /dxl codappo(zr) - po(Tn) Sz - .o xy)

gives us the coefficient functions Sy, (z1, . .., z,) of S-matrix scattering elements, and on the other hand
the expansion of the generating functional

Zy(J) = Z ;!/dxl codxgJ(x) .. J(x”)i&](wl) é%i&](xn)

gives us the Green functions

0Z

Gn(zy ... xp) = 10J(x1)...16J (zn)

we observe a simple correspondence. The reduction formula (40) tells us how to compute S-matrix
elements by computing corresponding Green functions:

18
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1. one should compute the Green function;
2. multiply all legs to the inverse propagator or, in other words, apply the operator

ﬁ (Di + m2)

=1

to each of the legs;
3. multiply the result by the product of the corresponding free fields:

=1 10

Schematically, the procedure is shown in Fig. 3.

O-0-0

Fig. 3: Transition from the Green functions to the S-matrix elements

This rule is very general and could be applied for all types of fields, not only for the scalar fields.

7 Generating functional for Green functions and perturbation theory

Now we return to the generating functional written in the form

Z[J] = /D(go)~exp (i/d‘*:cL(go,(?Mgp) +i/d4a:J(x)g0(a:)>, 41)
where L = 19,0 - 9 — 1m2p? — V(). If we take the second derivative,
sz
= = (eu@)ea(r)),
10J(x1)i0J (z2) o

we obtain the Feynman propagator D.(z1 — x2), as can be easily seen from the form for Z[.J]:

Z17] = exp <—i / dzV ((5‘;)) exp <; / dyd=J (y) De(y — Z)J(z)> . 42)

We obtain the same function as we have obtained from the time-ordered product of field operators (see
5) L

De(x1 — w2) = (0] T{®(21)P(22)} |0) = (p1(x1)p2(22)) -
This is always the case. Derivatives of the generating functional automatically give T-products of the
corresponding field operators:

sz
10J(x1)...10J (zy)

= (p1(1) .- palzn)) = (0| T{ (1) ... (2)} [0) -

19



E. Boos

At this point let us consider as an example a theory with V' (¢) = %4,04. In such a theory if we take two

derivatives and expand the exponent on A, we get

(p1(z1)p2(z2)) = De(x1 — 22) + A [De(w1 — 22)D2(0) + -+ -]
+1(2)? [72D2(0) D2 (w1 — ) + 24D (21 — wa) + -] 4+ .

It is very useful to introduce the Feynman rules and Feynman diagrams. The closed line corre-
sponds to the propagator

1
Y-DC (CL‘ - y)
Each interaction vertex corresponds to

d'V(p)

i\ = —i e

»=0

In terms of Feynman rules, the corrections to the two-point correlation function (43) are given by Feyn-
man diagrams shown in Fig. 4.

——o9 |+ o—o - + +
X1 X9 X1 Xy X1 X2 Xq Xy

Fig. 4: Tllustration of (43)

One should add a symmetry factor, which corresponds to possible permutations of equivalent
lines. If one takes the Fourier transformation, one can formulate the rules in momentum space, which
are usually used in practical computations. In momentum space the integral

[ e

corresponds to each loop and in each vertex the momentum conservation law takes place.

We will be more specific and precise later in the formulation of Feynman rules for the case of the
SM.

But now we need to consider a few more properties of the generating functional. As we have
seen already from the two-point correlator the perturbative expansion contains disconnected diagrams,
which are not really needed in computations. The way out of this problem is to consider the logarithmic
function of the generating functional:

iW[J =nz[J],  Z[J ="V
Then, for the functional derivatives, one gets

W 167 2w 1 62z 1 6Z 67
—F = 5T =15 - 55 e
65  ZisJ’ 0J18Jy  Zi8J1idJs  Z2i8J1 16y

where additional terms exactly cancel out disconnected pieces in the Green functions. The property that
the logarithmic function leads to connected diagrams is a particular example of a more general theorem
in graph theory.
The functional )
WlJ]) = T In Z[J] (43)
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is called the generating functional for connected Green functions.

The next important observation is related to the functional Legendre transformation:

Plpa] = W[J] - / a2 (2)pa(x), (44)

where ¢, = 6W/0J with a formal solution J = J(pq). If we take functional derivatives of the
functional I'[¢], we get the so-called one-particle irreducible Green functions (Feynman diagrams cor-
responding to such functions cannot be split up into disconnected pieces by cutting only one internal

line):
or oW oJ 6J

= — —J(x) — Yg—. 45)
Spa ~ 0J dpa T TG,
The functional T" is called the effective action. Two terms in (45) are cancelled out and we get
or
—— = —J(2). (46)
Soat) )

Now one can take functional derivatives from both sides of (46) and get the following relations:

52T o sI@) sW

-1
59001(331)53001(1'2) B _5SDCI($2) T |:5J($1>5J($2):| ’
If we introduce notation for the connected Green function:

SWJ]

47

G .. = —i
and for the one-particle irreducible Green function:
5(n)r[§0cl]
Ln(z1,.. . 20) = —1 7
’I’l( 1 n) (5%00](:1;1) “ee (580c1($n) 0a=0

then the formula (47) can be written in the following form:
Iy =Gyt

which means that the irreducible two-point Green function is nothing but the inverse propagator. If
we take more derivatives on both sides of (47) we obtain relations between connected and one-particle
irreducible Green functions. For the three-point Green function, it is presented schematically in Fig. 5.
If we restore the Planck constant A, the generating functional has the form

X3

X3 Gz

- 505
X1 2%) {C)’

X1 F3 Xy

Fig. 5: Connected three-point Green function is equal to one-particle irreducible three-point function convoluted
with three propagators.

211 = [ Deexs (511 +1 [ asswipts)).
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where S| is the action. In the quasiclassical limit (% — 0), the functional integral is dominated by the

stationary trajectory:
65[¢]

les

+J=0
P=%Pcl

[«

~—

Therefore )
1

209) ~ exp (181pal +1 [ arT2)galo)
and one can see from (43) that
WJ) = Sloal + / daJ () pa

and, by comparing with (44), we obtain

F[‘)Ocl] - S[Socl]-

So, we can conclude that the irreducible Green functions are ', (x1, . . ., z,,), the effective vertices of the
theory:
—i) 5<”>S[@C1]
59001(‘7:1) s 5@(:1(1:71) .
We obtain this formula for the case of scalar fields as an example, but it remains true for any theory
with corresponding obvious changes. Note that the formula (48) is very useful to get Feynman rules
for complicated vertices in the interaction Lagrangian. For example, three- and four-gluon vertices are
obtained with all needed symmetry properties.

Tp(z1,...yxn) = ( (48)

Up to now we have considered basic ingredients of the quantum field theory for the case of scalar
fields. However, there are many other fields and corresponding particles which have different spin prop-
erties. In the SM there are leptons and quarks, being fermions with the spin 1/2, and the boson fields
with the spin 1. We begin our brief consideration with spin-1,/2 fermion fields.

8 Fermion fields

Spin-1/2 particles with mass m are described by the four-component field ¥. The Lagrangian for the
field has the well-known form
L = Vig,»"¥ — mUv. (49)

The least-action principle leads to the famous Dirac equation of motion:
(iv"0, — m) ¥ =0, (50)

where v (7Y, 41, 42, 43) are the Dirac (4 x 4) matrices. The matrices -, obey the anticommutation
relation

{7#71/} = 277,Lw- (5D

There are several representations for y-matrices. In the SM chiral or Weyl spinors are of particular
importance. Therefore, we use the Weyl representation of y-matrices

0 H
= ( o i] ). (52)

where 0¥ = I, o' = 7,6% = I, 3 = —7% and 7* are the (2 x 2) Pauli matrices.

In this representation the ~®-matrix has the following form:

-7 0
5__:.1.2 3.4 _
v =iyttt = ( 0 I ) . (53)
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Chiral spinors

1
Upp = j';% v (54)
in this notation
Wy 0
Uy 0
Uy = Up =
0 Uy

are in fact two-component objects.

In momentum space the function ¥(x) is decomposed into positive- and negative-energy parts
ux(p)e” " and vy(p)e” (55)
and the spinors u(p) and v(p) obey the Dirac equation in the following form:

(puy* —m)ur(p) =0,
(piv“ +m)vr(p) = 0. (56)

The concrete form of spinors is different in different parametrizations of y-matrices, and in the Weyl

representation the spinors are
VPP + poéy > 57)
( VPo — Py

0 p—

PO + pony )

vy = — , (58)
( —v/po — pon

where £ and 7 are two-component spinors determined by fixing some quantization axis. Left and right
chiral spinors are then

_1Fs
UL R = 2 uy,

_1F s
ULR = 5 V).

Normalization conditions and summation over indices are as follows:

Upnuy = 2moyy, VAUN = —2moxy,

D unty=put Fm, Y oAty =y —
A )

Quantization of the Dirac field is similar to the scalar case considered above with a very impor-
tant difference. In order to have correct Fermi statistics and obey the Pauli principle, the commutation
relations in the scalar case should be replaced by corresponding anticommutation relations:

{7alt, &), Va(t,7')} = —10a36(F — T'), (59)
where o = 1, 2, 3, 4 and the field momentum is
mo(t,T) = 1‘11T
a(t,T) = 2%

The fermionic field operator may be constructed with the help of spinors obeying the Dirac equation

() = / 0 Z BA)ur @) + d} (p)oa(p)e™ ]
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W(x) =W = / (27(3)%]90 AZ (B ()@ (p)e” + da(p) o (p)e ]
=1,2

It is easy to check that from the anticommutators (59) the creation and annihilation operators satisfy the
anticommutation relations in the following form:

{00@, by (@)} = {da@), dx () } = 27)*20°6 (5 — 7)o (60)

Then one-particle and one-antiparticle states are obtained from the vacuum state |0) by acting of the
creation operators:

b1.(5)10) and d}()[0)

In the same way, by acting of creation operators for particle and antiparticle on the vacuum state, one
gets two-, three-, . . . particle states. Because of zero anticommutators, for any creation operator one gets
nicely the Pauli principle:

{@.0@} =0 = 8@.5@ 1X) =0 (61)

for any state | X') . From the field operators one can get the Feynman propagator (T-ordered correlator) in
a similar way as was done for the scalar case:

(62)

(O] T (U (21)®(x2)) 0) = _11/ (;gﬂ,fuj;jfio‘

Considering the path-integral method for the fermion field, one can construct the holomorphic
representation similar to the scalar case. However, now we have to deal with anticommuting numbers
called Grassmann numbers, which form the Grassmann algebra:

(aa)” = ag, (ag)" = da,

{aqag} = {CLZCLE)} = {aaag} =0,
Chy = AaC, Ca., = a
where o = 1,...,n, c are the usual numbers.
A function of Grassmann variables has therefore the generic form
f(a7 a*) = fOO + Zal fal\oaoq + Zal f0|a1az¢1 (63)

* * *
+ Zalaz L)‘"a1|o(2aoqaa2 4+ ... fl...n|n...1a1 S.apal .. .aj.

The expression (63) reminds us of the norm-ordering operator products we have used already. The
operations of differentiation and integration are defined as follows:

o 9 . )

Oagy “ oaf, 9B = %ap Oaq “8 oay, a6

o o . . o
%f:foﬁ @f:fou /daaf:foz; /daaf:fou

where f, does not depend on a,, and fa does not depend on a},. One can check the anticommutation
relation for differentials:
{daqdag} = {da(’;dag} = {daadag} =0.

If we denote
da*da = day ...daday, ...da;
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and take into account that for the function defined in (63)
/da*daf(aa a*) = fl...n|n...17
we can easily prove the following relation by expanding in series in ¢ and a*:

/da*da exp (Z ayAapag + Zn:;aa + iZnaaZ) = det Aexp (n;A;én@) . (64)

One can see from (64) that in contrast to the integration with the usual complex numbers (see (9)) the
determinant appears in the numerator in the case of anticommuting Grassmann numbers (64).

Similar to the case of the scalar field, one can get a formula for the S-matrix normal symbol:
1 _
SW(bTv dTa b? d) = N exXp <_1/775€77 +1/(77\II0 + ‘If077)> )

where ¥ = \IIO’y , Uy is a solution of the free Dirac equation

_ —ikx 1kx
Wo(z) = / - 3%0 NG + Y @k ,
A=1,2

A=1,2

n(z) is the fermion source and

i _; k+m
— dk ikx
So(@) 71'4/ ¢ R omIyio

is the Feynman propagator for the fermion field.

Taking into account the following relation for the functional measure:

T dbi(t. k)dba(t, k)dds (£, k)dda(t, k) = Const. | [ d¥a(z)dW¥a(z),
t,k, A\ T,

one gets the answer for the generating functional for the fermion Green functions in compact form similar
to the scalar case:

=N~ /exp</ L()+n\IJ+\I/77>Hd\I/ ().

9 Quantization of theories with the gauge fields

The gauge field was first introduced in QED when the Maxwell equations were rewritten in terms of the
4-vector potential A,,(z).

The equation in terms of the field 4,,,
o " =0,
where F),, = 0,A, — 0, A, is invariant under the local U (1) transformation:
AL = A, + Oua(x).

It is easy to check the U (1) invariance of the QED Lagrangian

1 o .
L=~ FuF" + WD —m)¥, ¥ =0, A, = A4, + 00, (65)
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where D), = 0,, —ieA,, is the covariant derivative.

In the SM we deal not only with the abelian U (1) group but also with non-abelian SU (V') groups,
SU(2) for the EW and SU (3) for the strong forces.

We are not discussing here generic structure and properties of Lie groups but introduce briefly
the SU(N) group. SU(N) is a group of unitary matrices U (UTU = 1) with determinant equal to 1
(det U = 1). Elements of the group U(x) may depend on the space—time point z*.

If we want the theory to be invariant under SU (V) transformation the covariant derivative in the
Lagrangian
L=Y(iD —m)¥ (66)

should transform as
D,V — (D, V)V =UD,¥,

(0, —igAY) UV = U (9, — igA,) V.
From this, one gets the following transformation form for the potential A:
U 1, 1 -1
A, =UAU " + QUO“U . (67)
The kinetic term for the non-abelian A, field is constructed as the gauge-invariant operator
1 v
Ly= —ETr(FWF“ ). (68)
In the SM all gauge fields are taken in the adjoint representation:
Ap(x) = Ay (@)t

where t* (a = 1,..., N — 1 for SU(N)) are so-called generators of the group. As do all generators for
the Lie group, the generator t* obeys the following commutation relation:

[t%,t%) = feee, Tr(t2) = 0.
One may choose normalization conditions as

Tr(t*tP) = %53'0. (69)

Then the Lagrangian for the gauge field takes the form

1
L= —Fu, P, (70)
where the field strength tensor is
Ff, = 0,A% — 9, A% + gf " AL AL (71)

One can express the unitary matrix U (1) in the form U () = ¢!9%“(®)* Then the transformation for the
gauge field Aj, takes the form

A% — (A% = A%+ 90 + g f**Aba’ = A% + Dical, (72)
where the covariant derivative in components is

DI = 9,6° + gfobe AL,
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Part of the SM describing strong interactions is based on the SU¢(3) group. It is called QCD with
the Lagrangian

1 )
Lqcp = _ZGZ”GWQ + G (1(Du)z‘ﬂfj - m5z’j) 45, (73)

where q = 1, 2, 3, (Dﬂ)ij = Bﬂéij — ig(ta)ijAZ.

On the classical level abelian and non-abelian theories look very elegant. However, problems
appear when the theories are quantized. The reason can be seen already in QED, where we know that in
a theory described by the field A,, we have four components but only two of them are physical degrees
of freedom corresponding to two polarizations of the physics photon. This problem is manifested in the
fact that the quadratic form of the Lagrangian

ADAY = A* (Ogy — 0,0,) A”

or, in momentum space,
(kQQHV — kyuky)

does not have an inverse form. As we have seen in cases of scalar and fermion fields the inverse of the
differential operator, the Green function, is the propagator. So, here one cannot get the propagator in
such a way.

The way out of this problem is a correct quantization procedure called the quantization of con-
strained systems. The reason that the functional integral

/I];!;dAu(x) exp {i/dzs <—1Fl‘ijauu> } (74)

does not give a reasonable result is that there are an infinite number of gauge configurations (AO‘)Z,
which differ only by the gauge transformation, leading to identical physics results since the action is
gauge invariant. So, one should perform the functional integration taking only one representative from
such gauge configuration.

Without going into details, the final recipe is as follows:

/ DAS (F(A)) det (AF,) e5@), (75)

where DA = ][, , dA,(x) and the so-called Faddeev—Popov determinant det <A5h> is introduced to
ensure the gauge invariance of the functional measure. The J-function fixes the gauge condition of gauge
choice F'(A) = 0.

We recall briefly the main ideas of the method proposed by Faddeev and Popov. Let us introduce
a functional integral that is equal to unity:

1= /Da -5 (F(A%)) det (?) : (76)

«

where Do = [ ], da(x). Substituting (76) into the integral (16) and performing the gauge transformation
(A%)g(x) — Af(x), one gets

/ Da / DA § (F(A)) - det (g) : (77)

The factor det (‘;—Z) does not depend on « and therefore the integration over the gauge group is factorized
out. This infinite factor is included into the normalization factor of the functional measure and therefore
could be dropped.
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The main idea of quantization and the Faddeev—Popov method could be illustrated in a very simple
example with the usual integrals. Let us consider an integral

[o.¢]
I:// d:(:ld:ltge_”":%_I%Jrzl’l“":2 :/dxlda:ge_xiAijxj, (78)
— 0

where

Ay = ( 71 _i ) and det A = 0.

We can obviously see that by making a substitution of variables we get
o0 oo 2
:c/ dx/ dye™ whenz = z1 — 29, y = 71+ Zo.
—00 —00

The ‘action’ in the integral I is invariant under translation:
rKT — 1 +a, To— T+ a.

And, the integral [ fooo dy gives simply the infinite volume of the algebra corresponding to the translation
group.
Now let us substitute 1 into the integral I

/OO dwd (F(z; + w)) det (‘;f) _1,

—0o0

F
/dw/dxldxge_“Aijxjé(F(:UZ- + w)) det <((55w> )

After the ‘gauge’ substitution z; — x; — w, one can drop the infinite group integral | dw and get the
final integral in a form symmetric with respect to integration variables:

Ig = /d:cl/darge T4 A””“"Jé ‘

The determinant det (§—F) is the Faddeev—Popov determinant and A, = % is the so-called ghost
operator.

Obviously, in the abelian case the Lorentz gauge condition, F' = 0,,A,,, leads to the ghost operator
Acy = 0y, - 0*. Since the operator does not depend on the field, it is cancelled in the connected Green
functions and does not give any contribution.

However, this is not so in the non-abelian case where A, is a non-trivial operator depending on
the gauge field. Technically it is convenient to express det(A.y) also as a functional integral. As we
know, a determinant in the numerator appears when one integrates over anticommuting fields:

det(Bar) = [ [T dedecl 280, (79)

where the anticommuting fields c are called Faddeev—Popov ghosts.

As an example, let us consider the gauge condition in the covariant form:
F(A) = 0,A" —a(x) (80)

with an arbitrary function a(z). The functional integral (77) in this case takes the form

[Ta5e)00 ()" ) -3 2% — (2
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1
exp (i/d433 [4F5VFGW +c <Dc“ - f“bcf)“(AZcb)> + JﬁA““]) .

The Green function does not depend on a(x), so one can integrate (9) with the exponent

Jawess (~2) 503,00 s (%)

As the result, we get the following quadratic part of the action in (9):

5= / dz [—i(auAg — B, AT) (P AW — 5 A — 2168MA““8,,A“” + cmc} ,

where the numerical parameter ¢ is the gauge parameter. Now there is the inverse form, and we get the
following propagators for non-abelian gauge and ghost fields, respectively:

5eb k. k
ab s phv
DW(k) =50 i 9w — (1 =) 12 ] , (81)
) 5ab
DY =1 2
ch(k) 1k2—|—10 (8 )

There are a few famous choices of the parameter £ used in concrete computations:
& = 1—the 't Hooft-Feynman gauge,
& = O—the Landau gauge,
& = 3—the Frautschi—Yenni gauge.
Of course, any computed physics observable such as cross-section or distribution does not depend on &.
As we see,
. 5ab
2410

So, ghosts are acting in a way to cancel a dependence on £ in physics quantities.

kD = —¢k

pv

= &k, DER(R).

Now one can use our formula (48) in momentum space:

sms
0 A (p1) - - - S ALY (Pn)
in order to get Feynman rules in momentum space for all the vertices in abelian and non-abelian theories.

Note that by taking functional derivatives in (83) one gets vertex functions with all needed symmetries.
In the formula (83), i and a indicate proper Lorentz and other group indices identifying the field.

T (pr - pa) - (2m) (01 + -+ p) = i (83)

As an example, let us consider the QED Lagrangian
L=V ({iD " —m)V, D,=08,+ieQA,. (84)
For the interaction vertex of the fermion field ¥ with the photon field A,,, we obtain

L,.(p1,p2; p3) (2m)*6(p1 + p2 + p3)

. 6B o nwm
= ST / dai - (1Q) 0 ()7 A, (2) ¥ (x)
. §53)
T R )0 (2)0 A ()

: / dzdqidgedgs exp (—iqrx — iger — igsz) U(q1)7" ¥ (g2) Au(ps)
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= —ieQ(2m)*5(p1 + p2 + p3)

and so I',,(p1, p2; p3) = —ieQy,, where (Q = —1 for the fermion field (say, an electron) and +1 for the
antifermion field (say, a positron) etc.

In a similar way, one gets all other interaction vertices in the case of the SM Lagrangian, which will
be considered later. Also, similar to the scalar field theory, the reduction formula allows us to compute
S-matrix elements from the corresponding connected Green functions by cutting out propagators on all
legs and multiplying by corresponding free-particle wave functions.

A well-known visual way for presenting and computing S-matrix elements is given by Feynman
rules—Ilines for different types of propagators and external particles, and points for vertices:

NNNNN kgjriio §%[gu — (1 =€) ’“;;’;"] for massless gauge field
—— iniO 57 for the ghost field
P — . . :
S u(p) for an incoming fermion
P — _ . . . .
L - o(p) for an incoming antifermion
P — . .
— u(p) for an outgoing fermion
P —> _ . . .
N — o(p) for an outgoing antifermion
p— . p+m .
— i—5———-—— for a fermion propagator
p°—m~ 410
p —
Vava g, (t*) for a fermion—gauge boson vertex
P2 a; 1y
piratiy 7 o109y
J\7> 9f (912 (P1 — D2)
\ tGuapus (p2 — p3)u1 + Gusim (p3 — Pl)m]
P3as i3

We do not derive here formulas for cross-sections and decay widths; they are given in many
textbooks. We use notation of the Particle Data Group:

| M

d®,,,
i fra? i

dog =

where 5 5
d ﬁl d ﬁn
d®, = (27)*(p; ,
n = (2m)%6(pi — py) (2m)32p9 "7 (27)32p0,
M|?
dI’ = |M] do,,.
2my,
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Pl

Fig. 6: ;1 pu~ production in eTe™ collisions

As we see, one needs to compute the matrix element squared in order to get a scattering cross-section
and a decay width.

Also, one can formulate the Feynman rules for the matrix element squared directly.

In Fig. 6, the square diagram is shown for p* ;1™ -pair production in e*e™ collisions in QED. The
crossed lines correspond to external particles summed over polarizations. Concrete expressions for the
sums over polarizations for particles and antiparticles with different spins are as follows:

1 for scalar particles
_ _ "
{ Ly wap) > A (n) p‘ﬁ# m for spin-1/2 Dirac particles
Yaualp) xoalp) = —puy* +m
Yoaeh(k)ex (k) = g — % for massless gauge fields
in the Landau gauge
Z A 6’;(747)@;”(]?) = Guv in the 't Hooft-Feynman gauge
Soaeh(k)est (k) = gu — k]‘\ﬁ” for vector fields in the unitary gauge

The Feynman rules for propagators and vertices in the case of matrix elements squared are the same as
for the case of amplitudes. Note that the sums over polarizations represent the spin-density matrix and
coincide with numerators of the propagators of corresponding particles. Note also, in computations using
the Feynman rules for matrix elements squared, that the ghosts should be added into initial and final lines
together with corresponding gauge-boson lines. Each loop with crossed ghost lines should include extra
factor (—1) with respect to the corresponding gauge-boson loop. This —1 sign reflects the anticommuting
property of the ghost fields.

10 Electroweak interactions in the SM

As we know from school textbooks, the weak interactions are responsible for decay of elementary par-
ticles. As we shall see, there are also scattering processes due to weak interactions, as were predicted
by the SM and discovered in experiments. Studies of weak interactions started from decays, and have a
long history, which we do not describe here. From various experimental studies it was realized that (1)
electron and muon neutrinos are not the same, and the electron neutrino and antineutrino are different.
There are processes Vel — €D, Uep — €' n, v,n — pu~p, 7,p — 7 n, but there are no processes
Vel /> €7 p, Vep £ €0, yn 4 uTp, vup A i,

(2) the decays i — eX have never been observed;

(3) only left-handed leptons and right-handed antileptons participate in the process with |[AQ| = 1
for leptons from the same generations;

(4) three generations have been observed.
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The observations lead to the assumption that the lepton interactions with |Q)| = 1 occur via charge
current in so-called V-A form:

Jo ~ 0y (1 = 75wy (85)

The corresponding four-fermion interaction Lagrangian for muon and electron currents is

Gr _ _
L= T2 (1= 3)e0(L = 13)ve + b (86)

where the notation p, e, v stands for the corresponding fermion fields and G is the well-known Fermi
constant with dimension [m]~2. With the help of the Lagrangian (86), one can easily compute the decay
width of 4~ — e~ 1, the Feynman diagram for which is shown in Fig. 7.

Fig. 7: Feynman diagram for ;1~ decay due to four fermion interaction

5

From dimensional analysis, one can say without any computations that I" ~ G% Smy,.

The formula for the width is

G%m“r’ m2
T, = L ¢ 87
#1923 f<m3>’ 87)

2

:;g ) Today’s G is measured from the muon decay very precisely:

wherele—l—(](

Gr = (1.166371 £ 6 - 1079) - 107 GeV 2.
As we know, any fermion field ¥ (z) may be presented as

1-— 1
U — %W+ + 75
2 2

U =V + Ug.
Therefore, the current (85) involves the left component of the fermion field only and has the form

Jo = ULy, L. (88)
We want to construct a quantum field theory (the SM) which obeys a few requirements:

— correct electromagnetic neutral currents and V-A charge currents (Fermi);
— three generations without chiral anomalies;
— gauge-invariant dimension-four operators.

Because there are two leptons (charge lepton and corresponding neutrino) in each generation and
the left components interact, a very natural assumption is to choose the gauge group for the EW part of
the SM to be

SUL(2) © Uy (1), (89)
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where SUL(2) is called the weak isospin group (the weak isospin is an analogue of the usual isospin
introduced by Heisenberg to describe the proton and the neutron) and Uy (1) is the weak hypercharge
group. The hypercharge group is needed because we need to have somehow the U(1) group in order to
describe the electromagnetic interactions, as we already know. But if one includes simply the electro-
magnetic group Uy (1) instead of Uy (1) the construction would not give us interactions correctly for all
the fermions. The EW part SU,(2) ® Uy (1) and the SU¢(3) group for strong interactions are combined
into the gauge group of the SM.

The fermion fields are taken to be in three generations, and in each generation the left components
are combined into SU(2) doublets and the right components transform as SU (2) singlets:

(), (1), ()
€/ L K/ T/)L (90)
€R HR TR-

Right-handed neutrinos are present in the original version of the SM.

For the quarks, a similar structure of representations is assumed but with singlet right-handed
components for up and down types of quarks:

(i), (), G), o

uRr,dr CR,SR tR,bR.

We begin with the construction of the gauge and fermion parts. Now the requirements of the
gauge invariance and lowest possible dimension four of terms fix uniquely the form of the EW interaction
Lagrangian. The strong interactions are described by the SU¢(3) gauge group:

L= =W (W) = 1B B — 3G, (G)"

O (: DL~ gt O/ (: DR~ T (92)
2 g YLDV + 32y, YR (D) URs
where the field strength tensors and covariant derivatives have forms very familiar to us:
Wi, = 0,W. — 0,W}, + g2"* WiW}
B, = 0,8, — 0,B,, (93)
G4, = 0, AL — 0, A% + gs f*eAb A,
L . v/
D, =08, —igpW,m" —ig1 B, - |~ igs Ayt
v/
D =0, —igp1 B, gf—m%ﬂ (94)

where ¢ = 1,2,3,a = 1,...,8; WZL are gauge fields for the weak isospin group, B,, are gauge fields
for the weak hypercharge group and A, are gluon gauge fields for the strong SUc(3) colour group.
The gauge fields are taken in the adjoint representations and the lepton and the quark fields are in the
fundamental representation of SU(2) and SUx(3) groups. The strongly interacting part of the SM
related to the SU¢(3) colour group is called QCD, which is covered in a separate course of lectures.

Often when the SM is described the weak hypercharges YLf and Yf{ are chosen from the beginning
such that the Gell-Mann—Nishijima formula is satisfied for each of the left and right chiral fermions:

Yf

Qr = T+,
(95)

f v

Qr = (T3)r+ 5
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where (73),, = 1/2 and (13), = —1/2 are projections of weak isospin operators, +1/2 for the up-type
and —1/2 for the down-type fermions.

However, we do not know at this moment why the Gell-Mann—Nishijima formula should work in
our case for the EW part. So, we do not assume from the beginning the Gell-Mann—Nishijima relations
for weak hypercharges. Let us take weak hypercharges as free parameters for a moment, and try to fix
them from two physics requirements:

1. correct electromagnetic interactions;
2. V-A weak charge currents.

Let us consider for simplicity only fermions from the first generation. We will consider the case of three
generations later by introducing the quark mixing matrix.

From the covariant derivatives for the left and right chiral fields (94), one gets the following La-
grangian for leptons of the first generation:

L' = =i (Te L) vy - ‘
92W7” —%92W3+91%
V2
_ Y
+eErRYug1 ?RB/LBR'

992V, T g1 5y 92 V2 <VeL )
By

Here the relation following from the Pauli matrices is used:

i 1( w3 ﬁWJ)

it — Tt — =
TW—2W \@Wu_ _WB

5 C)

where VVHjE = (Wﬁ F 1W3) /V2.

Products of non-diagonal elements give us the form of the charge current:

2 _ 2 _
I/CC — 2 eL’yMW/jeL +h.c. = LVQVM(l — 75)Wu+e +h.c. (98)

V2 2v2

The interaction Lagrangian (98) contains the lepton charge current with the needed V-A structure.
Products of diagonal elements in (96) lead to the neutral current interaction Lagrangian':
¢ 1 3 v
LNC = ﬂeL'Y,LL (292WM +912LB;¢> Ver,
- 1w 4 o Y0 99
+eLVu <—§92WM + gﬁfBu> er 99)

_ Vi

+erYug1 TRBueR-

Generically, the neutral component of the W field and the B field can mix with some mixing angle

Hwi
W) = Z, cos by + A, sin by, (100)

B, = —Z,sinfw + A, cos Oy.

The angle fv is called the Weinberg mixing angle.

'Question for students: why can arbitrary hypercharge not exist in the case of non-abelian gauge symmetry?
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One of these fields, say A, we try to identify with the photon—it should not interact with the
neutrino and should have the well-known Dirac interaction with the electron field as needed in QED.
These two physics requirements lead to three simple equations:

1 1
2 <_@ sin Ow + ﬂy}f cos 9W> + 7ﬂYl€ cosby = Qee (Qe = 1), aon
2\ 2 29
1 (gﬁ sin Oy — giyf CoS 9W> + lﬂYé cosbw =0 (102)
2\ 2 29 ’
923 sin Oy + %Yf cos By = 0. (103)

The first equation (101) comes from the coefficient in front of the ~,, structure in the interaction of the
electron with the A, field, the second equation (102) follows from the coefficient in front of the 7,5
structure and the third one (103) comes from the absence of the interaction of the neutrino field with A,,.

Therefore,
79272 sin Oy + %Yf cos By = %Yﬁ cos by = Qce. (104)
From the equations (104), we get
1Yy cos by = —e,
gosinfw = e

and
Vg = 2V (105)

As we can see, the hypercharges of the left and right chiral leptons are proportional but not fully fixed.

In the quark sector there are both left and right chiral components for up and down quarks:

u
dr.
(d>L7 UR, R

Then, from the Lagrangian (92), the interaction of the quarks with gauge fields is

Y wF
B %Q2W3 + a1 TLBu 92 \/% u
(UJ)L Tu W= 1 3 Yq 106
927’5 —592W;i + 9171‘3“ d )y (106)
_ Vi ; vy
FUrYug1 5 Buur + dryug1 5= Budr.
The charge current has, as expected, the needed V-A form:
92 _ 92 7 -
Ll = "=uvy,(1 =)W d+ —=dv,(1 — )W, u. 107
cCT o/ Yu(l = 75)W), 22 Yu(1 = 75)W, (107)

In the same way as was done for the lepton case, one should require correct electromagnetic interactions
for both u and d quarks. This means that one should have a QED electromagnetic Lagrangian with
electric charges % for up-quark and —% for down-quark fields. Substituting Wg’ and B,, in terms of A,
and Z,, fields (99) into (106), we get the following equalities:

1 1 1
92sinfw + S g1V cos fw = S Vg1 cos b = ze, (108)
1 1 1 1

592 sin Oy + ileI? cos by = §Ypil91 cos Oy = —5e
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From these four equations one gets the following four equalities:

gosinfyw = e,
gYlcosby = <te,
L 3 (109)
YR = —2Y4,
VE+Yd = 2y
which are consistent with equalities we obtained from the lepton sector:
gosinfyw = e,
leIf cosby = -—e, (110)
Yi =2V
Note that, as follows from (109) and (110),
‘

which means that there is only one independent hypercharge, say Yf, and all the others may be expressed
in terms of it.

Let us recall that up to now we did not assume any additional relations such as (Q = T3 + Y/2),
which are usually assumed from the very beginning.

Now we can write the generic Lagrangian for neutral current interactions with introduced bosons
A, and Z,, in the following form:

e
Lnc = oy — A1 111
NC eEijf T T oin By cos Oy Ef: fu= (1)

Where Jﬁﬁ = fﬁ)/ltf’ Ql/ = 0’ Qe - _19 Qu - 2/39 Qd - _1/39
Jqu = ny[vf - af'YE')]f,

v, = 1, ayzl, U€:—1+4Sin2ew, ae:—l;

1 YR . 1 YR\ .
vuzl—g <4+Y§1> sin? Oy, auzl—g <4_Y%> sin? O,

1 v¢ 1 v
Vg = —1+§ <2—Y}L§> sin? 0w, ag = —1+§ <2+YE{1> sin? Oy .

Since the structure of all three generations is the same, the equality (111) is the same for all
leptons and quarks. Vector and axial-vector couplings vy and ay may be expressed for all the fermions in
a compact common form via the fermion charge () ; and a component of the fermion weak isospin T3f :

vy = ZTJ —4Qy sin? Oy, af = 2Tz{-

Note that the hypercharge parameters YLE and Yfg are not present in (111) while in the quark sector

one free parameter, which as we saw may be expressed in terms of Y, remains taking into account (109),
Yo, YR

vitya=2
YooY
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We have obtained the Lagrangian, the sum of (98), (107), (111) and the gauge boson kinetic terms
from (92), which contains QED with massless fermions, an additional vector particle Z,, interacting with
new neutral currents, two charge massless vector particles Wf interacting with V-A charge currents and
self-interactions of the gauge particles.

Since our Lagrangian has a rather non-trivial chiral structure, an important question arises as to
whether or not our construction is free of chiral anomalies, which is absolutely needed for a theory to be
self-consistent.

11 Anomalies
Detailed discussion of anomalies is not a subject of our brief notes and can be found in a number of
textbooks (see for example [6, 8]).

Generically, anomalies correspond to a situation in the field theory when some symmetry takes
place at the level of a classical Lagrangian but it is violated at quantum loop level. For us an important
anomaly is the chiral anomaly. In short, it means that, for example, the Lagrangian

_ _ 1—
L = Wiy (9, — igAt") Wy = Win (9, — ig Aft") — 120 (112)
is invariant under the transformation

(11775

1

U — exp (ioﬂt > U, Ay AL+ =gt + e Ab e, (113)
g

This invariance according to the Noether theorem leads to conserving of the current:

. (114)

. = l—n5
Ip =Yy

However, after quantization one finds that the current (114) cannot be conserved due to the triangle loop
contributions shown in Fig. 8.

Fig. 8: Loop corrections

The diagrams in Fig. 8, after a convolution with the momentum p,, instead of being equal to zero,

are proportional to the factor )
I_mwaBragg . Ty [t“{tbtc}} . (115)

8?2
If the anomaly is not vanishing the theory loses its gauge invariance and therefore cannot be
acceptable. (However, in cases of some currents external with respect to the theory, which have nothing
to do with symmetries of the theory and the Noether theorem, anomalies or such currents may take
place. This does not lead to any problems. Moreover, such type of anomalies may have very important
physics consequences, as in the case of 7 decay to two photons.) In the SM there are simultaneously
contributions from left and right chiral fermions which contribute to the anomaly with opposite signs.
The anomaly is then proportional to the differences between traces of group generators coming from

fermions with left and right chiralities:

Anom ~ Tr [t“{tbtc}} T [t“{tth}} . (116)
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In the theories like QED or QCD there are no 7° matrices involved in the Lagrangians. Therefore, the
left and right chiral contributions exactly compensate each other, the anomaly is equal to zero and the
theories perfectly make sense.

In the EW part of the SM left and right states couple to Uy (1) gauge bosons with different hyper-
charges, and only the left components couple to the SU>(2) gauge bosons. So, it is not obvious a priori
that chiral anomalies vanish. In fact, zero anomalies is a request to the SM to be a reasonable quantum
theory.

Since the generators of the SUL(2) group are the matrices t* = ¢*/2, then any combination of
three SUx(2) generators gives zero traces in (116) and therefore zero anomalies. The only potentially

dangerous ones are
(SUL(2))? - Uy (1) and Uy (1)*

anomalies. For the first type we have to take into account {t!,#/} = %5” and then the only non-zero
contribution is

o 1 .. 1 ..
Anom ~ Tr [Y{#',#7}], = S67TYy = 207 | Ne - 2% + 2Yf] . (117

From the relations (108) and (109), as already was mentioned, we have the following relation
between hypercharges:
Vit = —3Y (118)

After substitution of (118) into (117), we get
1 ..
Anom ~ 5(5”2Y5(Nc —3). (119)

It is very interesting that the anomaly vanishes only for the number of colours equal to three, as it
does in QCD. However, the value of the hypercharge Y;” is not fixed.

The second type ((Uy (2))?) of anomaly for the fermions for each generation is proportional to

Anom ~ Tr (YE’) —Tr (YP‘Z’)

(120)
= Ne(Y)? -2+ (Y2 - No [(Yg)? + (Y9)?] — (VR)®,
where the factor (2) in the left-hand contribution comes from two (u and d) quarks and two (e and v,)
leptons. Taking into account from (118) and (108) that Yy + Yfg = 2Yf , one gets from (120) the
following:
Anom ~ Y{[2Nc(3Yf+Y¥)? —6(Y))?]

(121)
= YV 6GY + Y - Y)EYE+ e+ YY),
In order to get zero for the anomaly,
2 4
Y = gyf or Y = —gyf. (122)

At this point one cannot prefer one of the relations in (122). This value will be finally fixed only after
SUL(2) x Uy (1) symmetry breaking.

So, we note once more that we have constructed a theory with the Lagrangian for massless
fermions and gauge bosons, which gives us:

1. correct V-A charge currents;
2. correct electromagnetic interactions;
3. no chiral anomalies;
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4. predictions of additional neutral currents observed experimentally.

However, obviously such a theory cannot describe nature correctly. We do not observe massless
EW vector particles, except for the photon, and we do not observe massless fermions, except for, maybe,
the neutrinos (or one of the neutrinos). Massive W and Z bosons, massive leptons and quarks are observed
experimentally.

So, we have to introduce masses in the theory. But we cannot do it directly without violation
of the basic principle of gauge invariance. Indeed, the mass term for the vector field m%,V“VM is not
invariant under the gauge transformation V,, — V,, 4 0,,, and the mass term for fermions my WV, the
Dirac mass, is equal to m (U, ¥g + WrVy,), and it is also not gauge invariant. Indeed, the left field
Uy, is the doublet and the right field ¥R is the singlet with respect to the group SU(2). How to make
massive particles without violation of the basic principle of gauge invariance? There is a way to resolve
this problem, which is related to spontaneous symmetry breaking, the Nambu—Goldstone theorem and
the Brout—Englert-Higgs—Hagen—Guralnik—Kibble mechanism.

12 Spontaneous symmetry breaking and the
Brout-Englert—-Higgs—Hagen—Guralnik—Kibble mechanism

The situation when the Lagrangian is invariant under some symmetry while the spectrum of the system

is not invariant is very common for spontaneous symmetry breaking (for example, Ginzburg—Landau

theory). But a naive realization of ideas of spontaneous symmetry breaking leads to a problem manifested

in the appearance of so-called Nambu—Goldstone bosons with zero masses.

To illustrate this, let us consider a very simple scalar model with the Lagrangian

L =0up"0"0 — 20l — A(pTp)?. (123)

The Lagrangian (123) is invariant under the phase shift ¢ — el with w = Const. The case with 2 > 0
is trivial and not interesting for us. In the case u? = —|u%| < 0, the potential shown in Fig.9

V(p) = 1ol + A(ep)? (124)

has a non-trivial minimum:

av
def %0

2
2 i |12 v
= — 0o + 2Xhe0)po =0 = |pol =1/ = = —= > 0.

The system takes some concrete value for the vacuum solution, say g = 4wv/+/2, which violates the
phase-shift symmetry.

4

Fig. 9: Higgs potential
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A complex scalar field can be parametrized by two real fields

o \2@ + h(x))e @, (125)

In terms of the new fields h(x) and £(x), the Lagrangian has the following form:
L = $8,hd"h — Xv*h? — Moh® — \h* /4

(126)
+ S0 EME + 20,£0"Eh + ﬁaugaugfﬂ + /4,

The Lagrangian (126) describes the system of a massive scalar field & with mass m; = 2\v?
interacting with a massless scalar field £(z). The field £(z) is called the Nambu—Goldstone boson field.

This is a particular case of the generic Goldstone theorem. If the theory is invariant under a
global group with m generators but the vacuum is invariant under transformations generated only by
{-generators, then in theory there exist m — £ massless Nambu—Goldstone bosons.

Consider the system described by the Lagrangian
1 10
L= D) L0t — V(p).

Let the Lagrangian be invariant under ¢ = 1, ..., m transformations:
o=@ =p+dp, Sp;= i5@Atf}<pj.
The invariance of the potential means that
SV = (0V/0p;)dp; = 16010V /9yt = 0. (127)
Let the potential have a minimum (vacuum) at some field value ¢; = go?:
(0V/09i)(pi = ¢]) = 0. (128)

We consider the case that the vacuum is invariant under transformations generated only by ¢-generators
from all m generators corresponding to the symmetry, which means that

tie) =0 (129)

only fori =1,...,¢ (¢ <m).

The second derivative from the invariance condition (127) at the minimum leads to

0’V o4 0, OV 04,4
Bordp; (i = ‘Pi)tij%' + 90; (s = %‘)tz‘j =0.
The second term here is equal to zero due to (128) and therefore

0%V
0pr0p;

(pi = eNt50) = 0.

For the first ¢, this equality takes place because of (129). However, for other fields withi = ¢+1,...,m,
the following equality has to be valid:

92V
0p10p;

(pi = ¢y) = 0. (130)
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But the second derivative of the potential in (130) is nothing but the mass term for these i = ¢+ 1,...,m
fields. And, the equation (130) tells us that the masses of these fields are equal to zero. So, in such a
situation when the vacuum of a system is not invariant under all the symmetry transformations of the
Lagrangian there are m — ¢ massless fields (Nambu—Goldstone bosons) corresponding to the number of
generators violating the symmetry.

Let us return to the SM gauge group SUL(2) x Uy (1) and add to the system one additional
complex scalar field ®(x), being an SUL(2) doublet and a Uy (1) singlet:

Ly = D, DFP — 120D — \(Td)% (131)

The Lagrangian Lg is gauge invariant; the covariant derivative has the form

L Y
Dy =8, —igaWit' — 1917HBH. (132)
As in our previous example, let the mass parameter squared be negative, u? = —|u?|, and therefore the

field potential has a non-trivial minimum at ® = v/+/2.

One can parametrize the complex field doublet ®(x) by four real fields in the following generic

e &(z) = exp <i§i(f)ti) < - 2)/\/5 ) : (133)

where four scalar fields &1, £, £3 and h are introduced.

The Lagrangian (131) in invariant under an SU[,(2) transformation:
®(z) — ' (x) = exp (ig2c't") (z), (134)

where t* = ¢ /2 are the generators of the SU,(2) gauge group. If we compare (133) and (134), we can
choose a special gauge goa’(z) = £'(z)/v such that the unitary factor exp (—i&’(z)t'/v) disappears
from all the formulas. This gauge is called the unitary gauge. The Higgs field ®(z) in this gauge takes

therefore the following form:
1 0
b =— . 135
e ) -

The field ® has a non-zero vacuum expectation value and as we know it leads to a violation of the
symmetry of the system.

After such spontaneous symmetry breaking, the substitution of (135) into the Lagrangian (131)
with the covariant derivative (132) yields the following Lagrangian in terms of fields Wj, A, and Z,
introduced before:

1 A
L= 5(8Mh)2 (2X0?)h? — Avh? — Zh‘* (136)

1
2
1
FMEWEWE (L h/0)? + SMBZ,20(1+ h/v)?,
where
M} = 2\0? (137)
is the mass of the scalar field h called the Higgs boson and

1 1
My = Sgov and Mz = (g2 cos O + g1Yrr sin ) v (138)

are masses of the vector fields Wﬁf and Z,. The field A, is not present in the Lagrangian (136) and
therefore remains massless only in the case where the corresponding coefficient in front of it is equal to

ZE10:
H

1
—592 sin Oy + g1 cos 0w = 0.
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The condition from the lepton sector (103)
go sin Oy = —le]f cos O
tells us that the field A has the correct electromagnetic interactions and has zero mass simultaneously if
the charged lepton and Higgs field hypercharges have equal moduli and opposite signs:
Yy = —Y

One should note that if the vacuum is invariant under some group transformation, then the gener-
ator of the group gives zero acting on the vacuum. Indeed, the invariance of the vacuum means that
eiTi 0; P

vac = Pvac;

therefore, the generator 7; is given by
Yji(I)vaC =0.

g

and the generator of unbroken symmetry should have a generic form:

1 ailp ai2 0 ail 0
TPype = —— —0, = T=
ac ﬂ < az1 G922 v 0 0
taking into account the fact that the generator should be Hermitian. For the group SU[,(2) x Uy (1), such
a generator is

1 1/1 0 1 10 10 .

This reflects the fact that the vacuum should be neutral, and the remaining group is naturally the unbroken
electromagnetic group Uep, (1):

In our case

SUL(2) x Uy (1) = Uem(1),
1
T3+§YH:QH:O, Y = +1. (139)
Because Yy = 1, one gets the following relation:

go sin By = g1 cos O . (140)

If one substitutes (140) into the equality for Mz (138), one gets the well-known relation between masses
of W and Z bosons:
My = My cos Owy. (141)

The value of the Higgs hypercharge Yj; = 1 fixes the lepton hypercharge Y;* = —1. Now, from
the connection between hypercharges (109, 110) and following from them

v = -3¢,
all the values for hypercharges of leptons and quarks with left and right chiralities are fixed:

Yh= 2 W=V =Y = 173,V = 4/3, Y = —2/3.
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This confirms the Gell-Mann—Nishijima relation

Y
134-5:62

for all three leptons and for all quarks with both chiralities. It should be so from the relation between
SUL(2) and Uy (1) generators leading to an unbroken Uep, (1) generator.

Coming back to the Lagrangian (136) and adding to it the kinetic terms and self-interactions of
the gauge fields Wj, A, and Z,,, which come from the terms of the SM Lagrangian

i wi — Lp,, g

~ MW g B B
we get the Lagrangian describing the massive Higgs boson h, massive vector fields Wli and Z, and
massless field A,. From the Goldstone theorem we expect 4 — 1 = 3 massless Nambu-Goldstone
bosons. But they are not present in the Lagrangian. Three would-be Nambu—Goldstone bosons &7, &2
and &3 are ‘eaten’ by three longitudinal components of the fields W,", Wj and Z,,. One should stress

that while the symmetry is spontaneously broken, the gauge symmetry of the Lagrangian itself remains
unbroken.

This is the famous Brout—Englert-Higgs mechanism of spontaneous symmetry breaking (Nobel
prize for 2012) confirmed by the discovery of the Higgs-like boson in ATLAS and CMS experiments at
the LHC.

Now we consider the fermions, leptons and quarks, of the SM, and show how the mechanism
of spontaneous symmetry breaking allows us to get massive fermions without violation of the gauge
invariance.

As we know, in the SM the left fermions are the SU(2) doublets and the right fermions are the
singlets. There are only two gauge-invariant dimension-four operators of the Yukawa-type preserving

the SM gauge invariance: B B
QL‘I)dR and QL(I)C’U,R, (142)

QL—(dL>
is the doublet of left fermions and
o 1 O cC _ .2 T—L U+h
<I>—\/§<U+h>and<1>—1a<l>—ﬂ 0

are the Higgs and conjugated Higgs SUL(2) doublet fields in the unitary gauge. Corresponding to (142),
charge conjugated operators have the form

(QL‘I)dR)T = df, o (QL)T = diy"7° 81 0Qr = drdf QL

where

and B
(QL‘I’CUR)T = UR (‘I)C)T QL.

As one can easily see, the operators of (142) type lead after spontaneous symmetry breaking to the
needed terms for the fermion masses. Indeed,

/0 _ B _ B B B
(ur,dy) (1}) dr + dr (0 v) (ZL> = didr + vdrdy, = v (deR + deL) = vdd,
L

which is the Dirac mass term for the fermion. Similarly, the operator with the ®© field leads to the
correct Dirac mass term for the up-type fermions:

VUU.
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However, most general operators preserving the SM gauge invariance may include mixing of the
fermion fields from various generations. The most general interaction Lagrangian including operators of
(142) type has the following form:

Lvutawa = —T9Q ' ®dp? +hc. —THQ,'0Cul +hoe. —THL, '®ef? + he,,  (143)

where there are no terms with a right-handed neutrino, and I, 4 . are generically possible mixing coeffi-
cients. After spontaneous symmetry breaking, one can rewrite the Lagrangian (143) in the unitary gauge
as follows:

o s o h
Lvukawa = — | M7 d"dp? + MPur "uly? + MPet "efy? + h.c.] . (1 + v) , (144)

where M =Ty /\/2.

The physics states are the states with definite mass. So, one should diagonalize the matrices in
order to get the physics states for quarks and leptons. This can be done by unitary transformations for all
left- and right-handed fermions:

Li = U)ijdg; iy = (UR)ydrgs ul; = (UR)ijurys uhy = (UR)ijur;
L= (U = (UR)ir
ULU] =1, URUf =1, UiUL=1.

The matrices U are chosen such that

m, O 0 mg O 0
UHMUE=| 0 me 0 |; OHMUE=[ 0 ms 0
0 0 my 0 0 my

me O 0

(UHIMUE =1 0 m, 0

0 0 m,

Therefore, the Yukawa-type Lagrangian (144) is

Lyukawa = — [méJLidRi + mflid}{idLi-F

o S NN N h
+myur ' ur® + mylur'ur’ + ngngRz + mZZERZELZ} . <1 + U) .

We consider only real mass parameters m = m*. So, the Yukawa Lagrangian after diagonalization of
the mass matrices contains masses of fermions and their interactions with the Higgs boson:

— Lyuiawa = — [myd'd’" + mia'u’ +myl't'] - (1 + h) . (145)
v

Now one can easily see what the fermion interactions with the gauge bosons look like in the basis
of the fermion physics state with definite masses.

Neutral currents have the same structure (110) with respect to flavours as the mass terms. And
they, after the unitary rotation ¥/ — UW, become diagonal simultaneously with the mass terms:

T'ONV — TOU.
However, charge currents

Jo ~ ﬂLéchdL + h.c.
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contain fermions rotated by different unitary matrices for the up- and down-type fermions:
u = (Uu, d — (UHd.
Therefore, after the rotation one gets for the charge current
Jo ~ (UM UL Qdy.

The unitary matrix
Verw = (UP)TUF

is called the Cabibbo—Kobayashi-Maskawa (CKM) mixing matrix:

Vud Vus Vub
Vekm = Vea Ves Vo |- (146)
Via Vis Vi

Concrete values for the elements of the CKM matrix are not predicted in the SM. One can show that an
arbitrary unitary matrix with N x N complex elements may be parametrized by N (/N — 1)/2 real angles
and (N — 1)(N — 2)/2 complex phases. So, the CKM 3 x 3 matrix contains three real parameters and
one complex phase. The presence of this phase leads to parity and charge (CP) violation, which in this
sense is a prediction of the SM with three generations. In this lecture we do not discuss physics of the
CKM matrix. The flavour physics is covered in a special lecture course at the School.

Now we have all parts of the EW part of the SM Lagrangian expressed in terms of physics fields
in unitary gauge:
Lsm = Lgauge + Lrc + Ly. (147)

Here, as was mentioned, the self-interactions of the gauge fields let, A, and Z,, come from the terms
of the SM Lagrangian —%Wﬁyww” — %BWBW:
_ 1 pr 1 w _ Lyy+ -
LGauge = F/,LI/F ZMVZ QWHVW
+e [WHWHAY + hee. + WiHW, FH]
+e G (WL W ZY + hoe. + WIW, ZH]

— (W W - Wy WhHW W e

45ty (148)

[

C(W,FA, — Wi A) (W HAY — WV AR

s
2 .2
—%%(WJZV — W Z)(WrZY — WY Zm)
2
— G S (W Ay = Wy A)(WHHZY — W ZH) + he,

where cyw = cos v, sw = sin fy; the gauge for a photon field may be taken differently, for example
(0uA*) = 0. The Lagrangian for the interactions of fermions with the gauge bosons is

Lrg = f(i0)f + Lnc + Lec, (149)
f

where Lyc and Lcc are given by (111), (99) and (107). The Lagrangian for the Higgs boson and its
interactions with the gauge and fermion fields is

M} M} M}
Ly = $(0"h)(9uh) + “gih? — Hlh? — St 150
2 _
(MWW A2 Z,20) (14 B) 5 mr (142
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All Feynman rules following from the Lagrangian (147) can be obtained with the help of the formula
(83). The kinetic parts of the Lagrangians Lgauge (148) and Lrg (148) being taken together with the
gauge and fermion mass terms from Ly (150) give the propagators for fermions, massless photons,
massive W* and Z bosons, and for the Higgs boson by inverting the corresponding quadratic forms, as
we know already?.

The propagator for the massive gauge bosons requires special care. The propagators for massive
vector fields follow directly from the Lagrangian by inverting the quadratic form:

VH (Ogu — 0,0" + guM$) V", (151)

Then the propagator for massive vector fields (V' = W, Z) has the following structure in the unitary
gauge:

—i pup”
Dyp)=——5 9w — . 152

17 (p) pg o M‘Q/ I:gu M‘Q/ :| ( )
However, the term p,,p” /M, ‘2/ has a bad ultraviolet behaviour. This leads to the problem of proving renor-
malizability of the SM. To resolve the problem, one can use another gauge in which the bad ultraviolet
behaviour is absent. It is convenient to express the Higgs field as follows:

o(z) = ( g ) (153)
(v+h+izg)/V2
and ®T contains w;

o where the notation wéﬁ and z, for the Goldstone bosons is introduced. The covariant
derivative, being expressed in terms of the fields W, Z, and A, and constants e and sin fyw = sy,
takes the form

o 2
8#—16(172%“7)ZM—16AM ST 7

D, = Zswe Va2sw F | g (154)
. e — s (&
—1\/§SWW# au‘i’lmzu.

Simple algebraic manipulation leads to the following Lagrangian for the Higgs-gauge part of the
SM:
L = (D,®)(Drd) — A (0D —02/2)?
= $(0"R)(0uh) + MEGW;FWHE(1+ h/v)? + SMEZ,Z(1 + h/v)?
A
—MZ2h% — \vh? — Zh‘l
—MWG#ng“’ — Mwﬁung/"‘+ — Mz0,z. 2" (155)
+0wg OFwy + %(%zgaﬂzg
_ _ 2

—Ah(h +20) (wg w + 25/2) — A (wg w + 25/2)
+more cubic and quadratic terms involving wét and z, fields.

The first two lines in (155) are exactly the same as in the SM in the unitary gauge. The fourth line involves
massless scalar fields, the Goldstone bosons wéﬁ and zg. There are many terms describing interactions of
the Goldstone fields. But we would like to draw attention to the third line in (155) describing the kinetic
mixing of the wéﬁ and z, fields with W+ and Z fields, respectively. Such a mixing should be removed
from the Lagrangian. This can be achieved by choosing proper gauge conditions.

>The complete list of the Feynman rules for interaction vertices can be found in many books and listed explicitly, for
example, in the model files for the SM used in computer codes like CompHEP, Grace, CalcHEP, MadGraph, Wizard, Sherpa
etc.
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Indeed, if we add to (155) the following gauge fixing terms:

1 1
Tz %
the mixing terms are cancelled out. Then the quadratic part of the SM Lagrangian for Wj and Z,, fields
which gives their propagators is

Lar 0.V, — eMww]) (B,WH — EMwwy) — - (0,2 — EMyzy)? (156)

1 1 1 2
—1ZWZW + éMng,Z" ~ 3¢ (6#2“)

(157)
—Swa W MWW — L @,
where terms with
+ + +
Zyy = Oy, — 0,2, WW =0,W; — &,W#

come from the kinetic part of the SM Lagrangian, as in the unitary case. Inverting the quadratic form
(157), one gets the propagator of the massive gauge field in the so-called ¢ gauge:

—i Kk

DS =—— g — (1—&)—t2 |

(158)

where My is My or Mz and € is the gauge parameter.

The unitary gauge is restored by the formal limit £ — oo. In the Landau gauge ¢ = 0, we get
the transverse structure (gW — kuky/ k2), while in the ’t Hooft-Feynman gauge £ = 1 the propagator
contains only the part with the g,,,, tensor. However, one should stress that in both these gauges as well as
in the generic R?¢ gauge one should take into account the appearance of Faddeev—Popov ghost fields. This
is done with the help of the Faddeev—Popov method in the functional integral, which we have described
already. Without going into details, the following ghost fields appear: cﬁ,, cz and cy4, corresponding to
the gauge fixing terms (156) and the gauge fixing —(8MA“)2 /2¢ term for the photon field. In contrast
to pure electrodynamics where the photon ghost fields do not interact and can be omitted, in the SM the
photon ghost field c4 has non-trivial interactions with the ghost c;,—LV and Goldstone wét fields.

Propagators of all the ghost fields have the following form:
c _ i
p? = EMY
where M, ‘2/ is equal to M % forcz, M I%V for ey and O for c4 ghost fields. (The complete set of all Feynman

rules for interaction vertices of Goldstone and ghost fields in the SM in the R, gauge is rather long and
can be found in the mentioned computer codes such as CompHEP.)

So, all the propagators for massive gauge, Goldstone and ghost fields have good ultraviolet be-
haviour, and therefore the SM is a renormalizable quantum field theory.

13 Phenomenology of the SM in lowest order

The Fermi constant G is measured with high precision from the muon lifetime:
Gr = 1.1663787(6) x 107° GeV 2. (159)

The decay is described in the SM by the Feynman diagram shown in Fig. 10.

Since the muon mass m,, < Myy, one can neglect the W-boson momentum in the propagator, and
one immediately gets the following relation:

2
9 _ Gr (160)

8M2, V2
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Fig. 10: ;1 — e o, decay diagram

As we have seen, the W-boson mass is obtained in the SM due to the Higgs mechanism and is propor-
tional to the Higgs field vacuum expectation value v:

1
M, = Zggv? (161)

From these two relations, we obtain

1
V= ————= = 246.22 GeV. (162)

VV2GE

The Higgs field expectation value v is determined by the Fermi constant G introduced long before the
Higgs mechanism appeared. At this point one can see the power of the gauge invariance principle; gs is
the same gauge coupling in the relations (160) and (161).

Now from (160) using the relation (140), gicw = g2sw = e and keeping in mind My = Mzcw,

one gets
M?2 T
M2 (11— W) = = A2 163
v < M V2Gr 0 (163

where ae, = €2 /4 is the usual electromagnetic fine structure constant. The low-energy

o = (137.035999 074(44)) !

follows mainly from the electron anomalous magnetic measurements. One gets Ay very precisely from
low-energy experimental results:
Ap = 37.2804 GeV. (164)

On the other hand, one gets Ay from measured values of the masses of W and Z bosons:

My = 80.385 +£0.015 GeV,

Mz = 91.1876 =+£0.0021 GeV (165)
by substituting (165) into the left-hand side of (163):
Ay = 37.95 GeV. (166)

The values (163) and (166) are rather close. The difference is about 1.5%. If one takes into account
properly the higher-order corrections to the relation (163), the agreement between the two numbers will
be improved further.

CC and NC interactions of the SM fermions, as has been shown in the previous section, have the
following structure (see (111)):

Lo = 72% Zij V:L'jaify,u(l — ’75)dj = m Zij %jﬂi7u(1 - 75)dja

) 3 (167)
Lne = erfo'Vquu'f'le\;icWfo'Yu(vf_af'YEJ)fZ“v
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where V;; are the CKM matrix elements, ¢, j = 1, 2, 3 the number of the SM fermion generations and

8 .2 1. _ 4.2 1.
vy, =1 =38y, au, =1, vy, =—1+ 38y, ag, =1
vg:—l—i—éls%v, ap = —1; v, = 1, a, =1

are the vector and axial-vector coupling constants.

The Feynman rules following from (166) allow us to get tree level formulas for the W- and Z-boson
partial decay widths, as shown below at tree level:

i

_ LW = updy) = |Vij|*Ne—24 My,
].25W

/

(168)

/
AN ) = Nepgorrgs
A W, Iz —=ff) = Ncl2 sin2(§9W) [UJ% " a?c]’ (169)

where the number of colours N, = 3 for quarks and N, = 1 for leptons.

~

The total W- and Z-boson widths are obtained by summing up all the partial widths (168) and
(169). Since CCs for all SM fermions have the same V-A structure, one can very easily obtain branching
fractions for W-decay modes:

> Br(W —4qq) = 2N.-
Y Br(W = tv) = 3-% =

Ne L

(170)

W Wb

The measured Br(IWW — fv) = (10.80 £ 0.09)% is in reasonable agreement with the simple tree level
result

Br(W — {v) = é — (1L.11)%. (171

QCD corrections to the branching ratio Br(W — ¢q) improve the agreement.

The decay width of the Z boson to neutrinos, the invisible decay mode, allows us to measure the
number of light (m, < Mz /2) neutrinos by comparing

[y =T = Tfha — Tfi - (172)

mv
with the tree level formula obtained from (169):

OéMZ

¢ —_—1mM“ _-_nN,.—_ "2
T 126in%(20w)

mv

(1+1). (173)

Experimentally, 'y is measured from the shape of the Z-boson resonance according to the well-known
Breit—Wigner formula
I'Z, = 2.4952 4 0.0023 GeV.

Decay widths to hadrons and charged leptons are measured directly in e™e™ collisions (LEP1) to be
7. = 17444+ 2.0 MeV,

I'Z,- =83.984 £ 0.086 MeV.
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As aresult, Fiva obtained from (172) is

IZ = 0.4990 + 0.0015 GeV.

This gives for N,
N, = 2.984 £ 0.008,

which is close to the number of known neutrinos. The test is an important confirmation of three genera-
tions of fermions assumed in the SM and observed in experiments as shown in Fig. 11.

"g 2v
F
23| ALEPH
DELPHI
L3
OPAL
20 F
{ average measurements,
error bars increased
by factor 10
10
0 1 1 1

86 88 90 9IZ 9I4
E_, [GeV]

Fig. 11: N, from LEP measurements

One can make this test by looking at the ratio I'Z_/T'%, _. In the SM, the ratio follows from (169)

inv ete—
and (173):
(47 rZ 2N,
o — L. (174)
2 1+ (1 —4dsiy)?

The measured value (5.942 4+ 0.016) is in agreement with 5.970 coming from the formula (174) for
N, = 3 and s}, = 0.2324.

An important part of information about the EW interactions and couplings of the SM fermions
comes from eTe™ annihilation to fermion—antifermion pairs. The differential cross-section computed
from the diagrams shown in Fig. 12 has a well-known form neglecting fermion masses compared to the

e’ f e f
>\N\m< + >N\N<
e v f e Z f
Fig. 12: eTe~ diagram

centre of mass energy /s:
2

Tosg = HENe {1+ cos? o)
: [ch — 2x1005 Q5 + x2(a? + vZ)(aF + v}%)] (175)

+2cosf [—2x1aearQf + dx2acarvevyl}
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where
B 1 s(s — M32)
X7 165262, (s — M2)2 + MRTS
1 52
X2

T 25652,c% (s — M2)2 + M2T%
The cross-section obtained from the differential form (175) is in good agreement with the experimental
data, as shown in Fig. 13. In the region far below the Z-boson pole, one can neglect the Z-boson exchange

_’g‘ 10 > L L L L D L L L é
= Z E
S ]
Z104f + 3
2 f e e —hadrons
B - o
o - -
L\ 1
03\ 3
: \ ]
- . .
g M, ]
107 L E
F | ]
[ KEKB TRISTAN - SI.C ]
PEP-1I -

10 é_ | | | IIJEPII | | LIEP III | _é

0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

Fig. 13: The cross section of hadron production in e™e™ collisions showing a good agreement between the SM
computation and various experiments in the energy range up to 220 GeV including the contribution of the Z-boson
resonance.

diagram and restore the well-known QED formula

do Ta? 4ra
m = TSQ?‘NC(l + COS2 9), g = 3 QQNC (176)

From the formula (175), one can get a number of asymmetries, which have been measured, in particular,
at LEP1 and SLC. In the region close to the Z-boson pole the photon exchange part is small and can be
neglected. Then the forward—backward asymmetry is

where

! do 0 do
Ny = d )——, Np= d 0 .
¥ /0 (cos )dcose’ B /1 (cos )dC089

Simple integration of (175) gives the following result:

3 2a, v
App = §Ae : Af, Aeyf =55 &f B’Qf .
Qe p T Ve,
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Measurements of decay widths being proportional to (afc + v?) and asymmetries for different
fermions f allow us to extract the coefficients ay and vy. Then one can get a precise value for the
Weinberg mixing angle from the relation involving the lepton couplings:

1 v
.2 plept l
0 = — 1 - .
SHE Peit 4 < a; >

Results of the measurements are shown in Fig.14 as obtained by the EW working group [16].

Ap ] 0.23099 + 0.00053
0,b
> —v— 0.23221 + 0.00029
Ay S — 0.23220 + 0.00081
e - 0.2324 % 0.0012
Average 1+ 0.23153 £ 0.00016
10, x*/d.of:11.8/5
>
o)
1)
T
€ 102 Aaf? = 0.02758 + 0.00035
me=178.0 + 4.3 GeV

|
0.234

Fig. 14: Effective electroweak mixing angle from various observables [16]

In the SM there are no 1 — 2 decays of fermions to the real Z boson due to absence of FCNCs
(flavour-changing neutral currents). The top quark is heavy enough to decay to a W boson, as shown in
Fig. 15. The decay mode to the b-quark is dominant in the top decays due to the CKM mixing matrix

q

Fig. 15: Top-quark decay

structure, where
Vi ~ 1> Vi, Vig.
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A direct tree level computation leads to

Gy M} ( M5V>2 < M5V>
Tiop = 1— =W (14220 ) 177
top 871'\/§ ( )

where one neglects the b-quark mass:

T(t — bW)Lo ~ 1.53 GeV, DI(t — bW )corr = 1.42 GeV.

The top-quark lifetime 7o, = 1/I'p, is about 5 - 1025 s, which is much smaller than the typical time of
strong bound state formation 7qcp ~ 1/Aqcep ~ 3- 10~24 5. The top quark decays before hadronization.
Therefore, there are no hadrons containing the top quark.

Since the top-quark mass is larger than the W-boson and b-quark masses, one can use the EW
equivalence theorem to get the leading top width up to the term m%/v /m?. According to the EW equiva-
lence theorem, amplitudes with external W and Z bosons are dominated by the longitudinal polarization

of the bosons (GEV’Z ~ P /My, Z)- But the longitudinal component in the SM appears by ‘eating’ the
Goldstone bosons wg, zg. So, one can compute simply the diagram

with the Yukawa vertex M;/(vv/2). Then one immediately obtains for the top width the following
formula:

r

_ 2 (M GeMP
327 \ v £ 872
which is exactly equal to the first term in (177), as expected.

The EW single top quark production is another confirmation of the EW fermion structure of the
SM. There are three mechanisms of single top production at hadron colliders differing by the typical
virtuality (Q%V) of the W boson involved:

q t
By >NVVW< ; s-channel, Q%V > 0,
q

q q
é /4 t-channel, Q%,V <0,
b t
g NNN\Y t
t
h ———~ A +Weassociated, Q% ~ M3,

quart t-channel and s-channel production mechanisms have been observed at the Tevatron, while ¢-
channel and W -associated production was observed at the LHC. There are a number of important QCD
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next-to-leading-order (NLO) and next-to-next-to-leading-order (NNLO) corrections which are needed to
be taken into account in order to get SM predictions with needed accuracy to be compared to experimental
results. Up to now a good agreement with SM computations was observed.

A well-known example demonstrating correctness of the Yang—Mills interactions of the gauge
bosons is the gauge boson pair production. Triple gauge boson vertices WW~ and WWZ have been
tested at LEP2 (ete™ — WTW ™) and at the Tevatron (¢q¢ — WTW™, q7 — W~, ¢ — WZ). The
diagrams for the process eTe™ — W W™ form the so-called CC3 set of diagrams, as shown in Fig. 16.

€+_<_ YaVavVaVa W+ et wt et w+
+ + >N‘
L e YAVAVAVAY /N Y w- e 4 w-

Fig. 16: eTe™ — WHW~-

The triple vertex of the Yang—Mills interaction:

TWWAIZ (p1paps) = Gy, [(P1 — P2)msGmams + (3 — P1)imsGmums + (D2 — D3)my Gmgms) »

where g, = e, gz = gocw = e%, is confirmed perfectly experimentally, as shown in Fig. 17.

3 30 T T I ' o
g LEP S
=
= § .
20- :
"‘n' ",,' . . * s - ! ' .
A
101 7
5 YFSWW/RacoonWW
,-{ ---no ZWW vertex (Gentle)
S --- only v, exchange (Gentle)
0 : 1 1 1
160 180 200

Vs (GeV)

Fig. 17: Measurements of the W-pair production cross-section, compared to the theoretical predictions. For expla-
nations, see [17].

The quartic gauge coupling WW~+y has been tested recently at the Tevatron and the LHC in W-
pair production in association with two protons or a proton and an antiproton. The quartic couplings
WW~Z, WWZZ have not been tested yet. This is a challenging task for the LHC and will require a
high-luminosity regime at a linear collider.

14 The electroweak SM beyond the leading order

All the above examples confirming the structure of the SM interactions are leading order processes.
However, in many cases a high accuracy of experimental measurements requires the SM computations
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beyond the leading order. In the SM, being a quantum field theory, computations of higher-order cor-
rections face divergences of ultraviolet and infrared/collinear nature. In general, the ultraviolet (hard)
divergences are treated with the help of the renormalization procedure while the infrared/collinear (soft)
divergences are cancelled out due to the Kinoshita—Lee—Nauenberg theorem in summing virtual and real
contributions to squared matrix elements.

The renormalization procedure is the usual way to deal with the ultraviolet divergences. We de-
scribe briefly only the main ideas of the procedure. In the SM the dimensions of all the coupling constants
are equal to zero. This property has important consequences making the theory renormalizable. In simple
words, the renormalizability means that all the UV divergences may be incorporated into a redefinition of
a few constants such as coupling constants, masses and field normalization constants. In renormalizable
theories only a few diagrams are UV divergent.

As an example, let us consider QED.
The divergency index of a diagram depends only on the number of external legs, and for QED can
be expressed in a well-known form
w=4—L,—3/2Le,
where L., is the number of external photon lines and L, is the number of external electron lines.
So, there are only three types of divergent diagrams with two external photon lines, the photon

self-energy WQ/\F , with two external electron lines, the electron self-energy _<~ ™ and,

with one photon and two electron external lines, the electron—photon vertex
It is convenient to consider the renormalization procedure in the functional integral approach al-
ready familiar to us. The generating functional integral in QED in the covariant gauge is given by
Z[Jn,m) = [D(WVA)exp (i [d'2zP(i)) — m)V¥ +ied + J, AV
(178)
+ 70+ Ty — LE FR 4 L | d4x(8uA“)2) .

The photon propagator is obtained from (178) by taking two functional derivatives on J and setting the
sources J, 1 and 7] to zero:

iDag(l’l,l'Q) = fD(\I’\IJA)A#(Zﬁl)Au(l'Q) (179)
cexp (i [ dYz[—1F, F + Ui — m)¥ + eWAT)).

The Dyson—Schwinger equation for the photon propagator is obtained as a consequence of the
invariance of the measure of the functional integral with respect to the shift A, (z) — A, (x) + . (x).

The equation for the inverse propagator takes, after Fourier transformation, the form
D_;(k) = (Do) + Hap (180)

or, graphically,
(\/\/O/\/‘)_lz (\/V\f\/‘)_l—|— @

where —O— denotes the dressed fermion propagator and /é)\ is the truncated one-particle irreducible
vertex function I, (p1, p2, k).

At one-loop level the function II,5(k) is given by the following Feynman integral:

<_ie>2/(d4pTr[ pm__ (p-Btm 7} s

2m)t [p2—m2+i0 “(p—k)Z—m?+i0 "7
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The integral (181) is quadratically divergent from formal power counting. In order to deal with divergent
integrals, we need to introduce some regularization. We use the dimensional regularization

dp — dPp(u2)2~D/2,

One can see that (181) gives zero, being convoluted with the external moments &, or k3. Indeed,

kot = ()= (=) = (b= m) = [(F = ) — ] (152
If we substitute (182) into (181), we get
o [ dP m —B+m
(“Z_D/Q)(_le)2/ (27r)pD o Kp2 f:ﬂ +i0 (p —(}616)2}6—) ;2 + iO> 7’8] B

In fact, this result is valid to all perturbation orders due to the Ward identity

KMTu(p1,p2, k) = S~ (p1) — S (p2). (184)

The identity (183) can be easily derived from U (1) gauge invariance of (178).
The property means that II, 5 has the following form:

Map(k) = (gaphk® — kaks) TL(K?). (185)

Therefore, the dressed photon propagator can be written as

Dot =~ [ (o~ ) + €57 18

Of course, in the case where IL, = 0, we obtain the free photon propagator.

The factor (1 + IL,(k? &, u?))~!, being taken at zero momentum, should be removed for the
correct normalization of the kinetic term. It can be done by rescaling the field A, (x) in the following
way:

1
V23

Direct computation of (181) with well-known Feynman techniques gives

Au(z) = ——A,,, where Z\") = (1+11,(0,¢))"". (187)

IL, (k% e, pu?) = Bi + gnite
e (188)
and therefore Z5 14 3%,

where ¢ = (4 — D) /2.
Now let us consider the fermion propagator taking functional derivatives of (178) on the fermion
sources 7 and 7.

Now the expression for the dressed inverse fermion propagator is

57Hp) =S5 (p) — S(p).- (189)

The formula (188) is also the Dyson—Schwinger equation for the dressed fermion propagator, graphically
presented as

(—0—) = (—) =50
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The equation involves the same truncated vertex function I',(p1p2; k). In the second order of perturbation
theory, X.(?)(p) is as follows:

D — m
~iDO)(p) = (—ie)? / (;ﬁlﬂ)kD (MQ)Q—D/2.VMDW(I<:)M2+_W%. (190)

Direct computation gives the following answer:

«

>
2 8

2
(4m =)~ + Sinite- (191)
The generic structure of 3(p) is as follows:

S(p) = pH(P*) — mfa(p).
Due to (189), this means that the fermion propagator has the form

1 1 1
SO = SR —m— ReD) 1= A6 i -

Close to physics mass, one should have

1—f2 (mghys)

TMph: = M——a -
phys 1 o f]_ (mf)hys)

So, the fermion propagator has the following form close to physics mass:

S(p) = L)

= —, (193)
P — Mphys (87 ,U/)

where Zo = (1 — f1)71, Mphys = mZZ—fn and Z,, = (1 — f»)~!. From the one-loop result (191), we
obtain N
Zy'=1+—+0 194
2 =14 = +0la), (194)
«
Z =14 —+0(a). 195
m + — + O(«) (195)

D
e O =2
oy P—d—Fk+m
7 (Z)(p—q—k:)Q—m2+iO
pP—dg+m . —i
p—af—mr+io PrZ+i0?

(196)
aB

V(%) (

In order to compute the divergent part, one can simplify the problem and compute (196) in the limit
q — 0. The answer is
o

2 _
T3 (p,0) =, [47

g + O(a)] . (197)
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Therefore, the vertex function including one-loop correction may be written in the form

—iel'), = —ieZ1yu, (198)
where 1
o
Z1=1— —-— .
! dme +0()

We can see from (194) and (198) that Z; = Z including the one-loop part. The equality Z; = Z» takes
place to all orders of perturbation theory due to the Ward identity

Lu(p,0) = 0,5 (p), (199)

as follows from (183) in the limit of the photon momentum k£ — 0.

Why did we do all the above computations of divergent graphs JVO/\P, " and A?

Let us rewrite our initial (before renormalization) QED Lagrangian

1 _
—ZF°% FO o (iD° — mg) Wy, (200)

L= 4

where I\, = 0, A) — 9, A, D), = 9, — ieg A}, (we use the symbol (0) to stress that all the objects are
not renormalized, or bare, as one usually says) in terms of physical fields and parameters labelled by the
symbol ph and additional terms AL:

1 _
L= _Zpgprh“” + U (iD, — mpn) ¥pn + AL, (201)

where A = 7,240, Wi = 2370, mp, = (Za) Zum)mo, e = Z1257 25 P (1) P2 2e
Dﬂh =0, — iephABh and

AL = —(Z3—1)LERFPY 4 (Zy — 1)0 (i) Wy,
_ B (202)
+(Zm = D)mpnWpnVpn + (Z1 — l)ephquh(‘Aph)\Pph'

The Lagrangian AL contains so-called counter-terms. In the leading order we computed all the coeffi-
cients in front of the counter-terms. Now when one computes some effect using the Lagrangian (201) all
UV divergences are cancelled out order by order in perturbation theory by contributions of the counter-
terms.

Let us look in more detail at the relation for the coupling constant
eo = 2125 25 PP ()PP 2epn (),
where (p)P/22
identity, and

is the dimension of the charge. As we discussed above, Z; = Z3 due to the Ward

co = Z3 ()2 2epn (1) (203)

Note that e, (1) is a function of the dimension regularization parameter 1, while e does not depend on
w. From (203), one gets the following equality for a = % (D =4-2e):

a0 = Z3  (1%) Fapn (1) (204)

Taking the derivative “a% on both sides of (204), we get the following equation:

9a _ 297 _ 3. (205)
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The equation (205) is a particular example of the renormalization group equation, which we do not
discuss in this brief lecture course. The function on the right-hand side of (205) is called the 5-function.
So, at the one-loop level the S-function in QED is given by the following formula:

Bla) = %Oocz, b = 2. (206)

One should stress that the coefficient by = % in QED is positive. The equation (205) can be easily solved:

ap)
alp) = . (207)
1- O‘é‘j:) In(p/ p1)?

This is the running coupling constant. If one measures the constant « at some scale 11, one gets values
for the constant at other scales. The coupling constant « = 1/137 being measured at very small scale
(small momentum transfer or large distance) in Thompson scattering increases with the scale growing
and becomes a(M32) ~ ﬁ at the Z mass. This fact was confirmed nicely in LEP experiments. Note
that, in order to get 1/129, one should take into account the contribution of all SM charged particles
to the photon vacuum polarization function II,. This means that the charged particle-antiparticle pairs
screen the bare charge at small 2 or at large distances. The QED running coupling constant is illustrated
in Fig.18 [18].
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Fig. 18: Running electromagnetic coupling as a function of collision energy measured at various energies, in
particular, at LEP by the OPAL collaboration [18].

Note that in QCD the (S-function is negative, leading to an antiscreening effect; «g becomes
smaller with increasing of the momentum scale (momentum transfer) or decreasing distances. This is
a famous asymptotic freedom property in QCD. In QED the situation is the opposite. If the scale p
increases to very large values the well-known Landau pole

b
Zn(p/pm)* =1
T
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is approached where the perturbation picture in QED breaks down.

One should note that in QED all terms in the four-dimensional Lagrangian (gauge-invariant oper-
ators) have dimension four. As a result, the coupling constant in QED is dimensionless. This is crucial
to have renormalizable theory, where all UV divergences are cancelled to all orders with the help of a
finite number of counter-terms. This is also the case in the SM. All terms of the SM Lagrangian have
dimension four and all the coupling constants are dimensionless. So, the SM is a renormalizable theory
in the same manner as QED.

Naively, one may think that the EW higher-order corrections are not that important. The perturba-
tion theory expansion parameters «/m with cer, ~ 1/129 and aygeax ~ 1/30 are very small. However,
the experimental accuracies are so high in various cases that even one-loop EW corrections might not be
sufficient. Indeed, selected lists of measured parameters by LEP1, LEP2, SLD and Tevatron are given
below:

Mz = 911875 + 0.0021 GeV 0.002%
rp, = 2.4952 + 0.0023 GeV 0.09%
My = 8038 £+ 0.015 GeV 0.02%
Mo, = 173.2 + 09 GeV 0.52%
The most important higher-order corrections come from resummation of the large logarithms, log %52 R

24.2, as we have seen with running @ (1/137 — 1/129). The second class of large corrections comes from
contributions of the order of Mfop /M?2,, which originate from EW Goldstone boson (or longitudinal W/Z
polarization state) couplings to the quarks of the third generation. The later corrections lead to the shifts

in W- and Z-boson masses coming from the diagram in Fig. 19.

\/\/O/\/‘\Z/\/Q/\/‘

Fig. 19: Loop corrections

I
S

S

N

Loop corrections lead to the fact that SM parameters, coupling constants and masses, are running
parameters, and they are non-trivial functions of each other. A famous example is given in Fig.20 [17]
showing the dependence of the W-boson mass as a function of the top-quark mass at different values of
the Higgs boson mass.

One should recall that the top-quark mass has been determined indirectly from the analysis of loop
corrections, it being

my=178 48 1

which is remarkably close to today’s precise measured value 173.2 + 0.9 GeV.

GeV,

The low Higgs mass range was preferred by a similar analysis of the Tevatron and LEP data, as
one can clearly see in Fig.20.

A summary of comparisons of the EW precision measurements at LEP1, LEP2, SLD and the
Tevatron and a global parameter fit is given in the well-known plot shown in Fig.21 [16].

The only one discrepancy on the level of 3¢ is observed for bb-pair forward—backward asymmetry.
15 Concluding remarks

1. The SM is a renormalizable anomaly-free gauge quantum field theory with spontaneously broken
EW symmetry. Remarkable agreement with many experimental measurements is observed.
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155 a7
m, [GeV]

Fig. 20: W boson mass as a function of the top quark mass at varios masses of the Higgs bosos (see details in [17]).

2. All SM leptons, quarks, gauge bosons and, very probably, the Higgs boson have been discovered.

3. The SM predicts the structure of all interactions: fermion-gauge, gauge self-interactions, Higgs-
gauge, Higgs-fermion and Higgs self-interactions. As a result, the SM allows us to compute
various cross-sections, distributions and decay rates taking into account higher-order corrections.
However, not yet all of the interactions were tested experimentally. Parameters of the theory are
not predicted by the theory itself but extracted from the measurements.

4. The EW SM has 17 parameters and QCD has one more parameter fixed from experiments:

the gauge-Higgs sector contains four parameters g1, g2, 42, A or in terms of best measured
Qem, Gr, Mz, Mp;
six quark masses, three lepton masses;

three mixing angles and one phase of the CKM matrix (more parameters come from the
neutrino mixing matrix, which we do not consider here);

the QCD coupling constant o.

5. There are facts which cannot be explained in the SM:

fermions have very much different masses (Mo, = 173 GeV, M, = 0.5 MeV) coming from
the same mechanism;

dark matter exists in the Universe, and there are no dark-matter candidates in the SM;

the CKM phase as a source of CP violation in the SM is too small to explain particle—
antiparticle asymmetry in the Universe;

neutrino masses, mixing and oscillations cannot be understood in the framework of the SM
EW symmetry breaking mechanism;

there is some tension in explaining the muon anomalous magnetic moment.

6. As is well known, the simplest Higgs mechanism in the SM is not stable with respect to quan-
tum corrections (naturalness problem). In the SM there is no symmetry which protects a strong
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Measurement Fit  |O™-Q")|/g™Meas

0O 1 2 3

m,[GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4959
o) [nb]  41.540+0.037 41478

R, 20.767 £0.025  20.742
A 0.01714 +0.00095 0.01645
AP) 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AP 0.0992 + 0.0016  0.1038
AZC 0.0707 £ 0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin’0P(Q,) 0.2324+0.0012  0.2314
m, [GeV] 80.385+0.015  80.377
ry[Gevl  2.085+0.042 2.092
m,[GeVv]  173.20£0.90 173.26
March 2012 O 1 2 3

Fig. 21: Global fit of the EW precision measurements at LEPI, LEP2, SLD and the Teva-
tron by the SM computations including loop corrections [16] (the latest update version of the plot
http://lepewwg.web.cern.ch/LEPEW W G/plots/winter2012/)

(quadratic) dependence of the Higgs mass on a possible new scale. Something is needed in addi-
tion to the SM to stabilize the mass parameter.

7. In addition, the SM does not give answers to many questions, such as:
— What is a generation? Why are there only three generations?
— How are quarks and leptons related to each other?; what is the nature of the quark—lepton
analogy?
— What is responsible for gauge symmetries, why are charges quantized? Are there additional
gauge symmetries?
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— What is responsible for the formation of the Higgs potential?
— To which accuracy is the CPT (charge, parity, and time) symmetry exact?
— Why is gravity so weak compared to other interactions?

In our lecture we focused mainly on the EW part of the SM and aspects of the field theory needed
clarifying, and we did not discuss QCD physics, Higgs boson physics, neutrino physics, flavour physics,
problems of the SM models leading to BSM (beyond the Standard Model) scenarios and sequences for
cosmology. These are the subjects of the lectures by Z. Trécsanyi, J. Ellis, B. Gavelo, Z. Ligetti, C. Csaki
and D. Gorbunov at the 2013 European School.
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QCD for collider experiments

Z. Trocsdnyi*
Department of Physics and MTA-DE Particle Physics Research Group, University of Debrecen,
Debrecen, Hungary

Abstract

These lectures are intended to provide the theoretical basis of describing high-
energy particle collisions at a level appropriate to graduate students in exper-
imental high energy physics. They are supposed to be familiar with quantum
electrodynamics, the concept of Feynman rules, Feynman graphs and compu-
tation of the cross section in quantum field theory.

When you measure what you are speaking about and express it in numbers, you know something about
it, but when you cannot express it in numbers, your knowledge is of a meagre and unsatisfactory kind.

Lord Kelvin

1 QCD as quantum field theory of the strong interaction

The Lagrangian of the quark-gluon field based on a non-abelian gauge symmetry was first proposed in
Ref. [1] forty years ago. The paper discussed the advantages of the colour-octet picture. Since then an
immense amount of research lead to a lot of interesting results and a deep understanding of the strong
interaction based on this quantum field theoretical description of chromo-dynamics, QCD. Today we are
convinced that QCD is the correct description of the strong interaction, yet we still lack a complete and
satisfactory solution. In such a situation one may set two goals: (i) either an ambitious one: solve QCD,
or (ii) a more pragmatic one: develop tools for modeling particle interactions in high energy collider
experiments. In these lectures we go for the second one.

Our aim is to understand high-energy particle collisions quantitatively from first principles. Ex-
amples of such events recorded by the CMS experiment at the LHC are shown in Fig. 1. In these events
kinematic characteristics of particles, such as energy and momentum, are collected. Analyzing many
such events, we can produce distributions of kinematic variables, for instance, differential distribution
of the inclusive jet cross section with respect to pseudorapidity, do/dn. There is a long way from the
QCD Lagrangian to making predictions for such distributions, full of difficulties. I clearly do not expect
students in high energy experimental physics to be able to solve those difficulties. Instead I would like
to explain the consequences of solving the difficulties, because an incomplete understanding of these
consequences can easily lead to false interpretation of correct measurements.

1.1 The QCD Lagrangian

The quantum field theory (QFT) of the strong interactions is a part of the Standard Model (SM) of
elementary particle interactions. The SM is based upon the principle of local gauge invariance. The
underlying gauge group is

SU(3)C X SU(Z)L X U(l)y y
where c stands for “colour”, L for “left” (or “weak isospin”) and Y for “hypercharge”. As we concentrate
on QCD, which is based on SU (3). gauge symmetry, we can write the Lagrangian as

0
LQCD = LSQ%?D + Lsources s (1)
*Z.Trocsanyi@atomki.hu.
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Run : 138919
i Event : 32253996
Dijet Mass : 2.130 TeV

Run : 138919
| Event : 32253996
Dijet Mass : 2.130 TeV

Er(GeV)

300
200 jet 1 Pr: 585 GeV

7" Jet.1 Py: 585 GeV

Jet 2 Pr: 557 GeV

Fig. 1: A violent proton-proton collision resulting in two hard jets. Left: tracks and energy deposits in the calorime-
ters, right: energy deposits represented by towers in the pseudorapidity—azimuthal angle plane.

where
LOn = Lo+ Ler + La, @)

while the electroweak sector (based on the SU(2);, x U(1)y symmetry) act as sources. In Eq. (2) L¢
is the classical Lagrangian, while L is the gauge-fixing term. The last piece is the ghost Lagrangian,
absent if we use physical gauges, which will be our choice.

To find the classical Lagrangian, one starts with the Lagrangian of free Dirac fields,

£(qg, my) Z af (10" — mp)w df 3)
k=1

where the 7, matrices satisfy the Clifford algebra,
{7y =20, {3} =0, “)

The matter field content is dictated by the electroweak sector. The fermion fields are called quark
fields: q’; with masses my and f = 1,...,ny, where n; is the number of different flavours. The
quark fields also have an additional degree of freedom: colour, labelled by k, that can take V. values,
k = 1,..., Nc. The precise matter content is shown in Table 1.

If we apply a transformation ¢* — ¢’* = Uyq!, with

N2-1
Up =exp(i Z t*0° = exp {it- 0}, ,
kl

where ¢ € R, then the Lagrangian of free Dirac fields remains invariant, L’((IO) (q) = L'((IO) (¢"). The
(t*),; are N x N, matrices that constitute the fundamental representation of the generators 7 (called
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Table 1: The six quark flavours as dictated by the electroweak sector. Their baryon number is B = 1/3. Each
quark flavour comes in three colours, not shown. For light flavours (u, d and s) the mass values are not without
controversy and still under investigation. For flavours ¢ and b the mass values are running MS quark masses at
2 MeV (see definition below), while for t it is the pole mass.

7 1 [ 2 s [ 4 | 5 [ 6
qr u d S c b t
my | ~3MeV | ®6MeV | = 100MeV | 1.2GeV | 42GeV | 172.6 GeV

colour-charge operators), which satisfy the Lie algebra:
[T“, Tb} — i fabeTe  yith normalizaiton Tg(T°T") = Trd® . (5)

For SU(3) the matrices ¢* are the Gell-Mann matrices (see e.g., [2]).

Next we ask the question if we can make £((10) (q) invariant under local SU(N,) transformations.
The answer is yes, we can through the following steps:

1. Introduce Aj, coloured vector field with the following transformation property under SU (N¢)
transformations:

EA, st AL =U ()t AU () + ;S(auU(x))U_l (2),

where U (z) = exp {it - 0(x)}.

2. Replace 0,6y with D), [A];; = 0,0k + igs (t - Ay),,- This covariant derivative D, [A],; ¢ ()
transforms the same way as the quark field g, ().

3. Introduce a kinetic term

£y(4) = — 1 Fo 1A P 4],

with the non-abelian field strength F;,, given by

v
be Ab
P [A] = G[MA‘VL} —gs A, AL,
——
LLAHXAVW
so the Lagrangian contains cubic and quartic terms of the gauge field.

The constants f?¢ are the structure constants of the Lie algebra. The structure constants are completely
antisymmetric and are related to the adjoint representation of the generators Fy, by Fy, = —if abe,

Thus we find that the gauge boson field, called gluon field, is a consequence of the local SU(N.)
(gauge) invariance. The classical Lagrangian of QCD is a sum of interacting Dirac Lagrangians for spin
1/2 fermion fields and a Lagrangian of a gauge field,

ng
Lo=Li+Le=Y Lylar, my)+Ly(A), 6)
f=1
where
N,
Lolag. my) =Y @ (uD"[A] = mp)u df (7)
kl=1
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The gluon field is also coloured and self-interacting. In fact, these self-interactions are the sources of the
main difference between QED and QCD. We shall see that as a result, QCD is a ‘perfect theory’ in the
sense that it is asymptotically free. Furthermore, among quantum field theories in d = 4 dimensions only
non-Abelian gauge theories are asymptotically free (see discussion after Eq. (21)). It is also plausible
that the self-interactions are the sources of colour confinement, i.e., the colour neutrality of hadrons, but
we do not have a proof based on first principles.

It is clear that there is an unprecedented large number of degrees of freedom we have to sum over
when computing a cross section:

1. spin and space-time as in any field theory, not exhibited above,
2. flavour, which also appears in electroweak theory, and colour, which is specific to QCD only.

As a result computations in QCD are rather cumbersome. During the last two decades a lot of effort was
invested and great progress was made to find “simple” ways of computing QCD cross sections and to
automate the computations.

Exercise 1.1 Show that in QED the covariant derivative transforms the same way as the field itself, i.e.,
if f(x) = U(x)f(x) then D, f(x) — U(x)D,f(x), where D), = 0, +ie A,.

Exercise 1.2 Show that in QED
[D,,D,] =ieF,

where D, = 0, +ie A,
Exercise 1.3 Show that the generators of a special unitary group are traceless and hermitian.

Exercise 1.4 The generators in the fundamental representation of SU(2) are the Pauli matrices divided

by two:
ja _ o’ (0 1 (0 — (1 0
= T tro) 27\ o0 )0 BT o0 <1
The adjoint representation of a group is defined as
(t?él)ac - ifabc‘
Compute the generators in the adjoint representation of SU(2).

We define the constant TR for a representation R by the condition
Tr[tgth] = 09Tk .

Compute this constant from the explicit form of the fundamental (‘I ) and the adjoint (T’ ) representation.
The quadratic Casimir Cy(R) of a representation R is defined by

Co(R)L = thth.

Compute the quadratic Casimir in the fundamental (Cr) and the adjoint (Cy) representation of SU (2)
using the explicit form of the representation matrices.

Exercise 1.5 Show that in SU(N) gauge theories

(D, D) =igF,T* with Ff, = 0,A% — 9, A% — gf** A AS .

68



QCD FOR COLLIDER EXPERIMENTS

Exercise 1.6 Show that F};, transforms according to the adjoint representation of SU(N):

benb
Fl, — Fo, — fabegvpe .

1.2 Feynman rules

The Feynman rules can be derived from the action,
S = i/d4:c(£f + L,) =S50 + Sy, where Sp= i/d4:n£0, and S;= i/d4:n£1.

In this decomposition £y contains the terms bilinear in the fields and £; does all other terms, called
interactions. The gluon propagator A, ., (p) is the inverse of the bilinear term in A,. In momentum
space we have the condition (we suppress colour indices as these terms are diagonal in colour space)

Ag v (p) i[p°g"" — p'p’] = 0F. (8)

However,

[p*9"" — p'p*] p, =0, 9)

which means that the inverse does not exist, the matrix [pQ g’r — p”pp] is not invertible. We can exploit
gauge invariance to rewrite the classical Lagrangian in a physically equivalent form (action remains the
same) such that A, ,,, exists, which is called gauge fixing. This amounts to imposing a constraint on
A, by adding a term to the Lagrangian with a Lagrange multiplicator (like in classical mechanics). For
example, the covariant gauges are defined by requiring 9, A* (x) = 0 for any . Adding

1 2
= H
Lar 3\ (8#‘4 ) , A€ R,

to L, the action S remains the same. The bilinear term becomes in this case
: 2 _vp 1 v, p
i(p7g"—|1- IWLEAE

i PuPv
Agu (p) = _F [guv (1= ZQ } :
Of course, physical results must be independent of \. It is customary to choose A = 1 (called covariant
Feynman gauge).

with inverse

In covariant gauges unphysical degrees of freedom (longitudinal and time-like polarizations) also
propagate, and these unphysical degrees of freedom are canceled by, so-called, ghost contributions. This
can be avoided by choosing axial (physical) gauges, defined with an arbitrary, but fixed vector n*,
different from p#:

Lgr = —% (n"Au)?,
which leads to

. 2 2
i puny +nupy, (07 +Ap*) pup
Ag,,ul/ (p’n) = _p7 (g,w/_ [ K. + ( ) . V> )

p-n (p-n)?
Since p? = 0, we have:

Ag,MV (p7 77,) pﬂ =0, Ag,uu (p7 n) nt=0.
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Thus, only 2 degrees of freedom propagate (transverse ones in the n* + p* rest-frame). A usual choice is
n? =0, A\ =0, called light-cone gauge. The price we pay by choosing this gauge instead of a covariant
one is that the propagator looks more complicated and it diverges when p* becomes parallel to n*. In
this gauge

i
Ag,,uy(p7 n) = P d,ul/(p7 TL)

with

_ Putw + Nupy A )\ *
dl“’ (p,n) = —Guv + T = /\;2 El(i )(p)el(/ )(p) s (10)

where eff‘) (p) is the polarization vector of the gauge field (photon in QED, gluon in QCD).
1.3 Feynman rules for QCD

Propagators (Feynman’s ‘+ie’-prescription is assumed, but not shown):
P
gluon propagator: A, (p) = 6% Ag ., (p) — & 1 senoeee DY

Iy . . p .

quark propagator: Ag (p) = 6% ipff% N i J
) p

ghost propagator: A% (p) = §9 ﬁ — G ===pm==0D

(not needed in physical gauges)

Vertices:

quark-gluon: T'):2 = —igg (t%);7* —

J i

three-gluon: 0% (p, q,7) = —igs (F*),. Vapy (p,¢,7) —

Vapy (P:¢;7) = (0= )y gap + (@ —7)q 98y + (r =P)ggay, P*+q*+1*=0

+fmac fxbd (gaﬁg’yé - gozcigﬁ’y)
four-gluon: Fg%{% = —ig? + frad frbe (9aBYvs — Yary98s) | —
+fmad mec (ga'ygﬁé - gaﬁgﬁ’y)

a, p
ghost-gluon: T2 = —igs (F*);; p* — i E ___,; (notneeded in physical gauges).

The four-gluon vertex differs from the rest of the Feynman rules in the sense that it is not in
a factorized form of a colour and a tensor factor. This is an inconvenient feature because it prevents
the separate summation over colour and Lorentz indices and complicates automation. We can however
circumvent this problem by introducing a fake field with propagator
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goez== J. y = %5‘“’(9“6 g% — g®¢P7) | that couples only to the gluon with vertex

b o= iv/2gs fracgoege,

We can check that a single four-gluon vertex can be written as a sum of three graphs. This way the
summations over colour and Lorentz indices factorize completely, which helps automation and makes
possible for us to concentrate on the colour algebra independently of the rest of the Feynman rules.

Finally, we have to supply the following factors for incoming and outgoing particles:

e outgoing fermion: @ (p) e outgoing antifermion: v (p)

e incoming fermion: u (p) e incoming antifermion: v (p)

e outgoing photon or gluon: efj\) (p)* e incoming photon or gluon: eE[\) (p) .

Exercise 1.7 Show that the four-gluon vertex can be written as a sum of three graphs, with the help of
the fake field such that in each graph the colour and Lorentz indices are fac::g( { ST
£+ i+
9999940090,

1.4 Basics of colour algebra

Examining the Feynman rules, we find that there are two essential changes as compared to QED. One is
that there is an additional degree of freedom: colour. The second is that there are new kind of couplings:
the self couplings of the gauge field. We now explore the effect of the first.

In order to see how to treat the colour degrees of freedom, we set to one all but the colour part of
the Feynman rules and try first to develop an efficient technique to compute the coefficients involving
the colour structure. This is possible because the colour degrees of freedom factorize from the other
degrees of freedom completely. We use the following graphical representation for the colour charges in
the fundamental representation:

. L — _ b
The normalization of these matrices is given by Tr(tatb) = a”“""‘@"m‘b =Trovo050 = TR O™,
The usual choice is TR = %, but Tr = 1 is also used often. We shalluse both.
In the adjoint representation the colour charge 7 is represented by the matrix (#'*),,. that is related
to the structure constants by g

(Fa)bc = (Fb)ca = (Fc)ab = *ifabc =

b c

where F witha = 1,..., (N2 — 1) are (N2 — 1) x (N2 — 1) matrices which again satisfy the com-
mutation relation (5). The graphical notation in the adjoint representation is not unique. For the matrix
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(F*),. we assume an arrow pointing from index c to b, opposite to which we read the indices of (F'*),,.
(similarly as for the matrices t*). On the structure constants the indices are not distinguished, there-
fore arrows do not appear. However, these are completely antisymmetric in their indices, therefore, the
ordering matters. By convention, in the graphical representation, the ordering of the indices is counter-

clockwise. The representation matrices are invariant under SU (V) transformations.

The sums ), i ?k and Tr (F“Fb) have two free indices in the fundamental and adjoint represen-
tation, respectively. These are invariant under SU (N transformations, therefore, must be proportional
to the unit matrix,

Sothit = Crou,  Tr(FUFY) = Cpo™,
j7a

which is depicted graphically as

o,

kJ 3 4 - Tt i

mmvb = C,  TTEELY,

Here Cr and Cj are the eigenvalues of the quadratic Casimir operator in the fundamental and adjoint
representation, respectively. In the familiar case of angular momentum operator algebra (SU(2)), the
quadratic Casimir operator is the square of the angular momentum with eigenvalues j(j + 1). The
fundamental representation is two dimensional, realized by the (half of the) Pauli matrices acting on
two-component spinors, when j = 1/2 and Cp = 1/2(1/2 4+ 1) = 3/4. In the adjoint representation
j = 1land Cy = 2. Below we derive the corresponding values for general SU(N).

The commutation relation (5) can be represented graphically by
aé b é b é aé a g)
Multiplying this commutator first with another colour charge operator with summing over the fermion

index and then taking the trace over the fermion line (i.e., multiplying with d;;) we obtain the resolution
of the three-gluon vertex as traces of products of colour charges:

: :

= Tr(t*tt¢) — Tr(tt*t?) = i Tr f°.

We now show some examples of how one can compute the colour algebra structure of a QCD
amplitude, in particular we will also find an explicit value for Cr and C4. Taking the trace of the
identity in the fundamental and in the adjoint representation we obtain

O -

respectively. Then, using the expressions for the fermion and gluon propagator corrections, we immedi-
ately find
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@_CFNC, %? oy (o).
Qm — Tr(t9) = ézzgm ) =0.

We can now find the value of C'r as follows. On the one hand we know that

@

while on the other, the left hand side is also equal to TR (NC2 — 1). Thus

The generators are traceless,

NZ -1
Cr=Tr——.
F RN
Analogously one can find
Cpr=2Tr N..

As the colour factors Cr and C's depend on N, their measurement gives information on the number
of colours. The experiments of the Large Electron Positron collider measured the values of the colour
factors based on fits of theoretical predictions [3] to four-jet angular distributions that are sensitive to both
Cr and Cj. The result of the simultaneous measurement of the colour factors and the strong coupling
by the OPAL collaboration is shown in Fig. 2 [4]. The values corresponding to N. = 3 are marked with
the star, just in the middle of the confidence-ellipses.

The expression ), t{;t}; is invariant under SU(NV)
transformations, therefore has to be expressible as a linear

N UL T T T T ™
combination of §;;0x; and d;;0x; (the third combination of L AEph eemeL) el
P . . . [J ALEPH (68% C.L.) [ 68 % C.L. B

Kronecker d’s is not possible, the direction of arrows do not 12[—— " DELPHI(68% CL.) | * SUG@ QCD
. . . - OPAL (68% C.L.) * light gluino |

match). The two coefficients can be obtained by making con- = -
tractions with ;0,5 and 6;;0x;. Thus we obtain the Fierz osh ]
identity, o ]
gosr .

1 oal ]
Z byt = <5zl6kj 030k | » ]
C 02} B
or graphically: eor E
_5_ —_—— -0‘21 0 1 .‘25 1 l.5 1 .;5 21.0 2.125 2‘.5 2.175 3.0 3“25 3.5
o = Ty + + _TL Cy/Cg
o Ne
— ———

These graphical rules make the evaluation of colour
algebra easy. Nevertheless, nowadays computer alge-
bra codes make computation of colour sums an auto-
mated procedure. For instance, you may try In[1]:=
Import ["http://www.feyncalc.org/install.m"] in your Mathematica session to see one solution.

Fig. 2: Measurement of the colour factors by
the LEP collaborations [4]

Exercise 1.8 Consider the process q@ — ggg. Compute the color structures that appear in the squared
matrix element.
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Exercise 1.9 Try using the Fierz identity to obtain @ = —TRCy

Exercise 1.10 Determine the color factors A, B,C' in the following equations:

:

1.5 Are we done?

We now have the Feynman rules with colour and the rest factorized, and we gained some insight how
to perform the colour algebra. Thus it seems that we are in the position to compute the cross section of
any process up to the desired accuracy in perturbation theory (PT), just as we can do in QED. So it may
appear that conceptually we are done. Well, we are going to see big surprises!

Fig. 3: Illustration of the approximation of hadronic final
states by partonic events in electron-positron annihilation: the
sprays of hadrons (called jets) are assumed to originate from
primary quarks and gluons, thus approximated by quarks and
gluons as shown by the magnification

The first conceptual challenge is due to
a phenomenological observation. In QED, PT
is applicable because the elementary excita-
tions of the quantum fields, the electrons and
photons, can be observed as stable, free par-
ticles. Thus asymptotic states are parts of the
physical reality. On the contrary, free quarks
and gluons (usually called simply partons)
have never been observed in nature. This ex-
perimental fact can be reformulated saying
that the probability of observing a final state
with any fixed number of on-shell partons is
zero. This negative result has been turned into
the principle of ‘quark confinement’. Thus it
is questionable whether a QFT of quark and
gluon fields can describe the observed world
of particles where in addition to leptons only
hadrons have been found. In fact, a main
research project at the LEP was to find an
answer to this question in a well controlled
quantitative manner. It turned out that the an-
swer is positive if we make an assumption that
we cannot prove from first principles:

The result of a low-order perturbative computation in QCD is an approximation to suffi-
ciently inclusive hadronic cross section if (i) the total centre-of-mass energy Q of partons is
much larger than the mass of quarks, QQ >> mg, and (ii) Q) is far from hadronic resonances

and thresholds.

We shall define precisely what ‘sufficiently inclusive’ means later. Predictions made on the basis of this
assumption agree with measurements (e.g. made at LEP) within the expected accuracy of the prediction,

which we are to define also later.
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Based on this assumption, it makes sense to make predictions with quark and gluon asymptotic
states. However, in QCD the complexity of the Feynman rules will make higher order computations
prohibitive. Indeed, the largest effort in QCD computations during the past 20 years went into devising
ever more efficient methods to decrease the algebraic complexity of the computations. This research is
driven by the observation that the QCD Lagrangian is highly symmetric, which has to be reflected in
the final results. Thus the complications somehow appear mainly because with our rules we artificially
introduce complications at intermediate steps of the computations, which cancels to large extent in the
final formulae. Learning about the symmetries of QCD is interesting and useful not only for technical
purposes, so let us make an inventory of those.

1.6 Symmetries of the classical Lagrangian

The symmetries can be grouped into two large categories: exact symmetries and approximate ones.
Space-time symmetries are exact. These consist of invariance against continuous transformations: trans-
lations and Lorentz-transformations (rotations and boosts). In addition £ is invariant under scale trans-

formation:
ot — At Au(r) = ATTAL () gqlz) — A 32q(\x)

and conformal transformations, which we do not detail here. The Lagrangian is also invariant under
charge conjugation (C), parity (P) and time-reversal (T), in agreement with observed properties of strong
interactions (C, P and T violating strong decays are not observed).

We already discussed exact symmetry in colour space: local gauge invariance. In addition to
the classical Lagrangian of Eq. (6), there exists additional gauge invariant dimension-four operator, the

O-term:
Ogs

3272

) - 1
Lo = ZF;VFW”, with  FO = S,

that violates P and T. As experimentally © < 1077, we set © = 0 in perturbative QCD.

Another interesting feature of L is that it is almost supersymmetric. For one massless flavour
1 a a,pv —
CIZ_ZZF,LLVF +q1lDQ7
a
which is very similar to the Lagrangian of N = 1 supersymmetric gauge theory,

1 _
L% == D F FU 4 XA,
a

The only difference is that the quark ¢ transforms under the fundamental, while the gluino A\ under the
adjoint representation of the gauge group.

An important approximate symmetry of the classical Lagrangian is related to the quark mass-
matrix. Let us introduce the quark flavour triplet

U q1
w - d - q2 )
S q3

with each component being a four-component Dirac spinor, and the combinations

1
The latter are projections:

PP =P P,=0, P2=P., P, +P =
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It follows from Clifford-algebra that v, P, = P+~,. We define ¢+ = P. Using %2) = 1, we find that
14 are eigenvectors of 5 with +1 eigenvalues:

Vs+ = Fhy .

From the definition of the Dirac adjoint, 1) = 1+, we obtain 1) = 1) P+. Thus the quark sector of the
Lagrangian can be rewritten in terms of the chiral fields ¢y :

Lo =DirD" = D(Py + P)in,D* (Py + PL) = $Py 17, D" P_tp + $P_ 17, D" Pyop =
=_iy D'+ iy D' py =L+ Ly =L1,+ Lr.
This decomposition would not work if the gluon field in the covariant derivative were not Lorentz-
vector. In this chiral form the left- and right-handed fields decouple, so the Lagrangian is invariant under

separate U (N¢) transformations for the left- and right-handed fields, i.e., under Ur,(Vy) x Ur (NNt ), hence
it is called chiral symmetry. Indeed, if (g1,, gr) € Ur,(INt) x Ur({V), then under the transformation

YL — gLL , iy, — ELQi» gr =1

L1, remains invariant. This symmetry is exact if the quarks are massless. The group elements can be
parametrized using 2N? real numbers {a, aq, 3, Bp} (a, b=1,... NZ — 1),

(o1r01) = <exp<1a> x5 exp ( S ) - (12@,#) ,
b
exp(ia) exp(—if3) exp < Zaa ) exp (—iZﬁbTb> >
b

€ Uv(1) ® SUL(Nt) ® Ua(1) @ SUR({NVy) ,

where the matrices T* represent the generators of the group (/Ny X Ny matrices). The transforma-
tions (exp (i), agT*),exp (i) , agT?)), acting as ) — exp (i), @aTI) ¢, form a vector subgroup
SUy (N¢). The transformations (exp (i, ByT) ,exp (=i, ByT?)), acting as ) — exp (Y, ByTy5) ¥
however, do not form an axial-vector subgroup because

(T35, TPs) =iy f*TT (75 =1# 7).

C

This chiral symmetry is not observed in the hadron spectrum. Therefore, we assume that vacuum
has a non-zero VEV of the light-quark operator,

(0]gq|0) = {O[tu + dd|0) ~ (250 MeV)?,
a chiral condensate that connect left- and right-handed fields,

(0|gq|0) = (0|qrar + drar|0) -

The condensate breaks chiral symmetry spontaneously to SUy (N¢) ® Uy (1). This remaining symmetry
explains the existence of good quantum numbers of isospin and baryon number, as well as the appearance
of Nf2 — 1 = 8 massless mesons, the Goldstone bosons. As non-zero quark masses violate the chiral
symmetry, which is broken spontaneously, the Goldstone bosons are not exactly massless. Thus we
have natural candidates for the Goldstone bosons: we can identify those with the pseudoscalar meson
octet. In practice, we assume exact chiral symmetry and treat the quark masses as perturbation. This
procedure leads us to chiral perturbation theory (xPT) [5], which is capable to predict the (ratios of)
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masses of light quarks [6, 7], scattering properties of pions [8] and many more. Although, xPT is a non-
renormalizable QFT, it can be made predictive order by order in PT if the measured values of sufficiently
many observables are used to fix the couplings of interaction terms at the given order.

The QCD Lagrangian was written forty years ago. Since then many attempts were tried to solve
it and mature fields emerged that aim at solving the theory in a limited range of physical phenomena.
For instance, xPT is a PT that uses low-energy information (in the MeV range) to explain the world
of hadrons and masses of light quarks. In the same energy range non-perturbative approaches, notably
lattice QCD and sum rules have been developed for the same purpose. By now it is possible to explain
the light hadron spectrum from first principles using lattice results [9]. The main goal at colliders, our
focus in these lectures, is different. We shall prove that PT can give reliable predictions for scattering
processes at high energies, which is the topic of jet physics.

We have seen that the classical QCD Lagrangian shows many interesting symmetry properties
that can be utilized for (i) easing computations, (ii) checking results, (iii) hinting on solving QCD. We
shall see that some of these symmetries are violated by quantum corrections, which leads to important
physical consequences. In QCD an important example is scaling violations. Another example is the axial
anomaly which provides strong constraints on possible QFT’s, but it is discussed within the electroweak
theory usually.

1.7 What is scaling?

Let us consider a dimensionless physical observable R that depends on a large energy scale R = R(Q?).
Large means that () is much bigger than any other dimensionful parameter, for instance, masses of
quarks. Thus we assume that these other dimensionful parameters can be set zero.! Classically, dim R =
0 and, since () is dimensionful, it follows that % = 0. So limg2_,,, R =constant, which is called

scaling.
In these lectures we do not have room for a complete description of ultraviolet (UV) renormal-

ization of QCD. We simply state that in a renormalized QFT R depends also on another scale, the
renormalization scale ug. So

2
R = Ql2igloo R (%, Qg (u%)) = constant,
R need not be a constant. This is called scaling violation. The first term in parenthesis is the only
dimensionless combination of ) and ur. However, ug is arbitrary. If R depended on ug, then its value
could not be predicted. For simplicity from now on we drop the subscript “R” from pur. As p is an
arbitrary, un-physical parameter (the classical Lagrangian did not contain 1), we expect that measurable
(physical) quantities cannot depend on it, which is expressed by the renormalization group equation

(RGE):
d (@ ) das O
_ 2 2 X 2 — 2 Y 2 s Y
0= <u2’as(“ )> <” o2 T o 0as> e

We can simplify this equation a bit by introducing the new variable ¢ and the function 3(cs),

Q2 2 Oag
t=1In—, Blag) = (12)
NQ ( ) : BMQ o fixed
Then the RGE becomes 5 5
[ — —_— t =
( a1 + ﬁ(as)aas> R(e ,Ols) 0. (13)

"We shall study the validity of this assumption in the next subsection.
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To present the solution of this partial differential equation, we introduce the running coupling
as(Q?), defined implicitly by

as (Q?
t:/as( )ﬂii)’ with aszas(,uz), (14)

where ag = g ( ,u2) is an arbitrarily fixed number. The derivative of Eq. (14) with respect to the variable
t gives

1 O (@ o das (Q
1= B (0e (QD)) a8(t ) ,  which implies f (as (Qz)) = Oéf).
The derivative of Eq. (14) with respect to ag gives
0 1 das (@%) 1 day
B B (as (QQ)) Oag B(Oés) Oag ’
from which it follows that
das (@7) _ B (as(Q%))
das  Blag)
It is now easy to prove that the value of R for 2 = Q?, R (1, Qg (Q2)) solves Eq. (13):
9 s OR  00s(Q°) s OR
_ER (1,065 (Q )) __8045 (QQ) ot =-p (as (Q )) Do (Q2)
and 0 0 (QQ) 0 0
Qs R R
5(%) 87045 R (17 s (Q2)) = B(Oés) Dove dovs (Q2) =p (Oés (QQ)) W'

It then follows that the scale-dependence in R enters only through o (Qz), and we can predict the
scale-dependence of R by solving Eq. (14), or equivalently,

Do (Q? 9
9 5 (an(@). a5

So far our analysis was non-perturbative. Assuming that PT is applicable, which we shall discuss
at the end of this subsection, we may try to solve Eq. (15) in PT where the -function has the formal
expansion:

Baw) = —an 3 b (%j)"“ . (16)
n=0

The first four coefficients are known from cumbersome computations [10]

11 4 34 20
BOZECA——TRnf >0, B1=§Ci—§CATRnf—4CFTRnfa

s (17
2 2 ,
By = g - %:’?’nf + 35—45n% . B3 = 29243 — 6946.3n; + 405.9n% + 1.5n] .

The first two coefficients in the expansion of the § function are independent of the renormalization

scheme. The second two coefficients in Eq. (17) are valid in the MS renormalization scheme.?
Another often used convention is
o
Blas) = —boal |1+ by ag] : (18)
n=1

2As we have not gone through the renormalization procedure, we cannot define precisely what we mean by ‘renormalization
scheme’. Various schemes differ by finite renormalization of the parameters and fields in the Lagrangian.
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where by = % and bpb; = b thus b; = b1

(4m)*’ AmBo’
If g (QQ) is small we can truncate the series. The solution at leading-order (LO) accuracy is
oo Oa 1 1 Q (/L2)
2 S S 2 2 s
S = - ~ — byt = __ e
Cagz T ar e (@) a5 (12) 0 % (@) = T bt as (47

which gives oy (Q?) as a function of o (p?) if both are small; a (14%) is a number to be measured. We
observe that: , L oo
2y Q°— 00 Q“— 00
H —_
as (@) bol
This behaviour is called asymptotic freedom. The sign of by (positive for QCD) plays a crucial role
in establishing whether or not a theory is asymptotically free. If it is, then the use of PT is justified:
the higher Q?, the smaller the coupling. The coefficient by is easiest to compute in background field
gauge [11] where only three graphs contribute, the quark and gluon loops:

WOTW mvo*%'o‘w’ 2D

and a similar ghost loop. The contribution of the quark loop is negative —%TRnf, while that of the
gluon+ghost loop is positive %C’ 'A. (We knew the colour factors immediately, only the coefficients have
to be computed!) The net result is positive up to ng < 17 in QCD. In 2004 D.J. Gross, H.D. Politzer and
F. Wilczek were awarded the Nobel prize for their discovery of asymptotic freedom in QCD [12, 13].

0. (20)

Clearly, it is the gluon self-interaction that makes QCD perfect in PT. In QED, in the absence of
photon self-interaction, by < 0, hence the coupling increases with energy, but remains perturbative up to
the Planck scale (~ 10'® GeV) where we expect that any known physics breaks down.

Asymptotic freedom gives rationale to perturbative QCD, but we shall see that LO accuracy is not
enough. The analysis is also simple at next-to-leading order (NLO):

_1 Oag
[Oég(l + blas)] 0t = —bo.
Qg (Q2) is then given implicitly by the equation
1 1 s (Q? 1+ bias (@3
(@) e (@)
as (Q%)  as(p?) as (p?) 1+ bras (p?)

which can be solved numerically.

Using the formula for the sum of the geometric series, (1 + z)~! = Y°°

FO(—:UV and recalling
Eq. (19), we find that the running coupling sums logarithms,

R(1,05(Q%)) = R + Ryas(1?) i [ o (s22)bot]”

The NLO term Rya? gives logarithms with one power less in each term.

1.8 Measuring o (p?)
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We know (QQ) if o (,u2) is known. We there-
fore, have to measure oy at some scale p. The
perturbative solution of the renormalization group
equation (RGE, Eq. (13)) is never unique. The dif-
ference between two solutions at O (af) is sup-
pressed by ag, ie. at O (a’;*l). Nevertheless,
this difference can lead to significant difference
in ag (QQ) if 42 and @? are far from each other,
which is important in present day precision mea-
surements. Therefore, the scale w is chosen to be
= Mgz because Mz = 91,2 GeV is not far from
the scales where a(Q?) is used in current exper-
imental analyses. In Figs. 4 and 5 we show the
present status of s measurements from Ref. [14].

LARARARREN| T
T-decays O+
Lattice ol
DIS —o— |
e*e” annihilation +—o—
Z pole fits ro—

1 1 : 1 L

011 012 013
a5 (Mz)

Fig. 5: Results of different measurements of
the strong coupling runto y = My

Z. TROCSANYI
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| April 2012
as(Q) il v Tdecays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'¢ jets & shapes (res. NNLO)
e Z pole fit (N3LO)

04

b N pp —> jets (NLO)
03} \\\\
\
02} i%
Ny
0.1}

=QCD os(Mz)=0.1184+0.0007

10 Q[GeV] 100

1

Fig. 4: Results of measurements of the strong coupling at
different scales. The theoretical prediction with four-loop
running, fixed at 4 = My is marked as ‘QCD’.

Another approach to solving the RGE is to introduce a refence scale A by

Q_ [ dz
e /a (2) B@)”

The scale A indicates where the coupling becomes strong. The following exercise is to explore the

characteristics of this choice.

Exercise 1.11 The running of the strong coupling constant is given by Eq. (12). The perturbative expan-
sion of the QCD beta function is given by Eq. (18) with by, by > 0. Determine (i) the expression for the
coupling constant in leading order (by # 0, by = 0) and the corresponding scale Aq (see below) (ii) the
expression for the coupling constant in next-to-leading order (bg # 0, b1 # 0) and the corresponding

scale A1 (see below).

Hints:

1. Solve the differential equation for a(1); you'll get an integration constant.

2. Express your result in the form

80



QCD FOR COLLIDER EXPERIMENTS

where K is a constant.
3. Solve the differential equation using by # 0

/ 1 bo + bralog(a) — by log(bo + bicx)
do =
—bpa? — brad b

+ K

4. This time the solution cannot be solved for o analytically. One can nevertheless find an approxi-
2
mate solution by expanding « in log X—% The constant K is not equal to the one in the first part of
this exercise.

5. Cast your equation for « into the form
1 1

= 2 In(ca+boa
Klnly 14 ¢ methe)

1 In &5

A7

(01

with a suitable choice of A1.
1
w2

2
Al

6. Expand the right hand side of your equation in t = and keep only the first order term. Use

the expansion
1

1+C4 tln(Cg% + CQ)

1
=1+tCy 111(2) +O0(t).

1.9 Quark masses and massless QCD

Quark masses m, are parameters of Lgcp like the gauge coupling, which need to be renormalized. In
QED the electron mass is measured in the laboratories at ,u%{ = 0 (classical limit). We cannot similarly
isolate a quark at u%{ = 0 (at low scale quarks are confined). Instead, we can perform a similar RGE
analysis as with ag. For simplicity we assume one quark flavour with mass m, which is yet another
dimensionful parameter, so the RGE becomes:

9 0 b 2

where ,, is called the mass anomalous dimension and the minus sign before v,, is a convention. In PT
we can write the mass anomalous dimension as

Ym(as) = coas (1 + cras + O (ag)) ,

. . 303—1 .
with known coefficient up to c3. At NLO accuracy we need only ¢y = % and c; = %. As R is
dimensionless, the dependence on the dimensionful parameters has to cancel

0 0 0 2
<Q28Q2 +M287,U«2 +m28m2) R (3270@, g) =0. 23)

The difference of Egs. (22) and (23) gives the dependence of R on Q:

2
@57 =) o+ (5 + a0 ) mo] 1 (%0 ) <. en

This equation is solved by introducing the running mass (in addition to the running coupling) m (Q?)
obeying

om
0 Q?

2 Q? 2
Q? =Y () m(Q*), = lnm(Q ) = _/ 7dq2 Y (a5 (¢%)) - (25)
17

2 9
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Exponentiating, changing integration variable from ¢ to o, and using the definition of the /3 function,
we obtain

as(Q? 2
@) o 2m (O‘S)] @) (26)

mQQ:m;ﬂexp—/ do

(@) (1) o B
which means that asymptotically free QCD is a massless theory at asymptotically large energies. At LO
in PT theory the solution of (26) is given by

e L ol

_c
where we introduced the abbreviation m = m (,uQ) [as (,uQ)] b0 . At NLO the solution becomes

_ 0 Co
m (@) =m o (@))% (14 2 e~ 1) (0 (@) - (1) + O (a) )
In terms of the running coupling and mass, R (1, as(Q?), WTQQ)) is a solution of Eq. (24), proven
similarly as R (1, as(Q?)) being the solution of Eq. (13). Expanding around m(Q?) = 0, we obtain
m(Q%) Q? 1 (m@))" Q?
R(1 2, =22 ) =R( %, a0 — [ —=2) R™ (= a,0). (@7
( 7aS(Q )7 Q ) <,U/2’as’ +n§1n| Q /_1/270[5’ ( )
We see from Eq. (27) that derivative terms are suppressed by factors of 1/Q™ at large Q2. From the

2
dependence of R on % we can conclude that the effect of mass is suppressed at high Q2 by its
physical dimension and also by its anomalous dimension, which justifies the assumption about negligible
quark masses. The expansion in Eq. (27) has a deeper consequence. The dimensionless observable R

2
may depend on In % that can become large when Q2 is large. If we want to avoid such large
logarithms, we should consider physical observables (that is physically measurable quantities) that have
a finite zero-mass limit.

2 Predictions in perturbative QCD

In a typical collider experiment we col-

D /
lect collision events with something in- ~’a |
teresting in the final state. For in- /
stance, in searching for the Higgs bo- XN #’

son, events with four hard muons such \ /
as in Fig. 6 are interesting. Count- 4 :
ing the event rate of such events we
obtain measured cross sections, which Ty
compare to theoretical predictions. Fol-
lowing our assumption about the use
of low-order perturbative predictions in
QCD, for such comparisons we need
predictions for cross sections with par- Fig. 6: An event with four hard muons in the CMS detector
tons. We start with the simplest pos-

sible case when partons appear only in

the final state: electron-positron annihilation into hadrons (and possibly other particles).

Let us consider a measurable quantity O, that has non-vanishing value for at least m partons in the
final state. At LO accuracy the basic formula for the differential cross section in O is

do 1

do _ . 2500 _ Om
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where N contains non-QCD factors (e.g., the flux factor), d¢,, is the phase space of m particles, S, is a
symmetry factor, | M, (p1, ..., Pm) |2 is the squared matrix element (SME), and O,(;ln ) is the value of O
computed from the m final state momenta. The integration is usually done by Monte Carlo integration
and the hard part of the computation is to obtain the SME. In these lectures we can compute hardly any
SME explicitly. Fortunately, there are freely available computer programs [15-19] that can be used to
check the formulae. Even more, these programs can often be used to obtain the cross sections at LO

accuracy, too.

We now use Eq. (28) to make predictions for the cross section of electron-positron annihilation
into hadrons.

2.1 R ratio at lowest order

The leading-order (LO) perturbative contribution to the cross section o (e*e~ — hadrons) is ete™ —
qq. The calculation is like in the case of ete™ — u™pu~, supplemented with colour and fractional
electric charge of g;. The colour diagram is a loop in the fundamental representation which corresponds
to a factor N, as we have seen in the previous chapter. While the annihilation into x4y~ contains only
one flavour in the final state, quarks can have three, four or five flavours depending on the centre-of-mass
energy.> We have, therefore, to sum over all possible flavours which can appear. The ratio of the two
cross sections is thus given by

o(ete” = qq) 2
R = = N, 29
oete = putu) Zq: € ¢ (29)
where e, = e. = % and ey = e; = ¢, = —%. If we consider only the up, down, strange and charm
quarks qeg = 2% + 2% = 1@0. Considering also the bottom quark Zq eg = %. This step-wise

increasing behavior of the R-ratio was observed (see Fig. 7), providing an experimental confirmation of
the existence of 3 families of quarks and of the SU (IV.) gauge-symmetry of QCD with N, = 3.

According to our basic assumption, pQCD cannot give predictions for the resonances in Fig. 7.
However, there is one exception, the impressive Z peak. The LO prediction uses the cross section for
the eTe™ — qg process. A 2 — 2 process has only a single free kinematic variable, the scattering angle

9. In the full SM the differential cross section for electron-positron annihilation into a massless and
2

colourless fermion pair f f is > <’r0m the square of a single Feynman graph, ,as

do__ mo? (14 cos?9) |2 + (A2 + V2) (A% +V?) s + (30)
dcos?¥  2s f e T e N T s M2+ TEME 7

where we neglected terms that vanish at centre-of-mass energy /s = My, or after integration. ey, Ay
and V; denote the fractional charge, axial-vector and vector electroweak couplings of the fermions and
Kk = V2Gr M 2 /(167 em) =~ 0.374 is a number. Well below the Z peak the Z propagator becomes
negligible and the total cross section is obtained by integrating over the scattering angle and we find

the LO prediction or,0(s) = ao(s)efc, where o¢(s) = 4’5‘;2. On the Z peak the same integration

MZ
rZ |-
for the hadronic R ratio at LO accuracy by simply counting the contributing final states and relating
their total charge factors to that of the muon and find Ry = 3)_ q eg away from the Z peak and
Rzio0 =33, (A2+V?)/(AZ%+V?) on the Z peak. The factor three is due to the three colours of quarks.
Considering five quark flavours, i.e., mp, << s << my, we find R0 = 11/3 and Rz 10 = 20.09. We
have seen on Fig. 7 that 11/3 is fairly close to the measured value away from the Z peak. The measured

results in op,0(M2) = oo(M32) [e% + (A2 4+ V2) (A?c + V]?)KQ Then we can make prediction

3The sixth flavour, the top is so heavy that it cannot contribute at CM energies attained in e~ experiments so far.
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Fig. 7: Experimental measurements of the R-ratio as a function of the total centre-of mass energy (taken from
Ref. [14]).

value of Rz at LEP is Rz = 20.79 4 0.04 [20]. The LO prediction works amazingly well. The 3.5%
difference is mainly due to QCD radiation effects that we call NLO corrections. Our next goal is to
understand the origin of those corrections.

Exercise 2.1 Derive the result in Eq. (30) (at least below the Z peak, where you consider only photon
intermediate state) and integrate it over 9.

Exercise 2.2 Use Mathematica and the Package Tracer.m (or FORM) to compute the following traces:

Tr (pﬂy(}bl - kl)'wﬁﬂ“(?l h kl)%)

T (yHtypH2 gt ot ophts oy HB oy HT oy H8 9 '7”107/“ Vo Vs Vwa Vs Ve Yz Vs Yo V1o )

2.2 Ultraviolet renormalization of QCD

The strong coupling is rather large as compared to the other couplings in the SM, and as a result, the
QCD radiative corrections are also large. Therefore, it is always important to compute at least the NLO
accuracy, but if possible, even higher order corrections.*

The computation of QCD radiative corrections is technically quite involved and a good organi-
zation of the calculations is very important. Thus, first we introduce some notation. The tensor prod-
uct of the ket vectors |cy,...,Cn) ® |s1,...,Sn) denotes a basis vector in colour and helicity space,

“There is even a more severe reason that we shall discuss later.
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|Am (p1,--.,pm)) is a state vector of n = m — 2 final-state particles in colour and helicity space.
The amplitude for producing n final-state particles of colour (cy, ..., ¢,), spin (s, . . ., S, ), momentum
(p17 CIEaE 7pn) is

AL GmoSteSmo(n - opp ) = (e e @ (1 Sl Am (D1, -+ Pm)) 31)
(m=n+2),so0

oD A () = (A (i) A ({9})) - (32)

colour helicity

The loop expansion in terms of the bare coupling, i.e., the coupling that appears in the classical La-

grangian, géo) = \/47r04g0) is:
0) 2\ 2 (0) 2 )
I (0) Qs M (1) (0)
[Am) ( 47 ) [‘Am > * ( 4 ) ‘Am >+O ((as )) ] ’ (33)

where ¢ € N, p is the dimensional regularization scale, introduced to keep ago) dimensionless in d =

4 — 2¢ dimensions. The exponent £ in the prefactor takes account of the power of s at LO, the loop-
expansion is an expansion in the strong coupling as. For instance, ¢ = 0 for eTe™ — ¢g, while ¢ = 1

for ete™ — qgg. The tree amplitude ‘Afg)> is finite, while the one-loop correction )Ag)> is divergent

in d = 4 dimensions, which is manifest in terms of 1/¢? and 1/e poles if dimensional reglarization is
used. These poles have both ultraviolet (UV) and infrared (IR) origin.

The UV poles can be removed by multiplicative redefinition of the fields and parameters in the
Lagrangian, systematically order by order in PT. This is a hard task even at one loop, but presently known
up to four loops [21] — a truly remarkable computation! It turns out that when computing scattering
amplitudes in massless QCD at one-loop accuracy, the renormalization amounts to the simple substitution

P oelm) oy 2

al1* — o (uh) uics:! yra :

; (34

with S, = %. Note that on the left of this substitution p is the dimensional regularization scale to

keep ago) dimensionless, while on the right yp is the renormalization scale. We discussed in Sect. 1.8

when we extract ag from measurements, we have to define ug. The dimensional regularization scale
turns into the renormalization scale through the substitution (34).

Why does the substitution (34) work? Each Feynman graph consists of vertices with propagators
connecting those and external lines. Moreover,

e cach vertex receives a factor Z;; (or Zg for quartic vertex) and factors of v/Z;, (i = ¢, A) for each
field connected to the vertex,

e cach propagator of field 7 receives a factor of Z;~ L

Pl v

e cach external leg of field ¢ receives a factor of Zi_ .

Thus the renormalization field factors cancel from each graph and only the charge renormalization (Z,)
is needed in practice! This can be seen as a consequence of the fact that in massless QCD the only free
parameter besides the gauge-fixing parameter A is as. The scattering amplitudes are physical, and any
physical quantity has to be independent of A, so the only remaining parameter, which the amplitudes may
depend on, is the coupling. The renormalization factor Z, is most easily computed in background field
gauge, defined by

1 2
Low = —55 (8“AZ + g fabe AZA”C) : (35)
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where AZ is a background field and Af, describes the quantum fluctuations on this background. It can
be shown [11] that in this gauge the field and coupling renormalization factors are related by the Ward

1
identity Z 4, * = Z,, and Z 4 can be computed from loop insertions into the propagator shown in (21).

The simple substitution rule (34) for the coupling leads to a simple shift in the amplitude. As

47 €

2
- gosler) fo 0(a2)
2 A4m €

we obtain for the renormalized amplitudes ‘MSL)> i=0,1)

2 2e %
\M$)>= (O‘s(/‘fm‘ftge—l) ‘A;g>> gEN,

47
g (36)
2 2¢ 2 2
[ as(R)E )T as(BR) o1 (o 4o 4 Bo 0)
‘Mm>_< e ) am o (iA) =5 TS )

The renormalized theory is UV finite, yet M%) is still infinite in d = 4 dimensions, as it is di-
vergent also in the infrared. After UV renormalization is achieved we can use dimensional regularization
to regulate the amplitudes in the IR by continuing into d > 4 (e < 0). The integrals that are scaleless
in d = 4 have (qz)_6 mass dimension in d = 4 — 2¢ dimensions. Therefore, in the massless limit all
integrals can depend only on momentum invariants raised to a positive fractional power (e < 0). We
conclude that when all external invariants vanish, the continued integral must also vanish (“scaleless
integrals vanish in dimensional regularization”).

For IR-safe observables these IR poles vanish and we can set d = 4 at the end of the computations,
and we obtain the UV finite, IR regularized SME that can be used to compute cross sections.

Exercise 2.3 Compute the contribution to the beta function from the fermion loop: m@m

1. Write down carefully the amplitude and compute the trace.

2. The following types of integrals occur:
d d
= / d Ed - . - / d Ed v 2 a7
(2m) 22 (£ - p) (2m)® 2 (£ — p)
Express these as linear combination of

d?e 1
)= [ i e G38)

3. Obtain I from

d i e 1 m2 . —€
hmm:/é&h—ﬁiwpzuﬁJ%mﬂLAMGﬁ_““@_@

and find the divergent pieces.

The contribution to [ is the coefficient of the 1 /¢ pole without the coupling factor.
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2.3 R ratio at NLO accuracy

This is by far the simplest example of computing QCD radiative corrections. As we saw in Sect. 2.1
it requires the total hadronic cross section that depends only on a single kinematic invariant, the total
centre-of-mass energy +/s. As a result, the emerging integrals in this computation can be evaluated
exactly. Nevertheless, the complete computation is still too lengthy, and we shall be able to present the
main step and filling the details is left to the student.

There are two kinds of corrections that contribute at NLO accuracy. One is the real correction,
with an additional gluon in the final state, so the SME is computed from Feynman graphs as

SRR PR

, which gives an O(ays) correction. The other kind
of contribution

is the virtual correction, with an additional gluon providing a loop in the final state,

(MPMOY 1 (MmO pP —2Re<> 34 > <>

The real correction has three particles in the final state. The three-particle phase space has five
independent variables: two energies and three angles. As we are looking for the total cross section,
we integrate over the angles and use y;; = (p; + p;)?/s = 2p; - pj/s scaled two-particle invariants to
write both the phase space and the SME. Momentum conservation implies 1 = (p1 + p2 + p3)?/s =
Y12 + y13 + y23. The complete real contribution to the total cross section is

2
ot = UORO/ dy13/ dyo3 CF — <y23 U8, 2U1 ) O(1 — y13 — y23) - (40)
Y13 Y23  Y13Yy23

Yoz This integral is divergent along the boundaries at ;3 = 0, y23 = 0 as

1 well as in the point y13y23 = 0, so the singularities are in the IR parts of

the phase space. As y;3s = 2F; E3(1 — cos ¥;3), the divergence occurs

1&3 collinear either when /3 — 0, which is called soft-gluon singularity, or when

Y43 — 0, which is called collinear singularity (the gluon is collinear to
Ve either of the quarks). The region of integration with the singular places

3soft 2&3 collinear is shown in Fig. 8.
To make sense of the integral, we use dimensional regulariza-

tion, which amounts to the computation of the phase space and the
SME in d = 4 — 2¢ dimensions. The result is

Fig. 8: Region of integration for
real correction

1
dyiz [*d 2 o
O’R<6) = O'()R()H(E)/ yye / yy 1 — Y13 — ygg) (41)
0 Y3 23
2
Xﬁﬂﬂﬂ—00%+wj+w2—4,
27 Y13 Y23 Y13Y23

where H(e) = 1+ O(e) (the exact form of this function will turn out to be irrelevant). The integrals can
be evaluated exactly, but actually the Laurent-expansion around € = 0 is sufficient,

(42)

2 3 19
5 .

R Qs 2
o (G)Za'oR()H(@CFg [62+6+—7r + O(e)

The computation of the virtual correction is even more cumbersome due to the loop integral. We
present only the result:

Qg 2 3
UV(G) = o9RoH (¢) Cp o [—62 - 8412 + 0(6)] , (43)
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We now see that the sum of the real and virtual contribution is finite in d = 4, so for the sum we can set
¢ — 0 and find the famous s /7 ~ 0.037 correction: R = Ro(1 + 2= 4+ O(a?)). The correction is the
same for R .

Actually there is a much easier way of computing the radiative corrections to the total cross section
from the imaginary part of the hadronic vacuum polarization, using the optical theorem (o o< Im f(y —
7))). The state of the art is R at O(a?) [22]. The result of the computation at next-to-next-to-leading
order (NNLO) accuracy,

R
o=l crag(p) + [62 + c1bg In 52] as(p)?
0 N (44)
+ [03 + <202b0 + c1b1 + c1b In Q2> In Q?] as(p)? + O(ad)

satisfies the RGE to order ag(y1)?. The coefficients ¢; = 1/7, co = 1.409/72, c3 = —12.85/73 suggest
that the perturbation series is convergent. Our more complicated way of computing R is instructive for
our studies in the next section.

The predictions at the first three fixed or-

ders in PT for Rz are shown in Fig. 9. The R ratio 212 A 2230 MeV
at LO accuracy does not depend on the strong cou-

pling, hence it is independent of the scale. The fig- 2L r 7
ure is meant to show the general pattern of QCD

predictions which, with the exception of the R ra- 210

tio, depend on the scale already at LO. The NLO N

curve shows the typical feature of LO predictions: g 209

it depends on the renormalization scale in a mono- =7

tonically decreasing way. As this scale is unphys-
ical, in principle, its value can be arbitrary. Thus
the prediction at LO is in general only an order of
magnitude indication of the cross section, but not
a precision result. (In the case of the hadronic ra- | INNLO

tio the QCD corrections are actually quite small as 206 0 60 80 100 120 140 160 180 200
compared to many other QCD cross sections and u (GeV)

the precision is actually better than usual.) As a

result, if we want to make reliable predictions in Fig. 9: Dependence on the renormalization scale of the
pQCD, the NLO accuracy (NNLO for R) is abso- hadronic ratio on the Z pole

lutely necessary unless we have some way to fix

the scale.

20.7

However, there is no theorem that tells us the proper scale choice. The usual practice is to set the
scale at a characteristic physical scale of the process. A reasonable assumption that the strength of the
QCD interaction for a process involving a momentum transfer @ is given by as(Q), so p = @ is the
proper scale choice, to minimize logarithmic contributions In(x/@) in higher-order terms. For instance,
in case of electron-positron annihilation the total centre-of-mass energy is the usual choice, while for a
jet cross section in proton-proton collisions the transverse momentum of the jet’ is used. The application
of this recipe appears clear as long as there is only one hard scale in the process. In the state of the art
computations there are complex processes with several scales and it is not obvious which one to choose.
For instance, in vector boson hadroproduction in association with m jets (m < 5) [23], in addition to the

transverse momentum of the vector boson Ey | = 4/ p%, s T p%/ y there are the transverse momenta of

the jets. In this example, the choice p = E‘j was found to result in a badly behaving perturbation series

SWe discuss jets in the next section.
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with corrections driving the £/ distribution of the second hardest jet at NLO accuracy even unphysically
negative for m = 3 and F; > 475GeV at the LHC. Choosing a dynamical scale, set event by event,
appears a better choice. For instance, half the total transverse energy of the final-state particles (both
QCD partons and leptons from the decay of the vector boson), 1 = Hr /2, leads to much milder scale
dependence and a similar shape of the distributions at LO and NLO accuracies.

There are suggestions on making educated guesses for the best scale. Among those are the
principle of fastest apparent convergence (FAC), that of minimal sensitivity (PMS), or the BLM scale
choice [24-26], beyond the scope of these lectures. The experience is that in hadron collisions there is
no choice that works well for any process and it is best to choose a dynamical scale chosen by examining
the process.

As there is no unique scale, the standard procedure is to choose a default scale i, related to the
typical momentum transfer in the process, and to assign a theoretical uncertainty by varying the scale
within a certain range around the default choice pg. The usual range is between half and twice the default
choice. However, this is again an indication only of the scale uncertainties and there is no mathematical
theorem that states this procedure yields the true theoretical uncertainty due to neglected higher order
terms. In order to have a measure on the effect of neglected higher orders, i.e., to understand the reliability
of the assigned theoretical uncertainty one has to compute the NNLO corrections. The latter are very
demanding computations both technically and numerically and predictions at NNLO accuracy for some
fairly simple processes, with one or two final-state particles in the prediction at LO, constitute the state
of the art of pQCD.

Exercise 2.4 Show that the d-dimensional three-particle phase space for ¢ — p1 + p2 + p3 can be
expressed in terms of the Lorentz-invariants s;; = (p; + pj)2

2-d d—4
d¢3 = (27‘1’)372(1 2717(1 ((]2>T ddiQQddigﬁ (812813823) 2 dsppdsizdsasgd (q2 — 812 — 813 — 823) .

where %) is the measure of the hypersurface element in d dimensions, [d*3Q = Qg = 21%2/T'(d/2).
Hints:

1. The d-dimensional volume measure in spherical coordinates is recurisvely given by

d™lp = EdEdipy = EAEETYAYQ, 490 = (sin6;)?1d6,d 1.

2. Show that
sin 0, = 1512 513 523
- 2 2 2 0
4 ¢* B{ By
where 01 is the angle between p1 and ps.
Exercise 2.5 Let y;; = %4 Using the previous exercise, compute the real correction to the process

q
et e™ — qq given in Eq. (42). Hint: Transform the triangular integration region into the unit square

and evaluate the B (Euler (3) functions.
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3 Jet cross sections

In the first two sections we established our theoretical playground to make predictions for hadronic cross
sections. Based on RGE analysis we showed that PT can only be fully consistent in an asymptotically
free QFT, like QCD. We found that predictions can be made only for those quantities that remain finite
in the limit of vanishing masses of light quarks. We computed the radiative corrections for such a
quantity, the total hadronic cross section in electron-positron annihilation. We found that at intermediate
steps of the computations there are singular contributions of two types: of UV and IR origin. The
UV singularities can be removed by renormalization, and the remaining IR ones can be regularized in
dimensional regularization where IR singularities appear as 1/¢ poles. When adding all contributions,
these poles cancel and we obtain the finite correction after setting ¢ = 0. Our question in this section is
whether there are more exclusive observables than the totally inclusive one for which this procedure can
be applied.

Fig. 10: Two events observed in the OPAL detector

It is clear from experiments that typical final states have structures. For instance, Fig. 10 shows
two events, one with two and the other with three sprays of hadrons, called hadron jets. If we count the
relative number of events with two, three, four jets, an interesting pattern emerges:

# of events with 2 jets : # of events with 3 jets : # of events with 4 jets ~ O(a?) : O(al) : O(a2).

S S S
Recalling our basic assumption and Fig. 3 we find that jets reflect the partonic structure of the events.
We now use our pQCD formalism to describe these structures theoretically. For this purpose, we need a
function of the final state momenta J,,,({p; }) that quantifies the structure of the final state in some ways
(we give examples below). This function is called jet function.

Let us consider again the process e™e~ — hadrons. If we are not interested in the orientation of
the final state events, we can average over the orientation and find that the SME | M3 |? has no dependence
on the parton momenta. Then the two-particle phase space is d¢2 = dy126(1 — y12), and contribution of
the process ete™ — qq to the cross section is

1
L0 = \M2|2/ dy120(1 — y12) J2(p1,p2) (45)
0
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which sets our normalization of |Mz|?. The two kinds of NLO corrections are

dyi3 d s 2
dO’R = |M2|2S€ Y13 CY23 C af |:(]. — 6) <y23 + y13> + Y12 - 2€:| J3(p1’p2ap3)7

F
Yi3 Y53 27 Y13 Y23 Y13Y23

(46)

S

Y 2 as (p*\[ 2 3 2
doV = | My SgCF% = _?_E_SJHT + O(e) | dy120(1 — yi2)J2(p1, p2) -

Contrary to the case of the total cross section, where J,,, = 1, we cannot simply perform the integration
analytically and combine the results, neither we can combine the integrands. The general method to deal
with this problem is to regularize both with a properly chosen subtraction,

daiI),\ILO = do®J; —do?Jy, and daé\ILO = (daV + daA) Ja,

such that both terms are separately integrable in d = 4 dimensions. This requires a special property of
the jet function .J,, called IR safety, expressed analytically as

lim Jg = J2 . (47)

y13,Y23—0

Qualitatively IR safety means that the jet function is insensitive to an additional soft particle, or to a
collinear splitting in the final state.

How can we construct such an approximate cross section? For this simple process we can follow
the steps:

Y23 | Y13 | 2y12 _ym L 2y

224 28 — 2 1 (142)
Y13 Y23 Y13Y23 Y13 Y13 Y13 + Y23
=1 (48)
e N
1 + 13+
_ [y% + <2y12 Y13 T Y23 2)} T(1e2).
Y13 Y13 + Y23
Then introduce the new variable z; = 21 2 = y1341ri/23 ,sothat y13+y23 =1 —y12 = 1—21(1 —y13) and
yo3 1 yos(l—wi3) —wia— o3 —Yasyiz—yi2 Y23 Z1
Y13 Y13 y13(y12 + y23) y13(y12 + y23) Yi2 + Y23 Y13

and substitute these into Eq. (48):

2 1 2
yzs+yw+yu:[ (_1_Z>_ Y23

— — |+ (1< 2). 49)
Y13 Y23 Y13Y23 y13 \1 — 21(1 - y13) Y12 + 923] ( )

The term ya3/y12 + Y23 never becomes infinite, thus the approximate cross section

dyi3 d .

o™ = |Ms[28. S22 20 O (Vig 5 + Vag 1), with (50)
Y13 Y23
ag | 1 2
Viie = —1|— —1—zip | —e(l—z 51

TR o [yz‘j (1 — zie(1 = yij) zl’k> « zl’k)] eh
is a proper subtraction term that regularizes the real contribution in all of its singular limits in d dimen-
sions. Consequently, the difference dagLO = doRJs — do?® J5 can be integrated in any dimensions, in

particular, we can set € = 0 and integrate in d = 4 numerically.

To obtain do LO we integrate the two terms separately. For V; 3,2 we change variables in the phase
space to y13 and z1, and find

2\ € 1 1
do? = | My|?S, </;> / dyl3/ dz1yis (1 — y13) "2 CpVage + (1 2). (52)
0 0
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We shall see that this factorization of the singular terms is universal. We can now perform the integration
over the factorized one-particle phase space, independently of the jet function, and obtain the integrated
subtraction term in the form do® = | Ms|2I () with insertion operator

Qs 1 4\ [2 3 w2

Comparing this integrated subtraction to Eq. (46), we see that the sum dagLO = (daV + dO'A)JQ is
finite if € = 0,

2

1
O T
oyt = ’MZ‘QCF? (1 + 3) /0 dy120(1 — y12)J2(p1, p2) + O(e), (54)

and so can be integrated in d = 4 dimensions.

3.1 Infrared safety

A natural question is if we can construct the approximate cross section universally, i.e., independently of
the process and observable. Our presentation above suggests the affirmative answer. To understand how,
we have to study the origin of the singular behaviour in the SME. This singularity arises from propagator
factors that diverge

Ds, I
XX 1 — 1 = 1 ~ 1
(pi+ps)? — 2pips 2E;E4(1—cos0) — E;E.02

1)/,

In the collinear limit, 8 — 0 and M,,+1 ~ M,,/0+ less singular terms (a factor of 6 appears
in the numerator factors). In the soft limit, £ — 0 and M, 11 ~ M,,/Es+ less singular terms. The
gluon phase space is

a3 1 1
25: = JE.dE, deosfdg ~ L B, dE,d6*dg .,
so in the cross section we find logarithmic singularities in both the soft and the collinear limits: dEE: or

de%. These are the IR singular limits. In dimensional regularization the logarithmic singularities appear

as poles:
1
—1—¢
/dyis Yis = -

Thus, the singular behaviour arises at kinematically degenerate phase space configurations, which at the
NLO accuracy means that one cannot distinguish the following configurations: (i) a single hard parton,
(ii) the single parton splitting into two nearly collinear partons, (iii) the single parton emitting a soft
gluon (on-shell gluon with very small energy). Then an answer to the question posed at the beginning of
Sect. 3 is given by the Kinoshita-Lee-Nauenberg (KLN) theorem [27,28]:

In massless, renormalized field theory in four dimensions, transition rates are IR safe if
summation over kinematically degenerate initial and final states is carried out.

For the eTe~ — hadrons process, the initial state is free of IR singularities. Typical IR-safe quantities
are (i) event shape variables and (ii) jet cross sections.

3.2 Event shapes
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Thrust, thrust major/minor, C- and D-parameters, oblate-

ness, sphericity, aplanarity, jet masses, jet-broadening, L "
energy-energy correlation, differential jet rates are exam- 10— veotar guen /F/‘..'—-E
ples of event shape variables. The value of an event shape ’

w

T
e
\

P

does not change if a final-state particle further splits into two 3 e -
collinear particles, or emits a soft gluon, hence it is (quali- 31 > d E
tatively) IR safe. As as example we consider the thrust 7', SE /_;’}7 3
which is defined by - | ;1/ | 1
Zn'il |ﬁl ) ,r—i‘ 1 ; B : 7 ; 8 ' 9 1
T =max =4 57———, (55)
i iy [Pl

. o ) Fig. 11: Distribution of thrust as measured at
where 77 is a three-vector (the direction of the thrust axis)

such that 7" is maximal. The particle three-momenta p; are
defined in the eTe™ centre-of-mass frame. 7 is an example
of the jet function J,,. It is infrared safe because neither
p; — 0, nor replacing p; with zp; + (1 — 2)p; change T'. At LO accuracy it is possible to perform the
phase space integrations and

LEP compared to pQCD predictions obtained
with vector and scalar gluon

1 do Qg

B 2-T
odT F27T

1-T

2(372%2 — 3T + 2 -
(3 37 + Mn<m1 1 56)

T(1-T) 1-T

>—3@T—m

We see that the perturbative prediction for the thrust distribution is singular at 7' = 1. In addition to
the linear divergence in 1 — T there is logarithmic divergence, too. The latter is characteristic to events
shape distributions. In PT at nth order logarithms of 1 — 7" in the form o In"*(1/(1 —T)) ,m <n +1
appear in the exponent of the cross-section. These spoil the convergence of the perturbation series and
call for resummation if we want to make reliable prediction near the edge of the phase space, for large
values of T" where the best experimental statistics are available. Resummations of leading (m = n + 1)
and next-to-leading (m = n) logarithms are available for many event shape variables, but the discussion
of this technique is beyond the scope of these lectures.

Exercise 3.1 Verify that T as defined in Eq. (55) is infrared und collinear safe. What is the range of
values that T can take if (i) there are only two particles in the final state, or (ii) m — oo and all p; are
distributed spherically?

3.3 Jet algorithms

Jets are sprays of energetic, on-shell, nearly collinear hadrons. The number of jets does not change if
a final-state particle further splits into two collinear particles, or emits a soft gluon, hence it is again
qualitatively IR safe. To quantify the jet-like structure of the final states jet algorithms have been in-
vented. These have a long history with rather slow convergence. The reason is that the experimental and
theoretical requirements posed to a jet algorithm are rather different. Experimentally we need cones that
include almost all hadron tracks at cheap computational price. Theoretically the important requirements
are IR safety, so that PT can be employed to make predictions and resummability, so that we can make
predictions in those region of the phase space where most of the data appear.

For many years experimenters preferred cone jet algorithms (according to the ‘Snowmass accord’)
[29]. These start from a cone seed (centre of the cone) in pseudorapidity (1) and azimuthal-angle (¢)
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plane: (7., ¢). We define a distance of a hadron track i from the seed by di. = /(1n; — 17°)2 + (¢; — ¢°)2.
A track belongs to the cone if d;. < R, with a predefined value for R (usually 0.7). It turned out however,
that (i) this is an IR unsafe definition and (ii) there is a problem how to treat overlapping cones, so the
cone jet definition has been abandoned.

Theoreticians prefer iterative jet algorithms, consisting of the following steps. (i) First we define
a distance between two momenta (of partons or hadron tracks) and a rule to combine two momenta, p;
and p; into p(;;). (ii) Then we select a value for resolution d.. and consider all pairs of momenta. If the
minimum of {d;;} is smaller than d, then we combine the momenta p; and p; and start the algorithm
again. If the minimum is larger than d.., then the remaining momenta (after the combinations) are
considered the momenta of the jets, and the algorithm stops. The drawback of this algorithm is that it
becomes very expensive computationally for many particles in the final state. This is not an issue in
pQCD computations because according to our basic assumption there are only few partons, but a major
problem for the final states in the detectors where hundreds of hadrons may appear in a single event.

At LEP theory won and the Durham (or k| ) algorithm was used. It was invented so that resumma-
tion of large logarithms could be achieved [30]. The distance measure is d;; = 2%3’%2)}%”, where
R;; = 1—cos6;; and the recombination scheme is simple addition of the four momenta, p/é.j) = p} +pf.
The resolution parameter yeys = deyt/s can take values in [0, 1]. The pQCD prediction contains loga-
rithmically enhanced terms of the form o In""(1/ycyt), at any order, which has to be resummed if we
want to use small value of y.,, where we find the bulk of the data (see Figure 12). Predictions are
available with leading- (m = 2n) and next-to-leading (2n — 1) logarithms (LL and NLL) summed up to
all orders [30].

Figure 12 shows the fixed order LO and NLO predictions, as well as predictions where NLO
and NLL are matched. K denotes an improvement in the resummation accuracy. The curve at NLO
accuracy gives a good description of the measure data by the ALEPH collaboration [31], but only for
Yeur > 0.01. As ag ln2(100) = 2.5, for smaller values of y.,+ resummation is indispensable. The
resummed prediction however, is not expected to give a good description at large y.,¢ because in the
resummation formula only the collinear approximation of the matrix element is used. Matching the two
predictions gives a remarkably good description of the data over the whole phase space.

At hadron colliders the k£ algorithm needs modifications. First, instead of energy, the boost-
invariant measure of hardness, transverse momentum is used to define the distance between tracks, d;; =

min(p? ;,p? j)%éj where R}, = (y; — y;)* + (¢i — ¢;)? (distance in rapidity—azimuthal-angle plane),
R is a small positive real number, and we need a distance from the beam d;5 = pi”i, too. Also, the
algorithm needs modification because either d;; or d;p can be the smallest distance. If a d;j is the
smallest value, then ¢ and j are merged, while if the smallest is a d; 5, then momentum p; becomes a jet
momentum and is removed from the tracks to be clustered. We then call jet candidates with transverse
momentum p | ; > FEp resolved jets. The merging rule changes as well. In one merging scheme we add
transverse momenta, p| (;jy = pP1,i + p1,;, and we add rapidities y and azimuthal angles ¢ weighted,
Yij) = (wiyi + wjyj)/(wi + wj) and (ﬁ(”) = (wquz + quﬁj)/(wi + wj), where the weight can be
w; = P i pi i» B, or Ei ;- Such a merging is boost invariant along the beam. In another widely used
scheme at hadron colliders one simply adds the four-momenta of the particles. The parameter R plays
a similar role as d., in electron-positron annihilation or the cone radius R in the cone algorithms: the
smaller Rz, the narrower the jet.

The iterative k| -algorithm is infrared safe and resummation of large logarithmic contributions of
the form o In?" and o In?"~! is possible, which is a clear advantage from the theoretical point of view.
The logarithms are those of 1/ R and/or Q/ Er,  being the hard process scale. By taking F' sufficiently
large in hadron-hadron collisions, we avoid such leading contributions from initial-state showering and
the underlying event, so these terms are determined by the time-like showering of final-state partons
(when the virtuality of the parent parton is always positive). Particles within angular separation R tend
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Fig. 12: Comparison of pQCD predictions to data for three- and four-jet leptoproduction [32]. The data points
include corrections from hadrons to partons based on Monte Carlo simulations.

to combine and particles separated by larger distance than R from all other particles become jets. The
algorithm assigns a clustering sequence to particles within jets, so we can look at jet substructure.

Nevertheless, at the TeVatron experiments the k| -algorithm did not become a standard for several
reasons. The jets have irregular, often weird shapes as seen on Fig. 13(a) because soft particles tend
to cluster first (even arbitrary soft particles can form jets). As a result there is a non-linear dependence
on soft particles, energy calibration and estimating acceptance corrections are more difficult. The un-
derlying event correction depends on the area of the jet (in 7 — ¢ plane). It was also very expensive
computationally, so experimenters had a clear preference of cone algorithms.

Fig. 13: Jets in a proton-proton scattering event obtained with the (a) &, (b) anti-k clustering algorithms

The breakthrough occurred with Refs. [33, 34] where variants of the k| algorithm and an improved,
2

fast implementation was introduced. The distance formula was modified to d;; = min(p",, pi”j) o2l
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(n = —1,0,1). IR-safety is independent of n, as well as NLL resummation of large logarithms. It was
found that with n = —1 (called anti-k | -alogrihtm) particles close in angle cluster first, which results
in regular cone-like shapes as seen on Fig. 13(b) without using stable cones. As a result it became the
standard jet algorithm at the LHC experiments. Yet, one should keep in mind that there is no ‘perfect’
jet algorithm. For instance, the anti-k; one does not provide useful information on jet substructure. It is
important to remember that in pQCD theoretical prediction can be made only with IR-safe jet functions,
but among those the goal of the study may help decide which algorithms to use.

4 Towards a general method for computing QCD radiative corrections

We have seen that (i) in pQCD the computation of radiative corrections at NLO accuracy is indispensable,
(ii) the NLO corrections are of two kinds: real and virtual, that are separately divergent and contain
different number of particles in the final state, (iii) these singularities cancel for IR-safe cross sections.
To find the finite NLO corrections we have to develop a method for combining the real and virtual
corrections. In order to be able to automate the NLO computations such a method has to be general, i.e.,
independent of the measurable quantity and the process. To devise such a general method, we need to
study the origin of the singularities in a more precise way than we did in the previous section. We shall
find factorization formulae of the SME’s that find many important applications in QCD, and so belong
to the most important features of QCD.

4.1 Factorization of | M., |? in the soft limit

The soft limit is defined by p5 = A ¢, with A € R and A — 0 for ¢g* fixed. In this limit the emission

of the soft gluon from (internal) propagators is IR finite. If we consider the emission of a soft gluon off

an external quark we find
Ds; |

_ -+ ps—0 L
o< Mo T gs u(pi, 5i)7" % ~ M T} gs 505 a(piy 50)-

pi
In taking the limit, we used the anti-commutation relation (4) to write 'y”pi = —pi'y“ + pr and the Dirac

I
equation of the massless bi-spinor, %(p; )y, = 0. The factor p—ips is the “square root” of the eikonal factor

i Di-
Sik (s) = SQS—;’Z In the same limit, we can derive after a bit more algebra the factorization formula for

soft-gluon emission off a gluon line. The emission of a soft gluon off an external gluon (in light-cone
gauge) is given by

7]
@M o Mgt (ps,n) 3= d™ (pi + ps,n) L8, (—pi, —ps, pi + ps) € (pi ),
I , a

where in the three-gluon vertex

Vour(=pis =ps: pi + ps) = — (pi + 2ps), gux + (2pi + ps) , Gux — (Pi — Ps)y v

= 2pi,u I + [_ (pi + ps))\ 9uv — Piv guA] + [psu Jux + 2psx uv — 2psy gu)x]
ps—0
= 2]71'# gu — [(pz +ps))\ Juv + Div guA] .

We use dM (pi + ps,n) (pi + ps), = 0and e’ (p;, n) p;,, = 0, thus

1 / y li
—d™ (pi + ps, ) TN (—pis —pss pi + ps) € (pin) = —Tj gs—" [dM (pi» n) gxwe” (piyn)

Sis Di*Ps

—eXMpimn)
These two results can be unified and formalized by

Ss (cs| Mmt1 (s, ---)) = gs€" (ps) Ju (8) M (-.2)),
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where ¢, is the colour index of the soft gluon s, S, is an operator which takes the soft limit and keeps the
leading % singular term, and the soft gluon current J, (s) is given by

Z Ts pk#

el Pk - ps

The soft gluon can be emitted from any of the external legs, therefore the sum in the previous formula
runs over all external partons. A soft quark leads to an integrable singularity because the fermion prop-
agator is less singular than that of the gluon. Colour conservation implies that the current J, (s) is
conserved,

Then the soft limit of the SME </\/l$2)‘ M$2)> is as follows:

m m oy
A b; Dy, -
Ss |M Pss )P = A €, (s) ek (s) —22k (M, | T; - T, | M 5
Mo - ! ;;_/_/u() ()pi-pspk'ps< ml T T | M) '
d#l’(psvn)

m 2
— Sragu® Z §Sik (s) ‘MS)(i,k)’ + gauge terms = @ (% ).
ik=1

The gauge terms give zero contribution on on-shell matrix elements due to gauge invariance.

4.2 Factorization of |M,,|? in the collinear limit

The collinear limit of momenta p; and p, is defined by Sudakov parametrization:

kz  nH k2, nt
il 9 pr = Z’f'p + k - rl
Zr 2p-n

péL:ZZpM‘{'k;LJ_ -
where kf s k‘f | = 0and 2; + 2, = 1. The momentum p* is the collinear direction and

2

In the collinear limit kf " k,ff | — Oand s; = — ZTZL We now state the following theorem

In a physical gauge, the leading collinear singularities are due to the collinear splitting of
an external parton. i

_ /]J; E—
This means that we need to compute < % f’\ >4<;> ) in the collinear limit. There are three cases:

fir — fz+f7"
qg — 4qg+g
g — q+4q

g — gty

We compute explicitly the first case and leave the second and the third as exercise.

For the case of a quark splitting into a quark and a gluon we have

— Crglu 2 Vi TP, “]Zfﬂydw(l)r,n)pﬂLpr

Sir
(58)
: 9+ 9. +
= CF 47rasu2€ u <_7N¢Z,.yu + p?”plﬁ %pzpr> pz : pr .
Sir Dr-n Sir
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pr

Pi

Using

_Vupﬂ” =(d- 2)% ) PP = p% L, and ppp,=sip; — p?pr = Sirp; ;

we find

(7, +#,) (=7"pu) (3, +9,) = (@=2)siep,,
PP = —Pp okt sith = Popp, — 2P, prm+ Sicth == —php P+ 2pi-np, — 2P, prn+ Sivih .
Then
(. +9,) (poss+ipw,) (1, +9,) =
= 2(p,+9,) (pnp, —penp, +pvet) (p,+9,)
=2 [pi-n SirP; = Pre1 Sir, + Di - Dy (2 (pi +pr)n (pi + %) — (pi +pr)’? %)}
= sir [4pinp, + 2pinp, + 2prenp, — sietl]

Substituting these results and then the Sudakov parametrization of the momenta into Eq. (58) we obtain

pillpr 1 9 22
~ — Cpdmoagp™ |2(1 =€)z, +4— +4z;+ O (kL) | p
Sir Zr
1 : 1 14 27
= — Cp 8magu’* [2% +(1—¢) zr] p=—2CF 8o 1 [ i e(l— zl)] P
Sir Zr Sir L=z

Similarly to the soft case we can define an operator C, which takes the collinear limit and keeps the
leading singular (O(1/k?)) terms:

C;

2 .
Mﬁg)ﬂ‘ = SWQSMZEL' <M7(2) (p, .. )’ PO (ziy 2ry k15 €)

q
Sir g

M p,.)) 69

The kernel qu, called Altarelli-Parisi splitting function for the process ¢ — ¢ + g, is diagonal in the
spin-state of the parent (splitting) parton:

(s qu ‘s’> =CF [2? +(1—¢) z,} Oss' .

Similar calculations give the splitting kernels for the gluon splitting processes, which however, contain
azimuthal correlations of the parent parton

5(0) v it
(l Pyg’ (zis 2y kise) [v) = Tp | —g"" + 4ziz, 12 (60)
1
H(0 . — v Zi Zr kiki
<,u\Pg(g) (ziy 2r k1 5€) V) =2C4 [_gﬂ <2T+21> —2(1 =€) zz 2 | (61)

The soft and collinear limits overlap when the soft gluon is also collinear to its parent parton:

(0) 2 22 2 %
Mm(j,k;) (.. )‘ = 8masu™ T P

~ ~ 2 2
Cjr Sy ./\/15211 (Pry...)| = —8mag Z Mg)‘
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The notation for the splitting kernels in these lectures is different from the usual notation in the
literature. Usually, ]51»(]-0) (z, k1 ;€) denotes the splitting kernel for the process f;(p) — f;(zp) + fr((1 —
z)p), which does not lead to confusion for 1 — 2 splittings because the momentum fraction of parton
j determines that of parton k as their sum has to be one. For splittings involving more partons, it is
more appropriate to introduce as many momentum fractions z; as the number of offspring partons, with
the constraint ) , z; = 1, and use the flavour indices to denote the offspring partons in the order of the

momentum fractions in the argument. For 1 — 2 splittings this means the use of ]%Eﬂo) (ziyzr, k15€)
for the splitting process fx(p) — fi(zip) + fr(z-p). The flavour of the parent parton f}, is determined
uniquely by the flavour summation rules, ¢ + g = ¢, ¢ + ¢ = g + g = g. These flavour summation rules
are unique also for 1 — 3 splittings.

Exercise 4.1 Compute the Altarelli-Parisi-splitting function qu(z) for the process ¢ — qg from the
collinear limit of the matrix element for the process e™e™ — qqg:

{M (e+e_ — qzjg)’2 o< <(1 —€) <y23 + y13> + 2 < Y12 —e>> )
Y13 Y23 Y13Y23

Exercise 4.2 The Altarelli-Parisi splitting function qu (z) for the process g — qq is defined by the
following collinear limit:

pzllpr 1
ML ipr - ) ML i) T2 —8mas® (M (9, |27 (2, k)M (p.)
1
= ;871’045/1,26 (MO (p ) | ,u,‘ (z,k1) ’ ‘M )
© dup t1p0 dov (0)

Compute (p )Pq(g) (2, kj_)’ v) in leading order in k. Hint: In which sense does 11, = d,,,11"?dy,
hold?

Exercise 4.3 Derive the flavour summation rules for 1 — 3 splittings.

Exercise 4.4 Compute the soft limit of Eq. (59) and the collinear limit of Eq. (57).

4.3 Regularization of real corrections by subtraction

The cross section at NLO accuracy is a sum of two terms, the LO prediction and the corrections at one
order higher in the strong coupling,
LO _,’_ O_NLO

OnLo = 0 >

where o is the integral of the fully differential Born cross section over the available phase space defined
by the jet function, while o™"© is the sum of the real and virtual corrections:

7= [t autiph). 0= [ artaupben) + [ deY Da(iph).

99



Z. TROCSANYI

Both contributions to o™“© are divergent in four dimensions, but their sum is finite for IR-safe jet func-
tions.

The factorization of the squared matrix elements in the soft and collinear limits allows for a process
and observable independent method to regularize the real corrections in their singular limits. The essence
of the method is to devise an approximate cross section do! that matches the singular behaviour of
the real cross section do’? in all kinematically degenerate regions of the phase space when one parton
becomes soft or two partons become collinear. Then we subtract this approximate cross section from the
real one and the difference can be integrated in four dimensions. Next, we integrate do! over the phase
space of the unresolved parton and we add it to do"". The integrated subtraction term cancels the explicit
poles in the virtual correction and the sum can also be integrated in four dimentions. The key for this
procedure is a proper mapping of the (m + 1)-parton phase space to the m-parton one which respects
the limits, thus the approximate cross section is defined with the m-parton jet function. This way we can
rewrite the NLO correction as a sum of two finite terms,

70— [ a0 D {ph) = 4o g (bl g + [ [a¥ ¢ [  Tulipha) @

m =

The definition of the approximate cross section is not unique and the best choice may depend on further
requirements that we do not discuss here. We also skip the precise definition of the momenta p* which
are obtained by mapping the (m + 1)-particle phase space onto an m-particle phase space times a one-
particle phase space. A widely used general subtraction scheme that can be used also for processes
including massive partons with smooth massless limits is presented in Ref. [35], where these definitions
are given explicitly. This method uses the factorization of the SME in the soft and collinear limits.
The challange posed by the overlapping singularity in the soft-collinear limit is solved by a smooth
interpolation between these singular regions.

The factorization properties of Egs. (57) and (59) play other very important roles in pQCD. The
numerical implementation of the SME is in general a process prone to errors. Testing the factorization
in the kinematically degenerate phase space regions serves a good check of the implementation. The
computation is even more difficult for the virtual corrections. Similar factorization holds for those. The
factorized form of the SME can be used in resumming logarithmically enhanced terms at all orders, or in
devising a parton shower algorithm for modelling events (see Sect. 6.3). The splitting kernels that appear
in the collinear factorization have a role in the evolution equations of the parton distribution functions
(see Sect. 5.6).

The state of the art in making precision predictions assaults on the one hand the full automation of
computations at NLO, and on the other the realm of next-to-next-to-leading order (NNLO) corrections.
The automation of computing jet cross sections at NLO accuracy has been accomplished and several
programs are available with the aim to facilitate automated solutions for computing jet cross sections at
NLO accuracy:

— aMC@NLO (http://amcatnlo.web.cern.ch)
BlackHat/Sherpa (https://blackhat.hepforge.org)
FeynArts/FormCalc/LoopTools (http://www.feynarts.de)

GoSam (https://gosam.hepforge.org)
HELAC-NLO (http://helac-phegas.web.cern.ch)
— MadGolem (http://www.thphys.uni-heidelberg.de/ lopez/madgolem-corner.html).

In the NNLO case the IR singularity structure is much more involved than in the case of NLO
computations due to complicated overlapping singly- and doubly-unresolved configurations. Several
subtraction methods have been proposed for the regularization of the IR divergences and there is intense
research to find a general one that can be automated. To provide an impression about the importance of
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NNLO corrections, we present QCD predictions at various accuracies for the three-jet rate computed with
as = 0.118 and at a centre-of-mass energy of /s = 35 GeV in Fig. 14. Figure 14(a) shows comparison
of prediction at NLO with that at matched NLO and resummed next-to-leading logarithmic (denoted by
NLLA in the figure) accuracy, while Fig. 14(b) presents comparison of prediction at NNLO with that
at matched NNLO and resummed NLL accuracy. The inserts in both cases show the ratio between the
matched and the unmatched predictions. For all calculations the uncertainty band reflects the uncertainty
due to the variation of the renormalization scale around the default scale n = /s by factors of 2 in both

directions.
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Fig. 14: QCD predictions for the three-jet rate in electron-positron annihilation [36]

5 Deeply inelastic lepton-proton scattering

Perturbative QCD stems from the parton model that was developed to understand deeply inelastic lepton-
hadron scattering (DIS). The purpose of those experiments was to study the structure of the proton by
measuring the kinematics of the scattered lepton. In Fig. 15(a) we show a real event in the H1 experiment
at the HERA collider. The value of )2, which is the modulus squared of the momentum transfer between
the lepton and the proton is 21475 GeV? >> 1 GeV?, signifying that the scattering is well in the deeply
inelastic region. The parton model interpretation of the event is shown in Fig. 15(b): the lepton is
scattered by an angle # due to the exchange of a virtual photon with one of the constituents of the proton
(a parton). The measurement is inclusive from the point of view of hadrons (X means any number of

hadroni 38R SRR S ST e A RISSE i, dencribed in pQCD

centre-of-mass energy® = s = (P + k)2,
momentum transfer = ¢* = k" — k'*,
| momentum transfer|* = Q* = —¢*> = 2M Exy,
scaling variable = =z = Q*/(2P - q),
energy loss=v = (P-q)/M = FE — F',
relative energy loss =y = (P-q)/(P-k)=1—-E'/E,
recoil mass? = W?2 = (P + ¢q)> = M* + 1_733@2 ,

where we set the more important ones for these lectures in red.
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Fig. 15: Deeply inelastic lepton-proton scattering (a) in the H1 detector and (b) parton model interpretation of such
an event

5.1 Parametrization of the target structure
The cross section for e(k) + p(P) — e(k') + X reads

— 2
do = 4ME/ 072 IMP. (63)

spln
We factorize the phase space and the SME into two parts, one for the lepton and one for the hadrons:
do = L do Z IMP? = —L’“’H
T (2m)RE

spm

Then the hadron part of the cross section is the dimensionless Lorentz tensor W, = 1 =Y v [dox H,
(the factor of — is included here by convention). As it depends on two momenta P“ and q", the most
general gauge 1nvar1ant combination of the Lorentz tensor can be written as

Quy P.-q P q\ Wa(z,Q?
W“V(P,q):<_guy+';2> W1($7Q2)+<Pu_q,u q2 )(Pl/_ql/ q2 ) QIE_)q >7

where the structure functions W;(x, Q?) are dimensionless functions of the scaling variable and the
momentum transfer.

zyM
1-y)E

For the lepton part we express the kinematical relations ' = (1 — y)FE, cos? = 1 — 0 to

change variables to scaling variable and relative energy loss:
a3k’ de E' dp yME
=2 = dE' dcosy = -2 ¢
(27r)32E’ o 872 21 82

dydzx,

and compute the trace L* = ITr[fyHf'y"] = kPE"Y + kVE'® — g™k - k. Then the differential cross
section in x and y is obtained from Eq. (63) as

d%o 4ra® [ 2 11—y M? 9

which we rewrite in the scaling limit, defined by Q% — oo with z fixed, as

d%o B A
dedy  yQ?2

[(1 +(1—y)?)F + ]L_Ty(F2 - 2xF1)} . (64)
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The dimensionless functions F}

L LA B B B LA BN RN LI B and F, were first measured by the
! QYGev?] SLAC-MIT experiment [37]. The re-
9 * ;2 ] sult of that measurement supplemented
8 . 10 ~ by some later ones is shown in Fig. 16.
~ 7 e 50 ] The interesting feature is that in the
"g 8r : ?'100 ] scaling limit F» becomes independent
b -5j o 875 ] of Q2, Fy(x, Q%) — Fy(x) (in fact, the
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Fig. 4.2. The Fy structure function from the SLAC-MIT, BCDMS, H1 and ing process by assuming the proton is
ZEUS collaborations. a bunch of free flying quarks and the

lepton exchanges a hard virtual photon
with one of those quarks as shown in
Fig. 15(b). The struck quark carries a
momentum p#, which is a fraction of
the proton momentum, p* = £P*, so
we consider the process e(k) + ¢(p) —
e(k") + q(p’). The corresponding cross

5’2/ P2 Z|M|2

spm

Fig. 16: Measured value of the F5 structure function at several dif-
ferent values of Q2

section is

with § = (p + k)2. The SME is proportional to the product of the lepton tensor L* and a similar
quark tensor @, = %Tr[gfy“g’vn] = ¢"q" + ¢“q* — g"q - ¢, ie., LM Q= 2(8 + 42), where
i=((p—k)=-2p-k.Asy=P-q/P-k=2p-q/2p-k = (5+1)/3 momentum conservation,
p; = pu+qu. implies for the on-shell condition of the scattered quark 0 = p'2 = (p+q)? =2p-q+¢® =
§+1— Q> Wehavey = Q%/3and 4 = ( —1)8,s0

e 32

,Z’M|2 L#VQMV_Qe Q4

spin

(1+(1—-v)?).

Also Q2 =2p-q=26P - q,s0p 2 = Q*({/x — 1). Then the two—particle phase space is

A3k dp/ / dp E x
dgy = 2mo, (p?) 2m)* o' (k+p— K — 4B deosd 2 5(e -
o @r 25y (@)1 2" +(p?) @2m) 0%k +p ) =51 e (€—x),
orusing F/ = ﬁ(l —y)and cosv =1 — 2!7;71“’ we obtain d¢y = d<’02 5 dydzé(¢§ — x). The
2 (1 —y) (4m)* Q

differential cross section in x and y
d?6 47Ta
dx dy Q
Comparing Eqgs. (64) and (65), we find the parton model predictions

1+ (1-y)?] %egé(g — ). (65)

Fi(z) 635(5 —x), Fy —2xF; =0, called Callan-Gross relation. (66)

Thus F; probes the quark constituent of the proton with ¢ = z. However, this prediction for F5 cannot
be correct because Fy(z) is not a § function as seen from Fig. 16, which leads us to formulate the naive
parton model in the following way:
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the virtual photon scatters incoherently off the constituents (partons) of the proton;
the probability that a quark q carries momentum fraction of the proton between £ and & + 6€

is fq(§)d&.

Exercise 5.1 Compute the contribution to the DIS cross section in Eq. (64) with the exchange of a trans-
versely polarized photon. Hint: Use Eq. (10) for the numerator in the propagator of the transversely
polarized photon and the Callan-Gross relation in Eq. (66). Can you identify the result with any of the
terms in Eq. (64)? What is the source of the remainder?

5.3 Measuring the proton structure

With the assumptions of the naive parton model the Callan-Gross relation predicts
1
Fy(z) = 22F)(z) = Z/ A f(Qmeldx— & =Y el fylx). (67)
g 70 q

Taking into account four flavours and simplifying the notation by using f,(xz) = ¢(x), we obtain a
prediction for the structure function measured in scattering of charged-lepton off proton (neutral current

interaction):
F5%(x) =« {3 (u(m) + a(x) + c(z) + E(x)) + %(d(m) +d(z) + s(x) + s(m))] )

Similarly, in charged current interactions the prediction is
F(z) = 2z [u(z)+d(z)+c(z)+5(z)] (with W),  F¥(z) = 2z[d(z)+u(z)+s(z)+e(x)] (with WH).

Further information can be obtained if we use different targets. Assuming two flavours and isospin
symmetry, the proton (with uud valence quarks) structure is

F;roton(x) — |:;1 (up(x) 4 ﬂp(l’)) + %(dp(x) + dp(x))] , (68)
and that of the neutron (with udd valence quarks) is
FRewton () = g [g (un(z)+1n(z)) -i—% (dn(x)—i—(zn(fv))] =z Ll) (up (@) +1p(2)) "’g (dp(x)“"zp(x))} :

(69)
The measurements are supplemented by sum rules. For instance, as the proton consists of uud valence
quarks, we have
1

1 1 ~ ) B
/0 dz (up(z) — Up(z)) =2, /0 dz (dp(z) — dp(x)) =1, /0 dz (sp(x) — 5p(x)) =0.

The combination of the measurements and sum rules gives separate information on the quark distribu-
tions in the proton f,(z). The result of such measurements performed by the NMC collaboration [38] is
shown in Fig. 17(a) together with a fit to the data by the CTEQ collaboration [39]. The parton distribu-
tions deduced from the fit are shown in Fig. 17(b).

We can infer the proton momentum from the measurements. The surprising result is that quarks
give only about half of the momentum of the proton, q foldac xfy /p(a:) ~ (.5. By now we know that the
other half is carried by gluons, but clearly the naive parton model is not sufficient to interpret the gluon
distribution in the proton. With our experience in pQCD we try to compute radiative corrections to the
quark process to see if that helps to find the role of the gluon distribution.
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quarks: xq(x)
'l'. } 3'};‘2p _ %'de —)“1‘"11-(1‘)“ T 06 T T T T
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Fig. 17: (a) Measurement of combination of F5 structure functions on proton and deuteron targets by the NMC
collaboration fit by CTEQ6D PDF set, (b) CTEQ6D valence and sea quark distributions

Exercise 5.2 It is not feasible to use a neutron target experimentally. Instead deuteron is used which
is the bound state of a proton and a neutron. The corresponding structure function is FQdeuteron(x) =
L(FPON () + Fpeutron (), with F3 '™ and Fy<U°" given in Egs. (68) and (69), respectively. Which
combination of the structure function on proton and deuteron targets gives the u- and d-quark distribu-
tions?

5.4 Improved parton model: pQCD

Using the relations dy = dQ?/5 and §(¢ — x) = %5 (1 - %), we rewrite the differential cross section

(65) in a more usual notation,

d?s Lag % [z
dzdQ? —/0 fzi:fi(g)dxdcy <£7Q ) ; (70)

which gives the cross section as a convolution of a long-distance component (the PDF) and a short-
distance component (the hard scattering cross section). This form of the cross section is the main content
of the factorization theorem, which we derived heuristically, but a rigorous proof, based on QFT exists.

The factorization formula (70) raises some questions. Knowing that the quarks do not give the
total momentum of the proton, it is natural to include the contribution of gluons in Eq. (70). However,
we do not yet know the corresponding hard scattering cross section. We also do not know how we can
apply PT. Furthermore, the scaling was exact in the parton model. Is it so in QCD? There is a common
answer to these questions: DIS in pQCD.

To develop pQCD for DIS, let us revisit the IR singularities once more. Let us denote the hard
scattering cross section for some final state by o;,. Then the cross section in the collinear approxima-
tion for the same final state with an extra gluon of relative transverse momentum k; = FE6, carrying
momentum fraction (1 — 2) is
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™ E 60 ﬂl—zki

Integrating over z up to one and over k£, we find soft and collinear divergence, respectively. In studying
pQCD we found that these IR singularities in the final state cancel against IR divergences in the virtual
correction for IR safe quantities:

as dz dk?
&, ~ g, Cp2s S2 TN
L Oh+V Oh Fﬂl—zki

If there is a coloured parton in the initial state, then the splitting may occur before the hard scat-
tering and the momentum of the parton that enters the hard process is reduced to zp*, so

et e dE df 0 dr dik?
K O'h+g(p)20'h(2’p)20F7T:0-hCF7T — L

( z)p
Integrating over z up to one and over k; we again find soft and collinear divergence, respectively. The
corresponding € poles multiply o, (zp), while in the virtual correction the poles multiply o, (p), irrespec-
tive whether the IR divergence is in the initial or final state:

2
as dz dk7

P (t’émabép Uh+V§—UhCF*7T-
T l—2z k{

The sum of the real and virtual corrections then contains an uncancelled singularity,

,dE df . dz dk?
6 P v UthgZUhQCF%ff:UhCF% i 7J‘.
P

Qa2 L od
« i z
ah+g+0h+VECF?S /Q H /0 17Z[Uh(2p)_‘7h(10)]v
’IILg
ﬁr:irte

infinite if m ;=0

where we used a finite gluon mass to regulate the collinear divergence (instead of dimensional regular-
ization) to make manifest that the collinear singularity remains, while the soft one (at z — 1) vanishes
in the sum.

This uncancelled collinear singularity in the initial state is a general feature of pQCD computations
with incoming coloured partons and its form is universal, so we can find its precise form studying the
structure function at NLO accuracy. We know that in the parton model (QCD at LO) the prediction for
hard scattering cross section FY is finite:

. d?6 R d25
Foq(x) = 3 d0? i = 63.73 0(1—x), Fy4(x) = 1 d0?
2

:Zegm-o
q

i.e., it is zero in the gluon channel because the virtual photon does not interact with the gluon directly.
At one order higher in ag we finds

s

. dQA < 2
Frq(x) = WEQQ : = egaz [5(1 —x)+ é%r (qu(x) In % + C’g(az)> ] , (71)
P g

and

2
=2 e {0 = (qu(w> m 4o (w)) } : (72)
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where P;j;(z) is the Altarelli-Parisi splitting function (regularized at z = 1), obtained from the splitting
kernel Pij in four dimensions by (i) averaging over the spin states of the splitting parton and (ii) adding
the contribution from the loop graphs, while Co(x) is the remaining finite term, called coefficient func-
tion. We see that at NLO the prediction for F} is finite in the UV and final state IR divergences cancel,
but un-cancelled singularity remains in the initial state IR, regularized with a small mass here.

The hard scattering function is not measurable, only the structure function is physical:

. [td :
F2’q(:c,Q2) :xzi:e?h [fq(?)(x) +;7r/0 ; q(?)(f) <qu <§> 1“@*‘02(] <§>>] :

g

However, this function appears divergent if the regulator is removed, my, — 0. While C(x) depends on
the process under investigation, the divergence does not because it is multiplied with universal splitting
functions.

Exercise 5.3 Compute the coefficient C3(z) in Eq. (72).

5.5 Factorization in DIS

If the remaining divergences are universal (and they are because do not depend on the hard scattering),
we can absorb the singularity into the PDF’s. For instance, defining

< 1 d 2
falw,ue) = £ (@) + 32 /0 f {fq“” (6)Pyg (g) n 5+ 2, <§> ] , (73)

g

the structure function becomes

1 2
o5 0 [ S 1 (o 3 (2)]
| (74)

%) we see that the structure function is

Defining the convolution in x-space, [ ®, ¢

Il
=] —_

[N
A
~
—~~
"~

N—
N
/N

‘factorized’ in the form of a convolution,

2

Fog(x,Q%) :wZefh filpr) @z Foi(pr,t), 75—111/622-
: F
(2

The long distance physics is factored into the PDF’s that depend on the factorization scale pr. The short
distance physics is factored into the hard scattering cross section that depends on both the factorization
and the renormalization scales. Both scales are arbitrary, unphysical scales. The term z defines the
factorization scheme. It is not unique, finite terms can be shifted between the short and long distance
parts, but it is important that it must be chosen the same in all computations (the MS scheme is the
standard).

Exercise 5.4 The regularization of the splitting functions at z = 1 is achieved by the +-prescription

defined by
[a S _ [, 1)
o (A=2)+ Jo -
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for any smooth test function f(x). The contribution of the loop corrections has the same kinematics as
the LO one, so it has to be proportional to (1 — x). Thus the complete regularized splitting function has
the form

1+ 22

G, TR -)

Pag(x) = Cr

We can obtain the parton distribution for quark in quark from Eq. (73) by the substitution fq(o) () —
0(1—xz)
2
foles ) = 01 =) + 5 Pyla) TG
Integration over x gives the number of quarks in a quark that has to be one, independently of . Thus

we have the condition fol daPyy(z) = 0. Compute the regularized splitting function.

5.6 DGLAP equations

The short-distance component of the factorized structure function in Eq. (74) can be computed in pQCD.
It depends on the renormalization scale, but recall that it has to satisfy the RGE.

We cannot compute the PDF’s in PT, so it seems that this is the end of the story: pQCD appears
non-predictive for processes with hadrons in the initial state. However, the arguments that lead to the
RGE come to the rescue. While the right hand side of Eq. (74) depends on both renormalization and
factorization scales, the measurable quantity F» does not, which can be expressed by RGE. Of course,
this statement has to be understood perturbatively, namely at any order in PT, the right hand side of
the RGE is not exactly zero, but may contain terms that are higher order in PT. Only infinite order is
expected to give exact independence of the scales. The RGE gives the missing piece of information
needed to make the theory predictive.

To write the RGE, we introduce Mellin transforms defined by f(N) = fold:r wN=1f(x), which
turns a convolution into a real product:

1 N1 lig <l’) B 1 N1 1 1 B
[awat [En@r9(5) = [asa [ e [avwta - 0176 ato)
1 1
= [(a¢ [ @) O 9 = Fg).
0 0
S0 Fa4(N,Q%) =23, €2, fi(N, 1r) Foi(N, iz, t) is independent of pp, expressed as
i = (: O(ar 1Y in PT ato(ag)) .

Let us explore the consequences of this RGE. For simplicity, let us assume one quark flavour,
Fy4(N,Q?) = z€2, fy(N, ur)Fai(N, pig, t). Then the RGE reads

R df, dFy
Fyg(N,t)—L(N N 1(N,t)=0.
27Q( ’ )dMF( 7:U’F)+fq( 7:U’F) d,LLF( ) ) 0
Dividing with f, ngq, it turns into
dIn f, dIn Fy,
N =— “(N,t) = —740(N 75
HF d,UF ( ,/LF) HE dHF ( ) ) fqu( ) ) ( )
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. . . . ~Yag(N) . . .
where 7,44 (V) is called the anomalous dimension because it acts as a factor yi; 799V) i the dimensionless

function In f, (N, ur). Taking the Mellin moment of Eq. (73) and then its derivative with respect to pp,
we obtain that the anomalous dimension is

dln f,
dpr

Yag(N) = —pup = ~4(N, i) = —aS(f % pyy(N) +0(e2) (76)

i.e., it is the Mellin transform of the splitting function, which can be computed in PT. Equation (75)
implies that the scale dependence of the PDF can be predicted in PT. This together with the universality
of PDF’s makes pQCD predictive: we can measure the PDF’s in one process at a certain scale and then
use it in another process at another scale to make predictions.

How shall we choose the renormalization and factorization scales? If we want to avoid large
logarithms that spoil the convergence of the perturbative series, the scales should be chosen near the
characteristic physical scale of the process @, e.g., u% = u% = Q2. Then the RGE becomes

dl 1
@Q* dgfq (N, Q%) = =5 (N, as (QQ)) : (77)
which is the Mellin transform of
d s(Q?
szf‘;(x,@) -2 ;ff )qu Rz f(Q%) (78)

Our discussion was highly simplified by considering only one quark flavour and neglecting the mixing
of partons. If we make the full computation we obtain the gold-plated formula

QQ df(l]) (IE Q2) — Qs (QQ)

dQ? 27

called DGLAP (for Dokshitzer [40], Gribov-Lipatov [41] and Altarelli-Parisi [42]) equation.

Let us now solve the (simplified) DGLAP equation in Mellin space, Eq. (77). It is a simple first
order differential equation whose solution is

Z Py @, fi(Q%), (79)

Fo(N.Q%) = fo(N.Q}) exp [— /t:dt Yoo (N, i (Azet)>] |

Let us recall the one-loop formula in Eq. (20), oy (QQ) = ﬁ , t=1In %; and introduce the abbreviation

dgg(N) = —7‘12‘;7(1)]:) < 0. Then

fo(N,Q*) = f,(N,Q3) exp |d N/tdt 2y _ o [t dgg(N)
q(LV, o(N, Qp) exp | dgq( )tt ,oor fo(N,Q%) = fo(N,Qqp) i . (80)

0
called scaling violation.

As 744(1) = 0, the valence q-quark in the proton, given by the integral foldm fq(z,Q?), is inde-
pendent of Q?. Higher moments vanish more rapidly, therefore, the average x decreases as ()° increases.
Thus we predict that f,(z,Q?) increases at small = and decreases at large x. This prediction is seen to
be valid from the measurements shown in Fig. 18(a).

Exercise 5.5 Compute the anomalous dimension ~qq(x) using Eq. (76).

109



Z. TROCSANYI

x f(x,Q) versus x
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Fig. 18: (a) Measurement of F} structure function at different )2 as a function of x, (b) evolution of valence quark,
sea quark and gluon distributions

6 Hadron collisions

While electron-positron annihilation and DIS played very important role in establishing pQCD for un-
derstanding high-energy scattering experiments, presently and in the mid-term future the experiments at
the energy frontier can be found at the Large Hadron Collider (LHC). Thus we are most interested in the
theoretical tools needed to understand high-energy proton-proton collisions.

6.1 Factorization theorem

Fortunately, the tools we have developed so far can be generalized straightforwardly to hadron collisions.
The most general form of the factorization theorem includes convolution with two PDF’s, one for each
colliding parton, the hard scattering cross section, and possibly a convolution with a fragmentation func-
tion (FF) of a parton into an identified hadron in the final state. Thus, the differential cross section for a
hypothetical process pp — Z + m + X has the form

1 1
do’PP%ZJrﬂ'JrX(S? L, Os; UR, :U’F) = Z / dSUle'/p(ZEl, Qs, /‘LF) / defj/p(xQ) Qs, ,LLF)
ing "0 ’ (81)
1 P
X / %dé—ijﬁz+k+X(§a 2, as(MR)a UR, MF)DW/k (fa §> + 0O <A> .
. 2 2 Q

In Eq. (81) s is the total centre-of-mass energy squared, x/z is the longitudinal momentum fraction
of the pion in the parton k, ug and pp are the renormalization and factorization scales, f;/,() is the
PDF for parton ¢ in the proton with momentum fraction x, dd;;— z+x+x (8) is the hard scattering cross
section for the partonic process, Dy i, () is the FF for the process parton k& — . The last term shows
that contributions suppressed at high Q? are neglected (p > 1). Substituting the PDF’s and FF’s with §
functions (in momentum and flavour) we obtain the cross section formulae in DIS and electron-positron
annihilation.
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The PDF’s and FF’s constitute the non-perturbative, long-distance components of the cross section
that cannot be computed in pQCD, only extracted from measurements. Thus, it is a natural question
whether or not the factorization theorem is predictive. The answer is a clear yes for the following reasons.

We can compute the hard scattering cross section in PT, which involves (i) renormalization of UV
divergences (order by order in PT), (ii) cancellation of IR ones for IR safe observables using a subtraction
method, (iii) absorbing initial state collinear divergences into renormalization of PDF’s (and possibly
uncancelled final state ones into that of the FF). The non-perturbative components are universal, so can
be measured in one process and used to make prediction in another one. Furthermore, the evolution of
these with Q2 can be predicted in PT (DGLAP equations), shown in Fig. 18(b).

In summary, we are prepared to make predictions for any high-energy scattering process. The
theoretical framework for such predictions relies on pQCD and the factorization theorem. In PT we can
compute the hard scattering cross section and the evolution of the PDF’s. There are universal elements,
such as the PDF’s and FF’s, as well as the subtraction method for computing radiative corrections.

6.2 Are we happy?

At this point theorists can make precision predictions for distributions of IR safe observables. The
main bottleneck to make such predictions is the algebraic complexity of computing amplitudes and the
analytic complexity of evaluating loop integrals. The state of the art considers the computation of NLO
corrections a solved problem with automated implementations for processes up to about five partons in
the final state (at tree level). The exact number depends on the process being considered because the
numerical integrations become too expensive eventually. Nevertheless, all processes listed in the ‘Les
Houches wishlist (2011)’ are known by now. Furthermore, there is also a computer code to compute
seven-jet production in electron-positron annihilation [43].

For experimenters the situation is less satisfactory. While pQCD predictions are based on a solid
theoretical ground, those lack important features. On the one hand pQCD gives predictions for final
states with few partons, detectors detect hadrons. A tool that can simulate real events with hadrons at
correct rates would be much more handy. To finish these lectures we look into modeling events in a
qualitative way. A more detailed description can be found in Ref. [44].

6.3 Modelling events

Figure 19 shows our view of a proton-proton scatter-
ing event at high energy. The three parallel lines end-
ing in discs from both sides represent the two incoming
protons. At high energies these protons consist of (al-
most) free-flying partons, two of which (one from each)
collide at high centre-of-mass energy and produce the
hard scattering, with perturbatively computable cross
section. This is where signs of new physics may ap-
pear. The hard scattering cross section is process de-
pendent. We have discussed how it can be computed
from first principles, which can be improved systemat-
ically by computing the radiative corrections.

Before collision the colliding partons may emit
other partons collinear with the beam. These collinear
emissions in the initial state give rise to divergences
that can be factored into the renormalized parton dis-
tribution functions. After collision few energetic par-
tons appear that may emit less energetic partons and each develops showers of partons. Emissions into

Fig. 19: Artistic view of a proton-proton scattering
event at high energy (curtesy of F. Krauss)
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almost the same direction as the original parton occur with enhanced probability (due to the collinear
divergence) as well as emissions of soft gluon. This is represented in Figure 19 by red quark and gluon
lines. Both factorization and parton showering can be described from first principles based upon known
physics of QCD, and are universal, i.e., independent of the process and observable. We have seen how
factorization works, but have not discussed how parton showers are modelled with shower Monte Carlo
(SMC) programs [45,46]. We mentioned marginally how the large logarithms emerging in the final state
splittings can be resummed, which gives improved prediction for the cross section (as seen in Fig. 14),
but does not simulate events.

Parton showers still only give a description of events in terms of quarks and gluons, whereas
detectors detect only hadrons. We do not know how to compute hadronization, the transition from quarks
and gluon to hadrons, from first principles. Yet the idea of local parton-hadron duality (LPHD) provides
some sort of theoretical understanding (see, e.g., Ref. [47]). It states that after accounting for all gluon
and quark production down to scales ~ Aqcp, the transition from partons to hadrons is essentially local
in phase space. Thus the hadron directions and momenta will be closely related to that of the partons,
and the hadron multiplicity will reflect the parton multiplicity, too. This is illustrated by the green lines
with dots.

In addition to the energetic partons in the initial state, there are also low-energy ones that may
collide, which is energy and process dependent. This low-energy physics is described in models of
underlying event, which are also part of modern SMC’s. The underlying event produces low-energy
partons. Also at the end of the shower low-energy partons emerge. As QCD confines partons, these
partons turn into hadrons before detection, a process called hadronization. We do not have a theory of
hadronization based on first principles. Instead, SMC’s include models that describe hadronization in a
process independent way. These models contain parameters that are fixed experimentally.

7 Conclusions

In these lectures we discussed the theoretical basis of interpreting the results of high-energy collider
experiments. We discussed how pQCD can be made predictive and also the main uncertainties in the
predictions. We used the following key ingredients in this tour: (i) gauge invariance that allows us to
write down the Lagrangian and which predicts many important features of the theory; (ii) renormalization
that cancels ultraviolet divergences systematically order-by-order in perturbation theory and introduces a
dimensionful scale into even the scaleless Lagrangian of massless QCD, leading to scaling violations of
one-scale observables that would be scale independent in the classical theory; (iii) asymptotic freedom at
high energies emerging from the quantum structure of the theory and the non-Abelian nature of the gauge
group; (iv) need for infrared safety, emerging from asymptotic freedom, to ensure that the IR divergences,
associated with unresolved parton emission, cancel between real and virtual contributions, allowing the
perturbative calculation of jet cross sections, without a detailed understanding of the mechanism by
which partons become jets; (v) factorization that makes possible to use perturbative QCD to calculate
the interactions of hadrons, since all the non-perturbative physics gets factorized, into parton distribution
functions; (vi) evolution and universality of PDF’s that allows us to extract those measuring cross sections
in one process, like DIS, and then used to predict the cross sections for any other process. Again, this
factorization introduces a scale dependence into the parton model so that the structure functions of DIS,
and other one-scale observables become scale dependent. These features make pQCD predictive, without
forcing us to solve the theory at all possible scales: unknown or uncalculable high- and low-energy effects
can be renormalized, factorized and cancelled away.

Of course, in four double lectures, it was impossible to give full treatment of any of the topics we
encountered. For that I refer to any of the classic textbooks about QCD at colliders [48-50].
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Abstract

These lectures review the background to Higgs physics, its current status fol-
lowing the discovery of a/the Higgs boson at the LHC, models of Higgs physics
beyond the Standard Model and prospects for Higgs studies in future runs of
the LHC and at possible future colliders.
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1 Motivations and Context
1.1 To Higgs or not to Higgs?

The Standard Model describes all the visible matter in the Universe in terms of a limited number of
fermionic constituents of matter: six quarks, three charged leptons and three light neutrinos. It also
comprises three fundamental gauge interactions between these constituents, namely the electromagnetic,
strong and weak forces, to which should be added gravitation. The Standard Model is in good agreement
with all confirmed experimental results from particle accelerators. However, there was, until July 4th
2012, one crucial missing ingredient: the origin of particle masses. Without a mass for the electron there
would be no atoms, as electrons would escape from nuclei at the speed of light, and the weak interactions
would not live up to their name: they would be stronger than electromagnetism. So discovering the origin
of particle masses has been a Big Deal.

In addition to elucidating the origin of particle masses and establishing whether a/the Higgs boson
exists, there are many important open questions beyond the Standard Model. Why are there so many dif-
ferent types of matter particles? Why do weak interactions mix them the way they do? How/why do they
discriminate between matter and antimatter, and might this difference explain the dominance of matter
over antimatter in the Universe today? What is the nature of the invisible dark matter that, according to
astrophysicists and cosmologists, dominates over the visible matter described by the Standard Model?
Are the fundamental forces unified, and what is the full quantum theory of gravity?

The key to answering many of these other questions may be provided by finding the origin of
particle masses. For example, decays of the Higgs boson may discriminate between matter and antimat-
ter, and might lie at the origin of the cosmological matter-antimatter asymmetry. In many theoretical
extensions of the Standard Model, the Higgs boson is accompanied by other new particles, the lightest
of which might provide the astrophysical dark matter. A possible unified theory of all the elementary
particle interactions might employ a symmetry-breaking mechanism analogous to that in the Standard
Model, and the existence of any light ‘elementary’ scalar boson would pose a challenge for many quan-
tum theories of gravity.

The equations describing the gauge interactions of the Standard Model do not discriminate be-
tween matter particles with the same quantum numbers, which differ only in their masses. The mass-
generation mechanism must discriminate between these otherwise-identical particles of matter and be-
tween the different force-carrying vector bosons: it must break the symmetries between them. One way
to achieve this might be to break the symmetry explicitly in the equations, but then the calculability of
the theory would be lost. The alternative is to retain symmetric equations but break the symmetry in their
solutions.
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The issue then is whether to break the symmetry throughout space, or via boundary conditions.
The latter is not possible in conventional three-dimensional space, since it has no boundaries. However,
it would be possible in theories with additional dimensions of space: one could postulate different be-
haviours in the extra dimension(s) for different particle species. The discovery of a/the Higgs boson at the
LHC [1,2] has somewhat deflated interest in extra-dimensional models, unless their spectrum features a
low-mass excitation that resembles closely the Higgs boson of the Standard Model.

This discovery seems to mark the latest success of a long-running theoretical strategy in particle
physics: when in trouble, postulate one of more new particles. A partial list includes reconciling quantum
mechanics and special relativity (antimatter), nuclear spectra (the neutron), the continuous spectrum in
[ decay (the neutrino), nucleon-nucleon interactions (the pion), the suppression of . — e~y (the second
neutrino), flavour SU(3) (2~ and quarks), the suppression of flavour-changing neutral currents (charm),
CP violation (the third generation), strong dynamics (the gluons), the discovery of the 7 lepton (the b and
t quarks), weak interactions (the W= and Z9), and their renormalizability (a/the Higgs boson) !.

The discovery of a/the Higgs boson marks the completion of the Holy Trinity of particle types
seen in Table 1.2. It has been known for decades that the only type of field theory capable of making
non-trivial over many magnitudes of energy is a renormalizable one. Also, it has been a theorem for some
40 years that such a theory could only contain (i) gauge vector bosons, (ii) spin-1/2 fermions, and (iii)
scalar bosons. Specification of a renormalizable theory is completed by choosing (a) the gauge group,
(b) the fermion representations, and (c) the scalar fields used to realize the desired symmetry-breaking
pattern. We have long known that the answer (so far) to (a) is SU(3)xSU(2) xU(1) and that the fermion
representations are triplets of SU(3) and singlets and doublets of SU(2). Finally we have an example
of category (iii), a scalar boson, and there is strong evidence that it is responsible for (c) electroweak
symmetry breaking.

The first of these lectures describes the long road towards the discovery of a/the Higgs boson, the
second lecture describes the state of our knowledge after Run 1 of the LHC, and the third lecture outlines
some of the prospects for future studies, including supersymmetric Higgs bosons and concepts for Higgs
factories.

1.2 Summary of the Standard Model

Table 1.2 summarizes the particle content of the Standard Model [3—6]. The electromagnetic and weak
interactions are described by an SU(2);, xU(1)y group [7], where the subscript L reminds us that the
weak SU(2) group acts only the left-handed fermions, and Y is the hypercharge. The SU(2)r xU(1)y
part of the Standard Model Lagrangian may be written as

—%FZVFW”

Py + h.c.

VYiyij i + h.c.

Dol =V (9) ()

L

+ o+ o+

which is short enough to write on a T-shirt!

The first two lines of (1) have been confirmed in many different experiments with a high degree
of accuracy. However, consistency with the precision electroweak measurements made at LEP and other
accelerators agreed with the Standard Model if only if there was a relatively light Higgs boson weighing
< 180 GeV or so [8,9]. However, until July 2012 there was no direct experimental evidence for the last
two lines [1,2]. One of the main objectives of the LHC was to discover whether they are right, need

!Outstanding examples include dark matter (the axion or a WIMP?) and the fine-tuning problem (supersymmetry?). De-
pressed advocates of supersymmetry should remember that it took 48 years to discover a/the Higgs boson, whereas at the time
of writing four-dimensional supersymmetric gauge theories are ‘only’ 40 years old.
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Gauge bosons

Scalar bosons

Pya W+7 Wﬁa ZO7 918

¢ (Higgs)

Spin-1/2 Fermions

Quarks (each with 3 colour charges)

Charges 0 :

Leptons
Ve
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Table 1: The particle content of the Standard Model with a minimal Higgs sector

—1:

modification, or are simply wrong. The most important result of the first run of the LHC has been to find
some evidence that these lines do indeed contain a grain of truth.

The first line in (1) is the kinetic term for the gauge sector of the electroweak theory, with a running
over the total number of gauge fields: three associated with SU(2),, which we call B, B2, B, and one
associated with U(1)y, which we call A,,. Their field-strength tensors are

Fi, =

pv

Juw

0, B}, — 0By, + gebcaBzBf, fora=1,2,3;
0yA, — 0A, .

2
3)

In (2), g is the coupling constant of the weak-isospin group SU(2)r,, and the &, are its structure con-
stants. The last term in this equation stems from the non-Abelian nature of SU(2). The gauge fields are
massless in the absence of any scalar fields, but we will see later how specific linear combinations of
the four electroweak gauge fields can acquire masses by spontaneous symmetry breaking induced by a
scalar field.

The second line in Eq. (1) describes the interactions between the matter fields v, described by
Dirac equations, and the gauge fields via covariant derivatives.

The third line is the Yukawa sector and incorporates the interactions between the matter fields
and the scalar field ¢ that is responsible for giving fermions their masses when electroweak symmetry
breaking occurs.

The fourth and final line is the engine room of the scalar sector. The first piece is the kinetic term
for ¢ with the covariant derivative defined here to be
. .
Du:8u+%AMY+%T-BM, @)
where ¢’ is the U(1) coupling constant, and Y and 7 = (71, T2, T3) are the Pauli matrices that generate,
respectively, U(1) and SU(2). The second piece of the final line of (1) is the effective potential V' (¢)

constructed in such a way that its minimization gives rise to a non-zero v.e.v. for the scalar field, and
hence spontaneous electroweak symmetry breaking.

1.3 The (NG)AEBHGHKMP Mechanism

This mechanism is often called the Higgs mechanism, but the history is quite complicated, with many
antecedents to the Higgs papers, with antecedents in condensed-matter physics, e.g., in the theories of
superfluidity and superconductivity [10] 2. Spontaneous global symmetry breaking was introduced into
four-dimensional, relativistic particle physics by Nambu [11], providing insight into the lightness of the
pion and spontaneous chiral symmetry breaking. Subsequently, a simple field-theoretical model was
formulated by Goldstone [12], and the appearance and number of massless scalar bosons appearing in
such theories was specified by a theorem proved in [13]. In parallel, Nambu [14] and Anderson [15]

The wheel has turned full circle with their importance for the construction of the LHC!
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had shown how to interpret superconductivity in terms of a spontaneously-broken local U(1) symme-
try. Moreover, Anderson had conjectured that this could occur also in the four-dimensional case, but
Gilbert [16] argued in early 1964 that this would be impossible in a relativistic theory.

However, later in 1964 several papers successfully introduced spontaneously-broken local symme-
try into particle physics. The initial paper by Englert and Brout [17] was followed a few weeks later by
two papers written by Higgs, who did not know about their work at the time. The first Higgs paper [18]
pointed out that Gilbert’s objection to a four-dimensional extension of Anderson’s approach could be cir-
cumvented, and the second proposed a specific four-dimensional model with a massive scalar boson [19].
The subsequent paper by Guralnik, Hagen and Kibble [20] developed the ideas proposed in these earlier
papers. Also of note is a relatively-unknown 1965 paper by Migdal and Polyakov [21], which discusses
the partial breaking of a local non-Abelian symmetry, ahead of the influential paper of Kibble [22].

Of all these authors, Higgs was the only one who mentioned explicitly the existence of a massive
scalar boson (see equation (2b) of his second paper [19]), and he went on to write a third paper in
1966 [23] that discusses the properties of this ‘Higgs boson’ in surprising detail including, e.g., its decays
into massive vector bosons.

1.4 Spontaneous Symmetry-Breaking in a U(1) Model

As an illustration of spontaneous symmetry breaking [24], consider first a single complex scalar field
¢ = @1 + @2 with the following effective potential:

V (¢70) = 12 (6%¢) + A (67¢)* , (5)

where p2 and A > 0 are real constants. This Lagrangian is clearly invariant under global U(1) phase
transformations

¢ — e, (6)

where « is a phase (rotation) angle. If the parameter 12 in (5) is positive, there is a unique vacuum state
with (¢) = 0. Perturbing around this vacuum reveals that, in this case, ¢; and ¢9, have the same mass.
The symmetry of the original Lagrangian is explicit in this case.

Consider now the case 2 < 0, corresponding to the ‘Mexican Hat’ potential illustrated in Fig.1.
When we minimize the potential (5) we find a non-zero vacuum expectation value, or v.e.v., of the scalar
field with:

2 2 2 s

9" = ¢1+ ¢35 = Ton

and the phase o undetermined. Thus, when ;2 < 0 there is a set of equivalent minima lying around a
circle of radius \/—pu2/ (2)\), and choosing one of them breaks the rotational symmetry spontaneously.

(N

The U(1) symmetry is now implicit, since it relates the different equivalent vacua, corresponding
to the appearance of spontaneous symmetry breaking. In order to see the particle content, we choose,
without loss of generality, a particular ground state around which to perturb:

112

v
vac — o= = vac = 0. 8
é1, YN G2, ()
The perturbations may be parametrized by
v
Tog-t, ©)

e N

so that ¢ = (v +n +4€) /v/2, where 1 and ¢ are real fields. In terms of these, the effective potential
becomes )
Beog A 2 2} 2 2 o 1o,
L= ——7n"—— — - =& - - .
51— 5 [(en) € pron = € — g
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Fig. 1: An illustration of the Higgs potential (5) in the case that 2 < 0, in which case the minimum is at
|#|? = —u?/(2)). Choosing any of the points at the bottom of the potential breaks spontaneously the rotational
U(1) symmetry.

The scalar particle corresponding to 7 is massive with m% = —u? > 0, whereas the scalar particle
corresponding to £ is massless.

This particle is a prototype of a (Nambu-)Goldstone boson. It is massless because there is a
direction in field space, corresponding to changing the phase, in which the potential energy does not
change. Its appearance is a general feature of models with spontaneously-broken global symmetries, as
proven in [13]. The total number of such massless particles corresponds in general to the number of
field directions in which the potential is flat. Nambu introduced this idea into particle physics in order to
describe the (relatively light) pion of QCD [11], which he identified as a (pseudo-)Goldstone boson of
chiral symmetry that would have no mass if the up and down quarks were exactly massless. The simple
field-theoretical model is due to Goldstone [12].

We now discuss how this spontaneous symmetry breaking of symmetry manifests itself in the
presence of a U(1) gauge field [17, 19,20]. In order to construct a theory that is invariant under local
U(1) phase transformations, i.e.

¢ — e @g (10)

we introduce a gauge field A, that transforms under U(1) as follows:
, 1
A, — A+ gaua () . (11)
The space-time derivatives appearing in the kinetic term for the scalar field ¢ are replaced by covariant

derivatives
D, =0,+ z'q.A,L , (12)

where ¢ is the conserved charge. Including kinetic terms for both the scalar field and the A, field:
(1/4) F* F,,, where F,,, = 0,A, — 0,A,, which is invariant under the U(1) gauge transformation
(11), we have the Lagrangian

£= (0~ ia /) 6 (0" + igA") 6] = V (6°0) — 1 F" Fy (13)

which we now analyze.
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We minimize the potential V' (¢) as before, and write the Lagrangian in terms of the perturbations
around the ground state (9):

£ = {10 @)~ 2]+ 5 (0% (0,6) - P Fru 3P4 AL

2
+ AR A + %A“AMnQ +q(9"§) Ap (v +1n) — q (") Au

v

5 (14)

2
n A 2

= pton = 58 = D [wdn) + €7
As before, the first three terms describe a (real) scalar particle, 1, with mass \/—u? and a massless
Goldstone boson, &. The fourth term describes the free U(1) gauge field. However, whereas previously
the Lagrangian (13) apparently described a massless gauge boson field, we now see in the spontaneously-

broken phase (14) a term proportional to .4, A*, corresponding to a mass for the gauge field:
my=qu, (15)

that is proportional to the vacuum expectation value of the Higgs field.

The other terms in (14) describe couplings between the fields A*,n and &, including a bilinear
interaction coupling oc A#0,{. The correct particle interpretation of (14) is obtained by diagonalizing
the bilinear terms, which is easily done by using the gauge freedom of \A,, to replace

1
AN%AL:AIJ‘—"_% “67 (16)
and making the local phase transformation
d— ¢ =e @y = vtn (17)

7
Following this transformation, the field £ disappears, and (14) takes the simple form

2,,2

1 1 v
L= B [(0"n) (8m) — 1?n°] — EF’“’F,W + QTA“ AL+ (18)

where the . .. represent trilinear and quadrilinear interactions.

The Goldstone boson ¢ that appeared when the global U(1) symmetry was broken spontaneously
by the choice of ground state when 2 < 0 has been absorbed (or ‘eaten’) by the gauge field A, which
thereby acquired a mass. Remember that, whereas a massless gauge boson has only two degrees of
freedom (transverse polarization states), a massive gauge boson has a third (longitudinal) polarization
state that is supplied by the Goldstone boson of the spontaneously-broken U(1) global symmetry. This is
the Englert-Brout-Higgs mechanism.

In order for this mechanism to work, the magnitude of the v.e.v. of the scalar field must be
fixed dynamically, which occurs in this model because the potential varies non-trivially in the radial
(|¢|) direction. The mass term for the 7 field in (18) is a reflection of this variation in the potential.
The appearance of such a massive scalar boson is an unavoidable signature of spontaneous symmetry
breaking.

1.5 Spontaneous Symmetry Breaking in the Standard Model

As already mentioned, the gauge group of the Standard Model is SU(2);, xU(1)y [3,4, 7], and the La-
grangian can be written in the form

L = ['gauge +»Cleptons
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1 1% 1 4
Egauge = _ZFﬁVFaM - qul/f“
= g — g g
»Cleptons = R <8U + Z2AMY> R+ Ll"}/'u <au + ’L;AMY + 7157' . BN) L y (19)

where the field-strength tensors, F},,, and f,,, were defined in (2) and (3), respectively, g is the SU(2)
coupling and ¢’ is the U(1) hypercharge coupling. The symbol L represents doublets of left-handed
fermions and R represents right-handed fermions. As written in (19), the theory contains four massless
bosons (A, B}L, BZ, Bg).

We now introduce a scalar field that is a complex doublet of SU(2) [3,4]:

+
(%), a

and add to the Lagrangian
Liiges = (D) (D"6) =V (910) . @)

with an effective potential of similar form to (5):
2
v (6f6) = u? (66) + A (s10) . (22)

with 42 < 0 and A > 0. We also include Yukawa interactions between this scalar field and the matter
fermions:
Lxukaa = ~Ge [ROML+ LoR| 23)

which yield masses for the matter fermions, as we see later.

As in the U(1) case when 12 < 0, (¢) = 0 is an unstable local maximum of the effective potential.
The minimum has (¢) # 0 with an arbitrary SU(2) x U(1) orientation, leading to spontaneous symmetry
breaking. Minimizing the effective potential as in the U(1) case, we obtain

SOV (810) = 12 + 270000 = 12 + 22 [(0he)* + (60)] = 0. 24)
0 (¢19)
Without loss of generality, we may set ¢, = 0 and take ¢0,. = \/—u2/ (2)). This choice breaks both
the SU(2) and U(1) symmetries, but preserves invariance under a residual U(1) gauge symmetry that we
may identify with electromagnetism. Since three of the four generators are broken spontaneously by the
v.e.v., the spectrum of the global theory would contain three massless (Nambu-)Goldstone bosons.

To see how these are ‘eaten’ by three of the gauge bosons, we consider perturbations around the
chosen vacuum, representing the scalar field as

o=ow (57) (orma ) =

Just as in the U(1) case discussed in the previous section where we rotated away the Goldstone boson &,
we are able in this case to make the following gauge transformation on the scalar ¢ and the gauge and
matter fields:

; —i& -7 _ 0
7-B, — 7-B, 27
L — L/:exp(_ig'T)L, (28)
2v
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where 7 is an SU(2) matrix, which leaves A, and R invariant.

In this unitary gauge, and henceforward simplifying the notation: ¢’ — ¢, etc., so that

o= (e ) >
and )
oo = <”\j§"> , (30)
we see that ) A
oo (5) ()
We also have
D,¢ = 0,0+ gg/A#Yqﬁ + %97' B¢, (32)

which may be written in the form

D¢ = V2 (33)
’ Lo+ (27) 4 (ig'Au — igB})

and hence
2 , 1 1
(D*6)! (D) = - (v +0)* Bl B3P + 5 (9um) (0n) + 5 (0 m)* (9" A — 9B})" . (34)

The final form of the scalar Lagrangian is therefore

1 " W2 o VP a1 oo / 3)2
Liiges = {5 @) (@"n) = Eoo? + 2 |@1B) =B} + (/A — 9B})|

+ {; (n + 20m) || B) — B2 + (g A — 9B’ }

14 3 Mj 2 3 2 )\7?14 pPv?
{477 Avm 5 n ()\v +u v)n 1 + 5 , (35)

whose interpretation we now discuss.

The second term on the first line of (35) is a mass term for the 7 field: this is the Higgs boson,
which appears in the same way as in the previous U(1) case. A priori, there is no theoretical prediction
within the Standard Model for the Higgs mass

my = —2p*, (36)

since y is not determined by any of the known parameters of the Standard Model. The following terms
on the first line of (35) are mass terms for the massive vector bosons, to which we return later. The
second line includes interactions of the Higgs boson with these massive gauge bosons, and the last line
describes self-interactions of the Higgs boson.

We define the charged gauge fields let as the combinations

Bl ¥iB?
Wﬂi = Su T 15 , (37)
V2
and identify the following neutral gauge boson mass eigenstates:
—g' Ay + 9B}
Z, = 9 AT 9P, ’ (38)
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A + /B3
A, = w (39)

/92 + g/ 2
Substituting these expressions in the Lagrangian (35), we find

1 2 v2a? 2 B
Lttiges = | 5 (9"n) (9un) — Ll + %VW “WJ+?9W W+

(g2+g/2) 212
2 8
+ (40)

A

and it is evident that the field .A,, is massless. This is due to the unbroken U(1) symmetry (i.e., the sym-
metry under e’?%(*) rotations) that we identify with electromagnetism. On the other hand, the charged
vector bosons W and the neutral vector boson Z° have masses

v (%
my =2 mz= Vg (41)

2 2

We see that the couplings of the Higgs boson to the W+ and Z in (35) are related to these masses. They

are related through
mz =mwy/1+g?/g*. (42)

It is convenient to introduce the angle 6y to parametrize the mixing of the neutral gauge bosons, defined
by

/

tan Oy — % , (43)

so that ,

g

9

Egs. (38) and (39) can then be written as

cos Oy = sin Oy = (44)

Zy = —sinfw A, + cosby B}, (45)
A, = cosbyA,+sin QWBi , (46)

and the relation (42) between the masses of W= and Z° becomes

my = MMz COoS 9W . (47)
The ratio )
myy
P m?, cos? Oy (48)

is equal to unity at the tree level in the Standard Model. This is a direct consequence of the choice of
isospin 1/2 for the Higgs field (20).

This choice also enables the Higgs field to give masses to the Standard Model fermions [3], as we
now discuss. Looking at the fermion Lagrangian (23) in the unitary gauge, it becomes

_ _ +n _ _
Lyukawa = —Ge |:€R¢T < VL > + (VL 6L> ¢€R] = _Geu (eReL + eLel’%) . (49)
er V2

In terms of € = (ég,€r) and e = (ey,, eR)T, (49) becomes

Gev _ Gen

Lyukawa = — \/i ee \/i

and we see that the electron has a mass

ee, (50)

me = Ge 61y

si-
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The same holds for all the Standard Model fermions, and their couplings to the Higgs boson are pro-
portional to their masses. Thus, the Higgs boson prefers to decay into the heaviest fermions f that are
kinematically accessible, i.e., have my < mpg /2.

At first sight, the Lagrangian (35) may look rather artificial. However, as described above, the
spontaneous symmetry breaking mechanism for giving masses to vector bosons and fermions is in fact
very generic. It suffices to have a scalar field ¢ and choose the coefficient y? of the quadratic term in
its effective potential to be negative, and the mass-generation mechanism follows automatically. The
original Lagrangian (21) is in fact very symmetric, and this symmetry is still present, though hidden, in
(39).

Since the theory (35) still possesses symmetry, it is a renormalizable theory at the quantum
level [25], which enables many detailed calculations to be compared with precise experimental mea-
surements. In fact, not only is it @ renormalizable theory, it is the only way to construct a renormalizable
theory of interacting massive vector bosons [26-28]. In order to get some flavour why this is the case,
consider WHW— — WHW ™ scattering. At the tree level, the combination of v and Z° exchanges in the
direct and crossed channels with the point-like quartic coupling, shown in the two upper rows of Fig. 2,
yields a scattering amplitude that grows quadratically with energy:

E2
My =—g>— + O(E"). (52)
My
This is a problem when one calculates loop diagrams, since the integral over the loop momenta is uncon-
trollably divergent. If one now includes a scalar with a coupling ggww to the vector bosons, the direct
and crossed-channel scalar exchanges, shown in the bottom row of Fig. 2, yield an amplitude

E2
Ms = +ghww—5 + O(E®). (53)
My
Adding these contributions, we find
m m mh
M= My+Mg = —F[2+ 5+ > |+ 54)
v s—my t—myg

where the ... represent terms that are subdominant at high energies, iff the HW W coupling coincides
with the prediction from spontaneous symmetry breaking. The fact that the resultant amplitude M is
asymptotically constant for this particular choice of gz ensures that the integration over the loop
momentum is controllable and permits the theory to be renormalizable 3 - which it is if the other particle
couplings also coincide with the spontaneously-broken gauge theory.

1.6 A Phenomenological Profile of the Higgs Boson
1.6.1 Before the LHC

For a decade after the original papers after spontaneously-broken gauge theories were formulated, and
even for several years after they were proven to be renormalizable, rather few people took seriously
Higgs® prediction of the boson that bears his name. Indeed, only a handful of papers discussed its
possible experimental signatures before the paper that Mary Gaillard, Dimitri Nanopoulos and I wrote in
1975 [29] with the same title as this Section heading. In the last sentence of our paper we wrote that “we
do not want to encourage big experimental searches for the Higgs boson". Fortunately, the experimental
community did not pay attention to this caveat, and the ATLAS and CMS experiments announced the
discovery of a candidate for a (the?) Higgs boson on July 4th 2012 [1,2].

3A similar argument applies to fermion- scattering and the scalar-fermion coupling, which must also coincides with the
prediction from spontaneous symmetry breaking.
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Fig. 2: Contributions to WW scattering from diagrams due to vector boson exchange and the four-point gauge

interaction in the absence of a Higgs boson (upper two rows), and diagrams due to Higgs boson exchange (lowest
ITOW).

The search for the Higgs boson at LEP was advertized in the first survey of LEP physics made
in 1976 [30] and featured strongly in the subsequent LEP experimental programme [31]. These direct
searches for the Higgs boson resulted in the lower limit [32]

my > 114.4 GeV, (35

shown as the left-hand of the two yellow excluded regions in Fig. 3. The search for the Higgs boson was
also advertized at the first LHC physics workshop in 1984 and grew subsequently to become one of the
major objectives of the LHC experimental programme.

6 March 2012 My =152 G?V
o Avg =
= 0.02750+0.00033 :
=== 0.02749+0.00010
4 =+ incl. low @° data
NH 3 ]
<
2
14
{LEP LHC
0 excluded X excluded
T L L B |
40 100 200

m,, [GeV]

Fig. 3: The status of the Higgs search in March 2012 [8]. The left-hand yellow-shaded region is the LEP exclusion,
and the right-hand yellow-shaded region is the Tevatron exclusion at that time [33].

Although LEP found no direct evidence for the Higgs boson, the precision of electroweak mea-
surements at LEP and elsewhere provided indirect indications on the Higgs mass through the sensitivity
of electroweak observables to quantum loop corrections. For example, there is a one-loop correction Ar
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to the W+ and Z° masses:

. _ T
m%v sin? @y = m%cos? Oy sin Oy = ——— (14 Ar) . (56)
V2GE

The one-loop correction Ar and other electroweak radiative corrections are in turn sensitive to the masses
of heavy virtual particles, in particular m,; and mg:

3G 2Gr (11 2
x mf(lmfu)
8m2y/2 167 3 my

(57)

in the limits of large m; and mpy > myw, z. Note that the sensitivity to m; is quadratic [34], whereas that
to myy is only logarithmic [35]. The large-mass divergences in (57) reflect the fact that the electroweak
theory would become renormalizable if these particles were absent. In the case of the top quark, its
absence would leave us with an incomplete fermion doublet, and the problems arising in the absence of
the Higgs boson were discussed at the end of the previous Section.

First attempts to use precision measurements to constrain mz were made before the discovery of
the top quark [36], and already indicated that my = O(my ). The discovery of the top quark with a
mass consistent with predictions based on electroweak data and (56) enabled the prediction of m g to be
sharpened, as has the inclusion of QCD and higher-order electroweak effects, as illustrated by the blue
band in Fig. 3.

A conservative estimate of the current estimate of m g on the basis of precision electroweak data
alone is [8,9]
myg = 100 £ 30 GeV, (58)

which is quite compatible with the direct lower limit (55) and the exclusion by the Tevatron of m gy ~ 160
to 170 GeV. Combining the LEP and Tevatron exclusions with the precision electroweak data led in mid-
2011 to the prediction [37]:

my = 125+ 10 GeV. (59)

This has been an impressively successful prediction!

1.6.2 Higgs Production at the LHC

Several production modes are measurable at the LHC for a Higgs boson weighing ~ 125 GeV, as dis-
played in Fig. 4 for Higgs production at the LHC at 8 TeV. The dominant mechanism is calculated to be
gluon-gluon fusion: gg — H via loops of heavy coloured particles [38], of which the most important in
the Standard Model is the top quark. Since the leading-order contribution to the production amplitude is
O(as), making an accurate calculation is particularly challenging. However, the cross section has been
calculated by different theoretical groups at next-to-next-to-leading order (NNLO), including also the
most important logarithms at higher orders (NNLL), with good agreement between the calculations as
seen in Fig. 5 [39]. The main remaining uncertainties in the calculation are associated with the choice of
renormalization scale in the calculation, and in the gluon parton distribution function within the proton.
The overall theoretical uncertainty is currently estimated to be about 10%, and a significant rise in the
cross section is expected when the LHC reaches 13/14 TeV in 2015.

The second-largest contribution to Higgs production at the LHC is due to vector-boson fusion
(VBF) [40]. This has now been calculated at NNLO in «; and including electroweak corrections at
NLO, and the perturbation expansion is converging well. In this case, the uncertainties in quark parton
distribution functions are relatively small, so this cross section is known more accurately, and it grows
with energy more rapidly than gluon-gluon fusion [39].

The third-largest contribution is associated production of the Higgs with a massive vector boson
V = Wi, Z9 [41]. This has also been calculated at NNLO in as and including electroweak corrections
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Fig. 4: The principal Higgs production cross sections at the LHC at 8 TeV. The insets depict the corresponding
fundamental production subprocesses.
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Fig. 5: The cross sections for gg — H production at the LHC at 7 and 14 TeV, comparing two next-to-next-leading
order (NNLO) calculations that also include leading higher-order logs (NNLL) [39].
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Fig. 6: The cross sections for VBF production of the H at the LHC at 7 and 14 TeV, comparing calculations at
NLO in the electroweak interactions and at NLO and NNLO in QCD [39].

at NLO, as seen in the left panel of Fig. 7. and the perturbation expansion again converges well. Here
the rate of growth of the cross section is less rapid.
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Fig. 7: The cross sections for production of the H in association with a massive vector boson V' (left panel) and in
association with ¢ (right panel) at the LHC at 7 and 14 TeV [39].

The next contribution is from associated ¢t + H production, which is currently known less accu-
rately: it has been calculated at NLO in «, so there are larger uncertainties in the perturbation expansion,
and the choice of parton distributions is also an important uncertainty [39]. This process has the most
rapid cross section increase with energy, as seen in the right panel of Fig. 7, offering interesting prospects
for measurement at LHC 13/14.

Finally, interest has recently been attracted by H production in association with a single ¢ or ¢ [42].
This has a relatively small cross section in the Standard Model, but it may be enhanced or suppressed
significantly in models where the Htt coupling differs from its Standard Model value [43, 44], as we
discuss later.

LHC experimentalists are indeed fortunate that all of these mechanisms are potentially measurable
at the LHC for my ~ 125 GeV! This would not have been the case if the Higgs mass had been 400 GeV,
say, in which case only gg — H and VBF could have been measurable.

1.6.3 Higgs Decays [45]

The Higgs decay rate into a pair of fermions is given at the tree level by

= Grmpy
D(H = ff) = N 22
where N, = 3(1) for decays into quarks (leptons). Since the tree-level Higgs couplings to other particles
are proportional to their masses (squared in the cases of massive vector bosons), the dominant Higgs
decays are into the heaviest particles that are kinematically accessible. This implies that the dominant
two-body decays of the Higgs weighing ~ 125 GeV are expected to be into bb, ¢c and 7777, as seen in
the left panel of Fig. 8. However, decays into bb have yet to confirmed, there is no evidence for éc, and
H — 777~ decay has only recently has the been observed unambiguously [46].

mj, (60)

The H decay rate into a pair of W+ bosons, one on- and one off-shell, is given by

Grm3;
87r\/§

where F'(r = my /my) is a kinematic factor, and the corresponding decay into a pair of Z bosons is
given by a similar formula with my, — mz and a symmetry factor of 1/2 [45]. The decays H — virtual

I(H > WW*) = F(r), (61)
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Fig. 8: The most important decay branching fractions for the decays of a Standard Model Higgs boson (left panel),
and the total decay rate I' 7 (right panel) [45].

WHW~= and Z°Z° are important for my ~ 125 GeV, as seen in the left panel of Fig. 8, despite the fact
that mg < 2myy and 2my.

Moreover, although the decays H — gg and -y are absent at the tree level, they are generated by
quantum loops, as discussed above in connection with gg — H production. The dominant contributions
to the H — ~yy decay amplitude are due to massive charged particles [29], the most important in the
Standard Model being the ¢ quark and the W+ boson, whose contributions interfere destructively. At the
one-loop level
G Fa2m§{
12873+/2

where A/, and Ay are known functions of 7y = my/mpy and 7y = mw /my that have opposite
signs [45].

Decays into strongly-interacting final states have been evaluated at NNNLO in «, while elec-
troweak decays have been evaluated at NLO. The total Higgs decay rate in the Standard Model is ex-
pected to be ~ 4.2 MeV for mg ~ 125 GeV, as seen in the right panel of Fig. 8 [45].

Once again, Nature has been kind in her choice of the Higgs mass, with half-a-dozen Higgs decays
being observable at the LHC for my ~ 125 GeV. If the Higgs mass had been 300 GeV, say, only the
decays H — W+W~ and Z°Z° would have been measurable.

T(H —vy) = S NeQ3 Ay jo(rp) + Ar(rw)|” (62)

1.6.4 From Discovery to Measurement

Following the dramatic announcements of the discoveries of the Higgs boson by the ATLAS and CMS
Collaborations on July 4th, 2012 [1, 2], the emphasis is now on measurements and the information they
provide about physics within and beyond the Standard Model.

The strengths of the signals observed in many channels are compatible with the Standard Model
predictions [47]. However, the bulk of the evidence concerns production by gluon-gluon fusion. There
have been several observations of VBF channels at the 2-0 level, and the overall significance of the
evidence for VBF is some 3 o. So far the best evidence for production in association with massive vector
bosons comes from the CDF and DO experiments at the Fermilab Tevatron, and there are only upper
limits on production in association with tt.

The primary evidence for H decays is in final states involving vector bosons: ZZ*, vy and WW*,
whereas the direct evidence for decays into fermions is much weaker. Concerning leptons, although
evidence for H — 777~ decay is emerging [46], but there are only upper limits on the decay into
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™ [47] (which may be the only second-generation final state accessible at the LHC) 4, and the
prospects for measuring the Hete™ coupling look very dim. Concerning quarks, evidence for H — bb
decay is also emerging, but there is only indirect evidence for an H{t coupling via measurements of
gg — H production and H — ~yy decay. In the future, more information could be provided by H —
7Y%y decay and H production in association with a single ¢ or £ [42—44], as well as Ht production.

1.6.5 The Higgs Mass - Evidence for Physics beyond the Standard Model?

There are two ways to measure the Higgs mass accurately with the present data: using H — ZZ* — 4¢*
and 7 decays. In the case of CMS, these two final states yield very similar masses, with m.,., slightly
lower. In the case of ATLAS, there is some tension between the measurements in the two channels,
with m. higher by ~ 2 GeV, corresponding to a ~ 2-o discrepancy. However, the CMS and ATLAS
measurements [47] are quite consistent, and a naive global average is

myg = 125.6 £ 0.4 GeV . (63)

As seen in Fig. 9, this is consistent at the Ax? ~ 1.5 level with the estimate of 7 provided by precision
electroweak data [9]. A victory for the Standard Model at the quantum (loop) level!
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Fig. 9: Comparison of the indirect estimate of the Higgs mass based on precision electroweak data with the direct
measurement by ATLAS and CMS [9].

However, issues arise when we consider the effective Higgs potential. There are two important
sources of renormalization of the quartic Higgs self-coupling A: that due to the Higgs self-coupling itself:

A(v)
AQ) = e 64
(@) 1—$/\(v)lnf—2 (64)

where () is some renormalization scale above the electroweak scale v, and that due to the Htt coupling:

3m§11 Q_2

AQ) = Av) e, (65)

— %t In
A2t T v

where in each case the . .. represent subleading terms in the solution of the renormalization-group equa-
tion. We see in (64) that the self-renormalization tends to increase A as () increases, leading to an

“It would also be interesting to search for the flavour-changing decays H — 7y and Te. These are highly suppressed in
the Standatd Model, but model-independent upper bounds from low-energy flavour-changing processes allow these decays to
occur at rates similar to H — 777~ [48].
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apparent singularity (a so-called Landau pole). On the other hand, the renormalization by the ¢ quark
tends to reduce A as () increases, potentially driving it negative at some scale above v.

This would imply an instability in the electroweak vacuum if [49]

my — 173.1 GeV) _ 05 (as(mz) —0.1184

m < [129.4 +1.4 ( 0.7 0.0007

) + 1.0TH] GeV. (66)
The measured values of m; ~ 173 GeV and mpy (63) would drive the quartic Higgs self-coupling
negative at some scale ~ 10'° to 10'4 GeV, as seen in the left panel of Fig. 10, if no physics beyond
the Standard Model intervenes at some lower energy scale. (One example of possible new physics
is supersymmetry, to which we return later.) However, the lifetime of the vacuum is estimated to be
probably much longer than the age of the Universe, as seen in the right panel of Fig. 10, so it is not
an immediate issue for the future of humanity, leading some people to suggest that this instability is
not a problem. My own point of view is that such an instability would make it much more difficult to
understand why the current vacuum energy (cosmological constant) is so close to zero in natural units.
Why should our present vacuum energy be small if we are in a temporary state on the way to a state with
vacuum energy much larger in magnitude than now (and negative)?
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Fig. 10: Negative renormalization of the Higgs self-coupling by the top quark is calculated within the Standard
Model to lead to an instability in the effective Higgs potential for field values ~ 103 to 104 GeV (left panel). The
current estimates of m; and my suggest that the current electroweak vacuum is in fact metastable (right panel),
though a definite conclusion must wait a more accurate measurement of m,, in particular. Figures taken from [49].

It should be emphasized, however, that the conclusion that the electroweak vacuum is unstable
is not definite, even within the Standard Model. The stability or otherwise of the electroweak vacuum
depends sensitively on m; as well as my (and. to a lesser extent, g). In addition to the quoted ex-
perimental error in my, there is also a theoretical uncertainty associated with the way m; is defined and
introduced into experimental Monte Carlo programmes [50], which warrants more study.

1.6.6 The Higgs Discovery is a Big Deal

As already mentioned, without the Higgs boson (or something to replace it), there would be no atoms,
because massless lectrons would escape from nuclei at the speed of light without forming atoms, and the
weak interactions would not be weak, everything would be radioactive, and life would be impossible.
The discovery of a/the Higgs boson tells us how gauge symmetry is broken and whether there is such
a thing as an elementary scalar field. it is likely to be the portal to new physics such as dark matter.
The switch-on of the Higgs v.e.v. would have caused a phase transition in the Universe when it was
about 10712 seconds old, and may have played a role then in generating the matter in the Universe via
electroweak baryogenesis. A related inflaton might have made the Universe expand exponentially when
it was about 1073 seconds old, and might contribute 105° too much to today’s dark energy!
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2 What we know now
2.1 The Particle Jigsaw Puzzle

Fig. 11 summarizes our state of knowledge concerning the H signal strengths in the various different
final states: bb, 7777, vy, WW* and ZZ*, averaged over the results of ATLAS, CMS and the Tevatron
experiments. The signal strengths in different production channels are presented (in blue), followed by
the global combinations in each final state (in black). The combined mean signal strength in all channels
(in red) is

po= 1027513, (67)

and finally the combination of the signal strengths in the VBF and associated V' + H channels is shown
(in green). We see that there is no indication of any significant deviation from the Standard Model
predictions: Peter Higgs should be smiling!
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Fig. 11: A compilation of the Higgs signal strengths measured by the ATLAS, CDF, DO and CMS Collaborations
inthe bb, 77, vy, WW* and ZZ* final states. We display the combinations of the different channels for each
final state, and also the combination of all these measurements, with the result for the VBF and VH channels
(excluding the v+ final state) shown separately in the bottom line. Figure taken from [51].

The current situation of particle physicists resembles that of someone who has spent more than
100 years putting together a jigsaw puzzle, and has finally (after 48 years) discovered what may be the
last missing piece, hidden away in the back of the sofa and with the picture rubbed off. Have the LHC
experiments really discovered the missing piece, or is it an impostor? Does it have the right shape to fit
into the empty space in the puzzle, and does it have the right size?

The rest of this lecture is devoted to answering these questions as best we can on the basis of the
present data.

2.2 Isit the Missing Piece?
2.2.1 Does it have Spin 0 or 2?

The question ‘does the newly-discovered H particle have the right shape to be the missing piece of the
puzzle?’ can be parsed as the question ‘what is its spin?” Since the H particle decays into pairs of
photons - identical spin-1 bosons - it must have some spin # 1. The simplest possibilities are spin 0 and
2, the Standard Model being an example of the former case, a Kaluza-Klein graviton being an example
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of the second case. A higher spin cannot be excluded a priori, but I am unaware of any model with spin
> 2.

Several ways to diagnose the H spin have been proposed, including the characteristics of pro-
duction in association with W* or Z° [52, 54], the angular distribution of vy decays [55, 56], and the
kinematic correlations of leptons in WW™* and ZZ* decays [57]. In general, a massive spin-2 particle
has many possible couplings to Standard Model particles, and distinguishing the spin-0 and general spin-
2 hypotheses is difficult. Here we consider the simplest spin-2 case (see [58] and references therein), in
which it has minimal graviton-like couplings, as in simple models with extra dimensions:

Ci

eff

G;U/Ti

ﬁint == EZ 78]

(68)
where the sum is over Standard Model particle types ¢ and the overall mass scale and the individual
coefficients ¢; are model-dependent.

For definiteness, we can consider warped compactifications of 5-dimensional theories [58], in
which the metric takes the form:

ds® = w(z)? (nudztda” — dz2) . (69)

In such a scenario we expect identical coefficients for the couplings of a spin-2 particle X to the massless
vector bosons ¢ and 7:

Cg =Cy = 1//21R w(z)dz . (70)

since their wave functions are uniform in the extra dimension. This implies the following simple relation
between the decay rates of a spin-2 particle X into photons and gluons:

(X —gg9) = 8['(X — ), (71)

which is disfavoured by the data on the H(126) decay branching ratios, as seen in Fig. 12. The couplings
of the other Standard Model particles are non-universal, reflecting their different wave functions in the
extra dimension. In simple warped compactifications one expects

o~ ew ™ cz =0(35) X (¢g=cy > cya) - (72)

The experimental data on H (126) decays also disfavour the expected hierarchy (72) between cy ~ ¢z
and ¢, = c,, as also seen in Fig. 12 5.

The difference between the spin-2 couplings (69) and spin-0 couplings also affect the kinematics
of production in association with massive vector bosons W+ and Z°. For example, the VX invariant
mass distributions for spin 2 and a scalar 0" particle are very different, as seen in Fig. 13 [52], as also are
the invariant mass distributions for a pseudoscalar 0~ particle. The Tevatron experiments have studied the
related transverse-mass distribution, as seen in Fig. 14, and have found that the spin-2 and O~ hypotheses
are disfavoured at the 99% CL [53] - assuming that these experiments have indeed observed the same
particle as discovered by ATLAS and CMS.

The differences in the couplings also lead to different energy dependences in the spin-2, 0" and 0~
cases, as seen in the left panel of Fig. 15. If one accepts the Tevatron evidence for H (126) production, the
ratio of the cross section to that at the LHC is also strong evidence against the spin-2 and 0~ hypotheses,
as seen in the right panel of Fig. 15.

The polar angle distributions in the H(126) centre-of-mass frame under the spin-2 and -0 hy-
potheses are also expected to be easily distinguishable. In the case of gg9 — H — y production, one

5 Another problem for this scenario is that one expects, as in QCD, that the tensor boson should have a higher mass than the
lightest Kaluza-Klein vector boson, which has not been seen.
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Fig. 12: The correlation between the values of ¢y /c4 (horizontal axis) and ¢4 /c., (vertical axis) found in a global
fit to the current experimental data under the spin- two hypothesis [58].
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Fig. 13: The distributions in the Z + H invariant mass Mz for the 0% (solid black), 0~ (pink dotted) and 2+
(blue dashed) assignments for the H particle discovered by ATLAS [1] and CMS [2], calculated for the reaction
pp — Z + H at the TeVatron (left) and for the reaction pp — Z + H at the LHC at 8 TeV (right) [52].

expects the initial state to be an incoherent superposition of parallel and antiparallel gluon spins along
the proton-proton collision axis. This knowledge of the initial state enables the final-state yy polar-angle
distribution to be calculated: it is expected to be non-uniform and peaked in the forward and backward
directions, whereas the angular distribution would be isotropic in the spin-0 case. The ATLAS Collabo-
ration has found that the spin-2 case is disfavoured at more than the 99% CL [59], and has extended the
analysis to include an arbitrary admixture of gq initial states (which would be suppressed in the warped
compactification scenario discussed above).

The azimuthal and polar angle distributions of the charged leptons in H — WTW¥* — ¢T/~ 4+
... decays also provide significant power to distinguish between the spin-2 and -0 hypotheses [55, 57],
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Fig. 14: The distribution in the Z + H transverse mass Mz measured by the DO Collaboration compared with
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simulations for the 0T (red), 0~ (blue) and 2 (mauve) hypotheses for the H particle [53].
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Fig. 15: Left - The energy dependence of the cross section for production of 4 in association with a Z boson under
different hypotheses for the J* of H: 0% (black), 2% (red) and 0~ (green). Right - The likelihood for the ratio
Ryaa = HLHC 8/ Tevaron €Xtracted from the experimental data at 8 TeV (blue) and 7 TeV (green). The spin-two
expectations Rspin2 = 5.4 and 6.7 for 7 and 8 TeV, respectively, are excluded, and the 0~ expectations - = 3.1
and 2.7 for 7 and 8 TeV, respectively, are highly disfavoured, whereas the 0" expectation R = 1 is quite consistent

with the data [54].
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as seen in Fig. 16, and also disfavour the interpretation of H (126) as a spin-2 particle with graviton-like
couplings. Finally, the multiple kinematical observables in H — Z°Z%* — 2/2¢~ also provide many
powerful ways to distinguish between different spin-parity assignments for the H(126) particle.

Fig. 16: Correlated distributions for the lepton polar angles in H — W*WT* — ¢*¢~ 4 ... decays for the 0
assignment (left panel) and for a graviton-like 27 particle (right panel) [55].

It is on the basis of a combination of vy, W*W* and Z°Z%* measurements, the ATLAS Collab-
oration has been able to exclude the graviton-like spin-2 hypothesis at more than the 99.9% CL, as seen
in Fig. 17 [59]. Peter Higgs can continue smiling!
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Fig. 17: Combining measurements in the H — vy, ZZ* — 4¢* and WW* — 2(*vp final states, the AT-
LAS Collaboration excludes the spin-2 hypothesis for H at more than the 99.9% CL for any combination of H
production via gg and gq collisions [59].

2.2.2 Is it Scalar or Pseudoscalar?

As has been discussed above, many of the analyses that discriminate between the spin-2 and 0" hy-
potheses can also be used to discriminate between 0~ and 0T. For example, the V + H invariant mass
distributions in associated production are different, and already disfavour 0~ quite strongly. The angu-
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lar distribution of the +y final state does not distinguish, but the angular and kinematic distributions in
H — WEW¥ — ¢t¢~ + ... and H — Z°Z% — 20%2¢~ do offer discrimination between 0% and
0~ [57]. Thus the possibility of a pure 0~ spin-parity assignment can also be excluded beyond the 99%
CL [59].

On the other hand, in the presence of CP violation the H particle could decay as a mixture of
scalar and pseudoscalar, and the fractions could be different in different final states. At the moment,
the admixture of a substantial fraction of pseudoscalar final states in H — W*W¥* and H — Z°2°*
decays cannot be excluded. It is important to extend probes of a possible 0~ admixture to final states
involving fermions, and measurements in 77~ final states, £t + H and single ¢t + H production (see
later) have been proposed [44]. But, for the time being, Peter Higgs can continue smiling!

2.2.3 Is it Elementary or Composite?

This question may be addressed by constructing a phenomenological Lagrangian £ with free parameters

to describe the interactions of the ‘Higgs’ boson, and constraining the parameters using data on H pro-

duction and decay. Motivated by the success of the Standard Model relation p = myy /mz cos Oy = 1, it

is usually assumed that this phenomenological Lagrangian possesses a custodial symmetry: SU(2)xSU(2)
— SU(2). In this case, one may parameterize the leading-order terms in £ as follows [60]:

2 H H2
£ = LTD, MY (14 20— + b + ...
4 v v2

. H
— iy <1+cv+...)

1 1 1 2 1 2
5 OuH)® + SmiH? 4 da (?”ZH) H? + diy (37;”{) H*+ ..., (73)

where
a . -a

Y = exp (ia T > , (74)
v

and the effective interaction with massless gauge bosons is written as

Olg L Oem .y H\?
La = = (3esGamGh" + ey Y ) () . (75)

8 v

The free coefficients a, b, ¢, d3, ds, cy and c,, are all normalized such that they are unity in the Stan-
dard Model: composite models may give observable deviations from these values. For example, in the
composite model known as MCHM4 one has [51]

2
a:c:\/l—f:fz<;> , (76)

where f is an analogue of the pion decay constant in QCD. On the other hand, in the MCHMS composite

model, one has
a =+1—-¢&,c =

and in a pseudo-dilaton model one has

1-2¢
——= 77
m’ ( )

; (78)

a = Cc =

<ls

where V is the dilaton v.e.v. that breaks scale invariance. On may also consider an ‘anti-dilaton’ scenario
in which a = —c.
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The signal strengths R in various channels relative to the Standard Model values are related in
an obvious way to the parameters in (73). For example, for vector boson fusion and production in
association with V"= W, Z one has

Rvpr = Rvy = a°, (79)
and for production in association with #¢ and the rates for decays into bb and 777~ one has
Rf; = . (80)
The corresponding ratio for the ggH coupling strength depends on the ¢ coupling:

Rgg = 2 = *+..., (81)

where the ... represent possible contributions from particles beyond the Standard Model, and the ratio
for the H~~y coupling depends on both a and c as well as possible non-Standard Model contributions:

—8¢F, + aFy)*
Ry, =& = (—5¢Fi+a Wz .. (82)
(—%Ft—FFw)

where F} y are form factors that depend on the ratios m g /m; and mpy /myy, respectively. It is apparent
from these expressions that only I, is sensitive to the relative sign of the H ff and HVV couplings.
The principal dependences of the signal strengths in various channels on the a and ¢ parameters in (73)
are summarized in Table 2.

Production sensitive to | Decay sensitive to

channel a c a c
¥y v v v v

vy VBF v X v v
Ww v v v X
WW + 2 jets v X v X
WW +0,1jet | X v v X
bb v X X v

Z7 v v v X

TT v v X v

717 VBEF, VH v X X v

Table 2: The dominant dependences on the model parameters (a,c) (73) of the H signal strengths in various
channels, from [61].

Fig. 18 shows how measurements of these various channels at the Tevatron collider and the LHC
combine to constrain the parameters (a,c) [51]. We see in the top left panel that the data on bb final
states already disfavour leptophobic models in which the H particle has no couplings to fermions - here
the Tevatron experiments play an important role. In the top right panel we see that data on the 777~ final
state also disfavour leptophobic models. However, as expected on the basis of (80), these measurements
by themselves offer no information about the sign of the fermion coupling coefficient c. The middle left
panel shows the constraint imposed by the data on the 7y final state. As seen in (82), this final state gives
a constraint that is not symmetric between the signs of ¢, since there is interference between the virtual
tt and W W ™ intermediate states that may be either constructive of destructive, depending on the sign
of ¢. The middle right panel of Fig. 18 shows the constraint imposed by measurements of WW* final
states as well as H production via W W~ VBF and production in association with 1%, and the bottom
left panel shows the corresponding constraint on the HZZ coupling. These measurements are highly
consistent with custodial symmetry: SU(2)xSU(2) — SU(2), as assumed in writing (73).
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Fig. 18: The constraints in the (a, ¢) plane imposed by the measurements in Fig. 11 of the bb final state (top left),
of the 777 final state (top right), of the v~y final state (middle left), of the WW coupling (middle right) and in
the ZZ coupling (bottom left). The combination of all these constraints is shown in the bottom right panel [51].

Finally, the bottom right panel of Fig. 18 displays the constraints in the (a, ¢) plane obtained in
a global combination of these measurements [51]. We see that the positive sign of ¢, as expected in
the Standard Model, is strongly favoured. This point is made explicitly in Fig. 19, where we see that
the data favour @ ~ 1 and disfavour ¢ < 0 by AX2 ~ 9, i.e., 3 standard deviations. The continuous
yellow lines the bottom right panel of Fig. 18 show the predictions of various composite alternatives to
the Standard Model. As already mentioned, leptophilic models (represented by the horizontal line) are
strongly disfavoured, as are ‘anti-dilaton’ models with @ = —c (downwards-sloping line). The global
analysis is compatible with the MCHM4 and dilaton models iff they are tuned to resemble the Standard
Model, with £ ~ 0, f ~ v in the MCHM4 (76) or V' ~ v in the pseudo-dilaton (78) model (upwards-
sloping line). Likewise, the MCHMS5 model is compatible with the data only if £ ~ 0 in (77). Clearly,
there is no evidence for any significant deviation from the Standard Model, and Peter Higgs may continue
to smile!
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Fig. 19: The one-dimensional likelihood functions for the boson coupling parameter a (left panel) and the fermion
coupling parameter c (right panel), as obtained by marginalizing over the other parameter in the bottom right panel
of Fig. 18 [51].

Before concluding this Section, it is interesting to discuss in more detail a Higgs production chan-
nel that could give direct information on the sign and magnitude of ¢, namely single ¢ (or £) production in
association with H [42,43]. The two dominant amplitudes are due to Higgsstrahlung from an exchanged
W boson and the final-state ¢ quark. In the Standard Model with ¢ > 0, these diagrams interfere de-
structively, as a precursor of the good high-energy behaviour expected in a spontaneously-broken gauge
theory, whereas if ¢ < 0 the production cross section may be much larger. Even establishing an upper
limit on single ¢ (or ) production in association with H may be sufficient to determine the sign of c,
independently of the -y measurement [43]. One may also consider the possibility of a CP-violating ¢t H
vertex ¢; in addition to a conventional scalar vertex with coefficient ¢; relative to the Standard Model
value. The right panel of Fig. 20 shows the dependences of the ttH, tH and tH cross sections on
(¢ = arctan(é;/c;) [44] for choices of the ¢; and ¢, that are compatible with the constraints on the H gg
and H~~ couplings shown in Fig. 23 [51]. We see that measurements of the ¢t¢H, tH and tH cross
sections could provide interesting information on the top-H couplings.
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Fig. 20: Left panel: The cross section for single ¢ + H production as a function of the scalar top-H coupling ¢;
normalized to its Standard Model value [43]. Right panel: The cross sections for ¢t + H, single ¢ and ¢+ H produc-
tion relative to their Standard Model values for ranges of the scalar and pseudoscalar couplings (¢, ¢;) compatible
with current data on gg — H production and H — -7y decay [51], as functions of {; = arc tan(c;/¢;) [44].
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2.2.4 Areits Couplings Proportional to Particle Masses?

It is a key property of the Higgs boson of the Standard Model that its couplings to other particles should
be proportional to their masses, and this is verified implicitly by the type of analysis reviewed in the
previous Section. In order to verify it more explicitly, we may consider a parametrization of the H
couplings to fermions Ay and massive bosons gy of the form [51,61]

my 1+4€ m%/(H_E)
=2 (7)) e =2 G ) )

In the Standard Model, one would expect the power € = 0 and the scaling coefficient M = v = 246 GeV.
The results of a fit in terms of the two parameters (M, ¢€) is shown in Fig. 21. It is represented in the
left panel by the dashed line, with the one-o excursions shown as dotted lines. The solid red line is the
prediction of the Standard Model, and the points with error bars are the predictions of the two-parameter
fit. We see that these are completely compatible with the Standard Model predictions. In the right panel
of Fig. 21 we see the 68 and 95% CL regions given by the fit in the (M, €) plane. Here the solid horizontal
and vertical lines represent the Standard Model predictions € = 0 and M = 246 GeV. The data are quite
close to the bull’s eye! We display in the left panel of Fig. 22 the one-dimensional x? function for e,
marginalized over M, and in the right panel the one-dimensional x? function for M, marginalized over
€. The central values and the 68% CL ranges of M and ¢ are:

M = 244720 GeV , ¢ = —0.02275057 . (84)

As we wrote in [61]: "It walks and quacks like a Higgs boson."

Power law best fit (M =244.0331), ¢ =-0.022"0% )

2310 1

GLOBAL Coupling-Mass Proportionality

Coupling A

160 180 200 220 240 260 280 300

m [GeV] M [GeV]

Fig. 21: The constraints on M and € (83) imposed by the measurements in Fig. 11. The left panel shows the
strengths of the couplings to different fermion flavours and massive bosons predicted by this two-parameter (M, €)
fit. The red line is the Standard Model prediction, the black dashed line is the best fit, and the dotted lines are the
68% CL ranges. For each particle species, the black error bar shows the range predicted by the global fit, and the
blue error bar shows the range predicted for that coupling if its measurement is omitted from the global fit. The
right panel displays the fit constraint in the (M, €) plane [51].

2.2.5 Are there Extra Contributions to its Loop Couplings?

The previous two Sections show that the tree-level H couplings are similar to those of a Standard Model
Higgs boson. What can one say about its loop couplings to gg and yy? Here we assume that its couplings
to fermions and massive vector bosons are indeed Standard Model-like, so that a = ¢ = 1, and investigate
whether there is any evidence for other coloured (in the case of the gg coupling) or charged (in the case
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Fig. 22: The one-dimensional x? functions for ¢ (left panel) and M (right panel), as obtained by marginalizing

over the other fit parameter [51].

of the 77 coupling) particles contributing via triangular loop diagrams, so that ¢, and/or ¢, # 1 in (75).
We see in Fig. 23 that the central value of ¢, > 1 and the central value of ¢, < 1 [51]:

¢y = 1.18x0.12, ¢4 = 0.88£0.11.

(85)

However, the data are compatible with the Standard Model at the 68% CL, as seen by the location of
the green star in Fig. 23. Thus, there is no good evidence for new particles circulating in loop diagrams.
Fig. 24 displays the one-dimensional x? functions for ¢+ (left panel) and ¢, (right panel), assuming, as
above that a = ¢ = 1, so that the the tree-level couplings to massive bosons and fermions have the

Standard Model values.
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Fig. 23: The constraints in the (c,, ¢y) plane imposed by the measurements in Fig. 11, assuming that a = ¢ = 1,

i.e., the Standard Model values for the tree-level couplings to massive bosons and fermions [51].

2.2.6 Whatis its Total Decay Rate?

We now assume that the Higgs has no other decays beyond those in the Standard Model, and discuss the
total Higgs decay rate in the two global fits discussed above, in terms of the parameters (a, ¢) and (M, €)
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Fig. 24: The one-dimensional x? functions for ¢, (left panel) and ¢, (right panel), assuming that a = ¢ = 1, so
that the tree-level couplings to massive bosons and fermions have the Standard Model values [51].

and assuming no contributions from non-Standard-Model particles. The left panel of Fig. 25 displays
contours of the Higgs decay width relative to the Standard Model prediction in the (a,c) plane shown
in the bottom right panel of Fig. 18, and the right panel of Fig. 25 displays analogous contours in the
(M, €) plane. We see that in each case the best fit has a total decay rate close to the Standard Model
value. Fig. 26 displays the one-dimensional x? function for the total Higgs decay width relative to its
Standard Model value. The solid line is obtained assuming that a = c (or, equivalently, that e = 0 but
M is free), the dashed line is obtained by marginalizing over (a, ¢), and the dot-dashed line is obtained
by marginalizing over (M, ¢€). In all cases, we see that the total H decay width is compatible with the
Standard Model prediction [51].
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Fig. 25: Contours of the total Higgs decay rate relative to the Standard Model prediction in the (a, ¢) plane shown
in the bottom right panel of Fig 18 (left) and the (M, €) plane shown in the right panel of Fig. 21 (right) [51].

In the absence of an assumption about H decays into non-Standard Model particles, it is difficult
to obtain an accurate measurement of the total Higgs decay rate I';. The CMS Collaboration has given
a model-independent upper limit of 3 GeV, based on the width of the H — ~~y signal peak that they
observe, which is dominated by the experimental resolution. It has also been suggested [62] that one
could establish an upper limit on 'y using measurements of ZZ final states mediated by off-shell H
bosons. Using CMS data for mz; € (100,800) GeV, it was estimated in [62] that 'y < 163 MeV
at the 95% CL, it was suggested that restricting to Mzz > 300 GeV this bound could be improved
to 'y < 88 MeV, and it was suggested that the ultimate LHC sensitivity would be to I'y; ~ 40 MeV
(see also [63]). Similar sensitivity may be obtained from an analysis of off-resonance W+ W~ final
states [64].
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Fig. 26: The one-dimensional y? function for the total Higgs decay width relative to its value in the Standard
Model, R = T'/T'gys, assuming decays into Standard Model particles alone and assuming a = ¢ or equivalently
€ = 0 (solid line), marginalizing over (a, ¢) (dashed line) and marginalizing over (M, €) (dot-dashed line) [51].

Another way to constrain or measure 'y may be via interference effects between the QCD and H
contributions to the ~+ final state, which could shift the v peak relative to its position in the ZZ* —
4¢* final state. (These are the only two observed H states where the invariant mass can be measured
accurately.) This mass shift is sensitive to the sign and magnitude of the H~~y coupling, by an amount
that depends on the production kinematics. For I'g; similar to the Standard Model value, the mass shift
~ 70 MeV, as seen in Fig. 27 [65], so this is not a measurement for the faint-hearted! The published
mass measurements have the problems that ATLAS and CMS find opposite signs for the vy and 4/
final states, though they are compatible within the experimental uncertainties, and their sensitivity is not
yet very interesting.
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Fig. 27: The shift AMj; between measurements of the I mass in the vy and 4¢* final states due to interference
with QCD processes yielding -y final states, calculated in NLO QCD as a function of I' relative to its value in
the Standard Model [65].
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2.2.7 The Story so Far

The discovery of the H particle has opened a new chapter in particle physics. Alternatives to the expec-
tation that it is a scalar boson have been excluded with a high degree of confidence, and its couplings are
consistent with those of a Standard Model Higgs boson. In particular, they exhibit the expected correla-
tion with the masses of other particles. This is why we wrote in [51]: “Beyond any reasonable doubt, it
is a Higgs boson." .

Experiments are placing severe constraint on composite models, pushing upwards the possible
scale of compositeness. On the other hand, an elementary scalar is a challenge for theorists, in particular
because of the issue of quadratic divergences, that are symptomatic of extreme sensitivity to details of the
ultraviolet completion. However, an elementary Higgs boson fits naturally within supersymmetry and, as
we shall see in the next Section, simple supersymmetric models predict a Higgs mass below ~ 130 GeV,
as observed, and also predict that its couplings should be very similar to those of a Standard Model Higgs
boson. As yet, there are no signs of supersymmetric particles, and we wait with interest to see what the
LHC will reveal at 13/14 TeV, and in its high-luminosity incarnation.

In 1982 I was introduced to Mrs. Thatcher when she visited CERN, and she asked me what I did.
I replied that “My job as a theorist is to think of thing for the experiments to look for, but then we hope
they find something different.” Mrs. Thatcher liked things to be the way she wanted them to be, so she
asked “Wouldn't it be better if they found what you predicted?". 1 responded along the lines that “If they
Jjust find exactly what we predict, we would have no clues how to progress.” In this spirt, let us all hope
that the Higgs boson is not exactly that of the Standard Model, and that higher-energy LHC running
will reveal other new physics beyond the Standard Model. In the next lecture I will discuss some of the
prospects for these hopes.

3 What may the Future hold?
3.1 Theoretical Confusion

So far, though experiments at the LHC have discovered the Higgs boson, as yet they have found no
direct hint of any new physics beyond the Standard Model such as supersymmetry or compositeness.
The combination of these facts has caused a high mortality rate among theories, though not among
theorists! As discussed previously, however, the fact that the measured values of my and m; lie in a
region where the electroweak vacuum would be unstable (OK, metastable) has led to suggestions that
there should be new physics below 10! GeV to stabilize the vacuum. There have also been suggestions
that the proximity of (my, m;) to the stability boundary may be an indirect hint for some new physical
principle 7.

Supersymmetrists are among the most confused theorists. Motivated by the apparent fine-tuning
of the electroweak scale and several phenomenological considerations such as dark matter, many of them
had expected supersymmetry to appear during the first LHC run. In my view, this should be understood
as the first run of the LHC at or close to its design energy of 14 TeV, so we should wait a while before
jumping to conclusions. However, voices have been heard favouring very high-scale supersymmetry or
split supersymmetry. The faint-hearted are asking whether we should modify or abandon the principle
of naturalness. It is a reasonable question whether Nature needs to care about the naturalness of the
electroweak scale, as long as she can find one set of parameters that includes the Standard Model. This
is one possibility opened up by the string landscape, which comprises an exceedingly large number of
possible vacua that all seem consistent with our current understanding. My own point of view is that
supersymmetry anywhere would be better than nowhere, in terms of reducing the required amount of

SThis phrase was quoted by the Royal Swedish Academy of Sciences in the Advanced Information it released about the
award of the 2013 Nobel Physics Prize [66]. Ironically, this phrase had been removed from the published version of [51] at the
request of the referee, who found the phrase “unscientific"”.

"This is also sometimes linked to the fact that the cosmological constant (dark energy) lies close to the upper bound proposed
by Weinberg [67].
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fine-tuning. In any case, supersymmetry alone could not explain the hierarchy between the electroweak
and gravitational scales: another mechanism would be needed to establish the hierarchy. New ideas are
clearly needed!

In the absence of signatures of physics beyond the Standard Model at the LHC, there has been a
tendency among some physicists to wonder whether the Standard Model is all there is, despite the per-
sistence of a few loose ends such as the hierarchy, dark matter, the origin of matter, quantum gravity, etc.
History gives many examples where such pessimism has turned out to be unwarranted: consider the ex-
amples of Albert Michelson (1894) “The more important fundamental laws and facts of physical science
have all been discovered" or Lord Kelvin (1900) “There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement”, not to mention a Spanish Royal Commission,
rejecting the proposal of Christopher Columbus to sail west (before 1492) “So many centuries after the
Creation, it is unlikely that anyone could find hitherto unknown lands of any value".

Perhaps we should rather follow the approach of Sherlock Holmes in the “Silver Blaze" story who,
when asked by a policeman “Is there any other point to which you would wish to draw my attention?",
responded “To the curious incident of the dog in the night-time.” The policeman then remarked that
“The dog did nothing in the night-time", to which Holmes replied “That was the curious incident.” In
our case, the "curious incident" is that no beyond the Standard Model dog has yet barked. Nevertheless,
experiments have already provided theorists with many other clues: perhaps we need next to examine
them more carefully, as well as planning ambitious future experiments. These are the themes of this
Lecture.

3.2 Additional Topics in Higgs Studies
3.2.1 Higher-Dimensional Operators

A powerful way to probe indirectly possible physics beyond the Standard Model is to consider addi-
tional higher-dimensional operators that might be generated by new physics such as the exchanges of
heavy particles, use data to constrain their coefficients, and thereby constrain the possibilities for physics
beyond the Standard Model. In principle, this offers a way to constrain new physics in a coherent and
effective way using a formalism that is consistent with all the established gauge and other symmetries.
As an example, the CP-conserving dimension-6 operators in an effective Lagrangian involving just boson
fields may be written in the form [68]:

c C = = CeA
Lopvs = gzot[ele]o,[ele] + 5@ D e] (@D, 9] - “7[H'H]® 86
+ W g, Dre Drwk, + iy’ ¢p [@TD%}E)”BW (87)
mW mW
N W
L+ 29 prgtry pralwk, + B [ prgtpre] B, (88)
mW My
2 —
L I gtpB,, B + L ptaq, Grv (89)
miy My

The coefficients ¢y, ¢, ¢w, ¢B, CHW,CHB, Cy and ¢4 may then be constrained using precision elec-
troweak data, measurements of Higgs production and decays, triple-gauge-boson couplings, etc. These
constraints may then be compared with calculations in specific extensions of the Standard Model such as
supersymmetry or composite models. One can also consider a CP-violating set of dimension-6 bosonic
operators:

o s /2
Lopg = LY pugtry, DYews, + ig CHB Dt DY 9B, + 9 7<I’T<I>B VB (90)
2 3”‘ L~ ~
b ligtagn, G L g W cngfachZuG”ﬁGWC’ ©h
m2y miy myy

148



HIGGS PHYSICS

20— 0.00025 :
1] A coner
Y ¢ ] ooooof FESXE
151 % S 8 o =
; .%. : — .....'.o‘ . HW
& \ F & 000015 .:.”.,:-" _ 1
E 10} .“ ..l'. il '\T‘ o . CW
N N Vi ~ 0.00010[ s 5 ]
4
£ \ 4 ? ; o - Chw
C o
osr - C, / L’o.oooosw b
ool “ ‘ ‘ ; ‘ ‘ ] 0.00000 A S S
45x10~7  5.x1077 55x10°7 6.x1077  65x1077 0 2.x1077  4x1077  6.x1077  8x1077  1x107°6

I'(h—ZZ- 4) [GeV] T'(h—> WW - 212v) [GeV]

Fig. 28: Effects of the dimension-6 operators ¢, ¢y, Caw, cw and ¢gw from (89, 90) on the H — ZZ* and
vy partial widths (left panel) and the H — WW™* and H — ZZ* partial widths (right panel). In each case, the
Standard Model prediction is indicated by an orange dot [68].

where the dual field strength tensors are defined by

=~ 1 —, 1 |
Buw = Seunpe B" . Wi, = W™ Gl = Seuwpo G (92)

Two specific examples of possible effects on H decays due to higher-dimensional operators are shown
in Fig. 28. In the left panel, we see the effects of the terms o ¢, and ¢, on H — ZZ* and v+ decays,
and in the right panel we the effects of the o ¢gw, éw and ¢y on H — ZZ* and WW* decays,.

Some of the operators in (89) and (90) may also affect the production cross sections and kinematic
distributions of the H boson. An example is provided by the double ratio of the cross sections for H
production in association with a vector boson at 14 and 8 TeV:

o (U(\/§:14T6V)> (U(\/§:14T6V)> 03)
Ci SM

o(v/S=8TeV) o(v/S=8TeV)

in the presence of an operator with coefficient ¢;, as illustrated in the left panel of Fig. 29 for the case
of cgw. The right panel of Fig. 29 illustrates the effects on the W H invariant mass distribution for
the cases ¢y (blue dotted histogram) and ¢y = 0.1 (black histogram), the shaded histogram being the
prediction of the Standard Model. We see that the double ratio (93) and the invariant mass distribution are
interesting tools for constraining such operator coefficients, just as they provide discrimination between
the 0%, 0 and 2" hypotheses for the H spin.

3.2.2 AorThe?

Now that the H particle has been established ’beyond any reasonable doubt" to be a Higgs boson, the
questions arise whether it is the Higgs boson of the Standard Model, and whether there are any others.
Possibilities proposed include models with an extra singlet field, models with a fermiophobic Higgs
boson, and models with two Higgs doublets (2HDM) such as the minimal supersymmetric extension of
the Standard Model (the MSSM). The ATLAS and CMS experiments have established upper limits on
the couplings of possible massive H' boson, as we shall see later in connection with the MSSM.

Also on the agenda of the LHC experiments is to measure V'V scattering and make a closure test,
so as to check the Standard Model H cancellation discussed earlier. Does the Higgs boson discovered
by ATLAS and CMS cure its high-energy behaviour so that the theory is indeed renormalizable?

Another strategy is to search for non-Standard Model decays, e.g., into invisible final states, or
into pairs of light (pseudo)scalars aa, or into lepton-flavour-violating final states such as u7 or er, as
discussed in the next Section.
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Fig. 29: Left panel: the double ratio R (93) of total cross sections at v/S = 8 TeV and 14 TeV for the associated
production process pp — W*H — (vbb may provide a useful constraint on the dimension-6 operator coefficient
cw . Right panel: the invariant-mass distribution my g is displayed for the Standard Model (shaded histogram)
and with additional couplings ¢z = 0.1 (blue-dotted histogram) and ¢y = 0.1 (black histogram) [68].

Fig. 30: Left: Tree-level diagram contributing to a generic flavour-changing amplitude via H exchange. Right:
One-loop H loop diagram contributing to anomalous magnetic moments and electric dipole moments of charged
leptons (i = j), or radiative LFV decay modes (i # j) [48].

3.2.3 Flavour-Changing H Decays

In the Standard Model one expects flavour-changing Higgs decays to occur only far below the sensitivity
of present and prospective LHC measurements. However, this might not be true, e.g., in some composite
Higgs models, so searches for flavour-violating H decays present an interesting opportunity to look for
new physics beyond the Standard Model. Model-independent constraints on such decays are provided
by measurements of flavour-violating processes at low energies, including the effects of four-fermion
interactions generated by H exchange and H loop contributions to dipole moments, as illustrated in
Fig. 30 [48].

Constraints from AF = 2 processes such as K — K, D — D, B — B and B, — B, mixing constrain
flavour-changing H couplings so severely that quark-flavour-violating H decays are too suppressed to be
detectable in the foreseeable future. However, the upper limits on lepton-flavour-changing H couplings
are much weaker, and leave open the possibility that either H — 7p or H — 7e might have a branching
ratio as large as ~ 10%, comparable to the branching ratio for H — 77. (The upper limit on y — ey
forbids both branching ratios from being large simultaneously.) On the other hand, the constraints on
the flavour-violating H pe coupling from anomalous p¢ — e conversion on nuclei and ;@ — ey are much
stronger, and require BR(H — pe) < O(1079) [48].
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3.2.4 Measuring the Triple-Higgs Coupling

If the Englert-Brout-Higgs field gives masses to elementary particles, and if this field is itself elementary,
and if the Higgs boson is the particle associated with this field, what gives a mass to the Higgs boson? The
answer within the Standard Model is the Englert-Brout-Higgs field itself, via the triple-Higgs coupling.
Examining the effective Lagrangian (35), we see the following terms:

p? 1
LHiggs —?nQ — )\v773 — ZnA‘, (94)
where 1 denotes the quantum fluctuation in the Englert-Brout-Higgs field around its classical v.e.v., see
(29).

The triple-Higgs coupling may be measured via H pair production [69], which should be within
reach of the LHC with high luminosity 8. The dominant mechanism for H H production is expected to be
gg fusion: g9 — H* — H H, with an important background from ¢ and b box diagrams for gg — HH.
Another strategy for measuring the triple-Higgs coupling is indirectly via its effects on the cross section
forete™ — Z + H [70].

3.3 Supersymmetry

What else is there beyond the Higgs boson already discovered? Supersymmetry is my personal favourite
candidate for physics beyond the Standard Model [5]. In my view, the discovery of a/the Higgs boson
has strengthened the scientific case for supersymmetry. In addition to the traditional arguments that low-
energy supersymmetry could resolve the fine-tuning (naturalness) aspect of the electroweak hierarchy
problem, could provide the astrophysical dark matter, could facilitate grand unification and is essential
(7) for string theory, we should remember that simple supersymmetric models stabilize the electroweak
vacuum, predicted successfully the existence of a Higgs boson weighing < 130 GeV [71], and also
predict (successfully, so far) that Higgs couplings should be within a few % of their Standard Model
values. No wonder I wrote the word ‘supersymmetry’ in the largest possible font on one of my slides!

Historically, the first motivation for supersymmetry at the TeV scale came from considerations of
quantum (loop) corrections to the Higgs mass-squared, mlzq, and thereby to the electroweak scale [5].
For example, a generic fermionic loop such as that in Fig. 31(a) yields a correction:

2
Am? = —%[2/\2 + 6m% In(A/my) + .., (95)
where y; is the Yukawa coupling: yrH 11p, and A is an ultraviolet cutoff that represents the scale up to
which the Standard Model remains valid, beyond which new physics appears. This contribution to the
mass of the Higgs diverges quadratically with A. Hence if the Standard Model were to remain valid up
to the Planck scale, Mp ~ 10' GeV, so that A = Mp, this correction would be ~ 103* times larger
than the physical mass-squared of the Higgs, namely (10?) GeV)?. Moreover, the loop of a scalar field

S, shown in Fig. 31(b), makes a similarly divergent contribution:

As

o7 [A%Z — 2m%In(A/ms) + ...], (96)

2 _
AmH—

where Ag is the quartic coupling of S to the Higgs boson.

Comparing (95) and (96), we see that the quadratically-divergent terms o< A? would cancel if,
corresponding to every fermion f there is a scalar S with quartic coupling

As = 2yF. 97)

$Measuring the quadruple-Higgs coupling would require measuring triple- H production, which is likely to require a higher-
energy collider such as the VHE-LHC described later.
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Fig. 31: One-loop quantum corrections to the mass-squared of the Higgs boson due to (a) the loop of a generic
fermion f, (b) a generic scalar S.

This is exactly the relationship imposed by supersymmetry! Therefore, there are no quadratic diver-
gences in supersymmetric field theories, not just at the one-loop level discussed above, but also at the
multi-loop level °. This means that if there is some dynamical mechanism that imposes a large hierarchy
between different physical mass scales at the tree level, supersymmetry anables it to be maintained in a
natural way.

A different motivation for supersymmetry is provided by the measured mass of the Higgs boson.
As already remarked, the electroweak vacuum would not be stable in the absence of any new physics,
since the (negative) renormalization by top quark loops would drive the quartic Higgs self-coupling
negative at some scale < 10'? GeV, probably in the range 10'° to 10'3 GeV. This could be averted if
there were some new physics to counteract the negative renormalization by the top quark. In order to
have the opposite sign to the top loop, this new physics should be bosonic, much like the stop squark [72]
But then one must consider all the quartic bosonic couplings permitted (enforced) by renormalizability,
end ensure that none of them blow up or generate an instability, which requires fine-tuning to one part
in 102 in the simplest case studied. However, this fine-tuning could be made more natural by postulating
a new fermion, much like the Higgsino. Thus, one finishes up with a theory that looks very much like
supersymmetry!

Within a supersymmetric theory, the renormalization due to the top quark could prove to be a
blessing in disguise! After cancelling the quadratic divergences in (95, 96), one is left with residual
logarithmic divergences that can be resummed using the renormalization-group equations (RGEs). Not
knowing how supersymmetry is broken, one often assumes that this occurs far above the TeV scale,
e.g., around the grand unification or Planck scale, Mgyr or Mp. In this case, the Higgs and other
supersymmetry-breaking masses for scalars and gauginos are renormalized significantly by time the elec-
troweak scale is reached. At leading order in the RGEs, which resum the leading one-loop logarithms,
the renormalizations of the soft gaugino masses M, coincide with the corresponding gauge couplings:

dM,
dQ

where [, is the one-loop renormalization coefficient including supersymmetric particles. Hence, to
leading order
2 (Q)

Ma(Q) = aGUT

if the gaugino masses are assumed to have a universal value m /; at the same large mass scale Mgy as
the gauge couplings «,. For this reason, one expects the gluino to be heavier than the wino: mg/m;, ~
a3/ and the bino to be lighter again.

Q = BaMa, (98)

my /o 99)

The gaugino masses contribute to the renormalizations of the soft supersymmetry-breaking scalar
masses-squared m? via the gauge couplings, and the scalar masses and the trilinear soft supersymmetry

“Moreover, many logarithmic corrections to couplings are also cancelled in a supersymmetric theory.
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breaking parameters A contribute via the Yukawa couplings:

Qdm? 1
0 = 6 [—gaMZ + X*(mi + A3)] . (100)

For most of the scalar partners of Standard Model fermions, one has at leading order
mi(Q) = mi + Cim? ), (101)

where the coefficients C; depends on the gauge quantum numbers of the corresponding fermion. Since
renormalization by the strong coupling is largest, one expects the squarks to be heavier than the sleptons.
Specifically, if all the m; and the M, are each assumed to be universal at the GUT scale (a scenario
known as the CMSSM)), at the electroweak scale one finds:

Squarks : m(% ~ m% + Gm% /2> (102)
Left — handed sleptons : m?;L ~ m(z) + O.5m% /2> (103)
Right — handed sleptons : m%R ~ mg + 0.15m% /2 (104)

Typical results of calculations of these renormalization effects in the CMSSM are shown in Fig. 37.

Supersymmetry requires at least two Higgs doublets, one to give masses to charge-(+2/3) quarks,
H,, and the other to give masses to charge-(-1/3) quarks and charged leptons, H;, and we denote the
ratio of their v.e.v.s as tan 5. As we see in Fig. 32, renormalization by the top quark Yukawa coupling
is important for one of the Higgs multiplets '°, and may drive m%lu negative at the electroweak scale.
This may explain the negative sign of the quadratic term in the effective Standard Model potential, and
would trigger electroweak symmetry breaking. If the top quark is heavy, it is possible for the electroweak
scale to be generated naturally at a scale ~ 100 GeV if m; ~ 100 GeV. For this reason, supersymmetry

theorists actually suggested that the top quark should be heavy, before its discovery.
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Fig. 32: Results of calculations of the renormalization of soft supersymmetry-breaking sparticle masses, assuming
universal scalar and gaugino masses mg, m /2 at Mgyr. In general, strongly-interacting sparticles have larger
physical masses at low scales, and the m%lu is driven negative, triggering electroweak symmetry breaking.

!'Renormalization by the other third-generation sfermions may also be important if tan /3 is large.
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The two complex Higgs doublets of the MSSM have eight degrees of freedom, of which three
are used by the Higgs mechanism for electroweak breaking to give masses to the W+ bosons and to the
79, leaving five physical Higgs bosons in the physical spectrum. Of these, two (h, H) are neutral Higgs
bosons that are CP-even (scalar), one (A) is neutral and CP-odd (pseudoscalar), and two are charged, the
H?*. At tree level, the masses of the scalar supersymmetric Higgs bosons are:

1
m,QZH =3 (mi +m% F \/(mQA +m%)? — 4m?%m? cos? 2ﬁ> , (105)

and the mass of the h is bounded from above by m . This upper limit arises because the quartic Higgs
coupling A is fixed in the MSSM to be equal to the square of the electroweak gauge coupling (up to
numerical factors), so that A and hence m0 cannot be very large.

However, there are important radiative corrections to the above relations [71], the most important
correction for my, being the one-loop effect of the top quark and stop squark:

4 e M-
Am2 R 1n< :12t2>+..., (106)

where mg, , are the physical masses of the stops. The correction Am% (106) depends quartically on the
mass of the top, and after including this and higher-order corrections the mass of the lightest Higgs boson
may be as large as [71,73]:

mp < 130 GeV. 107)

for stop masses of about a TeV, as seen in Fig. 33. The uncertainty in the calculation of my, for given
values of the supersymmetric model parameters is typically ~ 1.5 GeV. As noted earlier, the range (107)
is perfectly consistent with the mass measured by ATLAS and CMS, yet another attractive feature of
supersymmetry.
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Fig. 33: The masses of the supersymmetric Higgs bosons as functions of m 4 for fixed values of the other MSSM
parameters.

In general, the couplings of the supersymmetric Higgs bosons differ from those in the Standard
Model.

gy = sin(B—a)gity, (108)
gHVYV = 008(5—04)9151]\4\/7 (109)
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/

ghaz = cos(ﬁ—a)m)gm, (110)
_ _ sina g g
Inbbs Ghrtr— = cos pInbb  Jhrtr - (IT1)

If mg > myy, the masses of the other four Higgs bosons are very similar: mg ~ my ~ mpg=.
However, there is a different and interesting possibility of m 4 is small, namely that mpg ~ 125 GeV, in
which case the Higgs discovered at the LHC might actually be the second-lightest Higgs boson, and there
might be a lighter one waiting to be discovered [74] !'. Fig. 34 compares the predictions for various Higgs
decays, relative to their Standard Model values, for fits in which the Higgs boson discovered is assumed
to be the lightest one h (upper panel) and in which it is the heavier scalar H (lower panel). Overall, the
quality of the conventional fit is better, but the unconventional fit may not yet be excluded. Experiments
should continue the search for a lighter Higgs boson, remembering that it might have different couplings
from those in the Standard Model.
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Fig. 34: Results of fits to Higgs data assuming (upper panel) that the Higgs boson discovered is the lightest
supersymmetric Higgs h (upper panel) and in which it is the heavier scalar H (lower panel) [74].

3.4 Higgs and Supersymmetry

Let us now explore the implications for supersymmetry of the Higgs discovery, assuming that it is in-
deed the lighter scalar supersymmetric Higgs boson h. Important constraints on supersymmetric models
are imposed by electroweak precision observables and flavour physics observables, the cosmological
density [75] and astrophysical searches for cold dark matter [76], as well as LHC searches. In the fol-
lowing, we also take into account the experimental measurement of the anomalous magnetic moment
of the muon, g, — 2, which disagrees with theoretical calculations within the Standard Model by ~ 3
standard deviations [77]. This discrepancy could be explained by supersymmetry at a relatively low
mass scale, although this possibility is disfavoured in simple supersymmetric models by the LHC Higgs
mass measurement and the absence (so far) of direct evidence for supersymmetric particles at the LHC.
Fig. 35 displays the relevant constraints provided by various ATLAS searches for supersymmetry with

""There are more possibilities for a lighter Higgs boson in the next-to-minimal supersymmetric extension of the Standard
Model (NMSSM).

155



J. ELLIS

the full Run 1 data set of ~ 20/fb of data at 8 TeV [78], using signatures with missing transverse en-
ergy (MET), jets, leptons and b quarks, interpreted within the CMSSM in which there are universal soft
supersymmetry-breaking scalar masses m, gaugino masses 1m; /5 and trilinear parameters Ag = —2myq
at the input GUT scale, assuming that tan 5 = 30. We see that at small mg the most important constraint
is provided by searches for jets + MET, whereas searches for leptons, b-jets and MET are more important
at large myg.
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Fig. 35: Constraints on the universal soft supersymmetry-breaking scalar masses mg, and gaugino masses m /3
of the CMSSM from ATLAS searches for supersymmetry with the full Run 1 data set of ~ 20/fb of data at 8 TeV,
using signatures with missing transverse energy (MET), jets, leptons and b quarks, assuming trilinear parameters
Ag = —2my at the input GUT scale and tan 8 = 30 [78].

In the following I present some results from a recent analysis [79] of these constraints made us-
ing the MasterCode framework [80], which incorporates a code for the electroweak observables based
on [81], the flavour codes SuFla [82] and SuperIso 3.3 [83], SoftSUSY 3.3.9 [84] and FeynHiggs
2.10.0 [73] for spectrum calculations, and the MicrOMEGAs 3.2 [85] code for dark matter, which are
interfaced using the SUSY Les Houches Accord [86]. We use the MasterCode framework to construct
a global likelihood function (x?) that includes contributions from all the relevant observables.

Fig. 36 displays the regions of the (1mg,m;/2) plane alowed at the 95% CL (blue lines) and
favoured at the 68% CL (red lines) after taking all these constraints into account [79]. The solid lines
and filled star are obtained using the current 20/fb ATLAS constraints, and the dashed lines and open star
are based on the previous constraints from 7/fb of LHC data at 7 TeV. The my, constraint has the effect
of favouring relatively large values of m, /5 beyond the reach of the direct LHC searches for supersym-
metric particles, which have an impact only at low values of my /5. We note that the 1y, constraint is
relatively independent of mg. Large values of m /5 are excluded by the dark matter density constraint.

The one-dimensional x? function for the gluino mass m; resulting from this analysis of the
CMSSM is shown in the upper left panel of Fig. 37 [79]. Again, the solid line is based on the cur-
rent data set and the dotted line is based on the previous data set. We see that updating from the 7/fb
7-TeV data to the 20/fb 8-TeV data does not change the x? function substantially. The current 95% CL
lower limit on mg ~ 1350 GeV. A similar plot for the mass of a generic supersymmetric partner of a
right-handed quark is shown in the upper right panel of Fig. 37. In this case, the 95% CL lower limit
is mg, ~ 1650 GeV. The lighter supersymmetric partner of the top quark may be significantly lighter,
as shown in the lower left panel of Fig. 37, with a 95% CL lower limit m; ~ 750 GeV. Finally, the
corresponding plot for the lighter supersymmetric partner of the 7 lepton is shown in the lower right
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Fig. 36: The (mg,m1/2) plane in the CMSSM after implementing the constraints from ATLAS MET searches,
precision electroweak.data, flavour physics, g,, — 2, mj, and dark matter. The results of the current CMSSM fit
are indicated by solid lines and a filled star, and a fit to previous data is indicated by dashed lines and open stars.
The red lines denote Ay? = 2.30 contours (corresponding approximately to the 68% CL), and the red lines denote
Ax? = 5.99 (95% CL) contours [79].

panel of Fig. 37. This is expected to be the next-to-lightest supersymmetric particle, after the dark matter
particle y, and may have a mass as low as 330 GeV at the 95% CL.

Ref. [87] provides estimates of the supersymmetry discovery reach of the LHC with 14 TeV, e.g.,
the (mo, my /) plane displayed in Fig. 38. As seen there, the 5-0 discovery reach for squarks and gluinos
with 300/fb of luminosity should be to mgz ~ 3500 GeV and mg, ~ 2000 GeV in the CMSSM, and
the discovery range with 3000/fb of luminosity would extend a few hundred GeV further. Thus, large
parts of the CMSSM parameter space will be accessible in future runs of the LHC '2. The priorities and
prospects for future colliders will depend whether the LHC discovers supersymmetry during its runs at
14 TeV, but certainly more detailed studies of the Higgs boson will be on the agenda of the LHC and
future accelerators, as discussed in the last Section of these lectures.

3.5 What Accelerator Next: a Higgs Factory?

One of the possible options for a future accelerator is a ‘Higgs Factory’ designed to study the Higgs
boson in detail. In fact, we already have a Higgs Factory, namely the LHC, which has already produced
millions of Higgs bosons, though only a small fraction of them have been observed. High-energy runs
of the LHC will start in 2015, and luminosity upgrades are being planned. Accordingly, the capabilities
of the LHC are being rethought from the Higgs Factory perspective. However, although the upgraded
LHC will produce orders of magnitude more Higgs bosons, its capabilities are limited by theoretical
uncertainties in the production cross section as well as by the backgrounds that render unobservable
some interesting decay modes.

Both these shortcomings would be avoided at a lepton collider, and various options are being
considered. The most mature concept is a linear e™e™ collider, and two projects are being developed:
the ILC that would operate initially at energies up to 500 GeV [88], and CLIC that could possibly operate
at energies up to 3 TeV [89], where the Higgs production cross section would be larger.

121t should be emphasized that the likelihood estimates made here are specific to the models studied, as are the estimates of
the physics reaches.
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Fig. 37: The one-dimensional x? likelihood functions in the CMSSM for m; (upper left), mg,, (upper right), mg,
(lower left) and m3, (lower right). In each panel, the solid line is derived from a global analysis of the present
data, and the dotted line is derived from an analysis of a previous data set, using current implementations of the
constraints applied there [79].

In the last couple of years, the alternative possibility of a circular ete™ collider has been re-
vived [90]. Proposals include LEP3, a design for a high-luminosity /s = 240 GeV e™e™ collider that
could be installed in the LHC tunnel, and TLEP, a 1/s = 350 to 500 GeV collider that could be installed
in a larger tunnel with a circumference of 80 to 100 km. Also under consideration is a ™~ collider,
that would benefit from the (expected) larger coupling of the Higgs to the muon. Finally, there is the
idea of a photon-photon collider, for example SAPPHIRE [91] that would exploit the recirculating linear
accelerators proposed for the LHeC electron-proton collider.

Fig. 39 displays ATLAS estimates of the measurement uncertainties in Higgs signal strengths p
(left) and ratios of partial decay widths (right) with integrated luminosities of 300/fb (green) and 3000/fb
(blue) [87] 3. We see good prospects for significant improvements with 300/fb relative to the current
measurements, and for further improvements with 3000/fb that would enable several Higgs couplings to
be measured with accuracies < 10 %.

Fig. 40 displays estimates of the accuracies of measurements of the Higgs couplings to other
particles that would be possible with the ILC [88], combining data from /s = 250, 500 and 1000 GeV.
This figure exhibits the prospective improvements in testing the linear dependence of the couplings on
the other particle masses expected in the Standard Model.

The possible improvements in 77

brown.

7~ measurements that could be provided by a more complete analysis are shown in
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Fig. 38: The physics reach of the LHC in the (mg,m; /) plane provided by searches for squarks and gluinos
assuming that the LSP mass is negligible. the different colours represent the production cross section at 14 TeV.
The solid (dashed) lines display the 5-0 discovery reach (95% CL exclusion limit) with 300/fb and 3000/fb respec-
tively [87].
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Fig. 39: Summary of ATLAS Higgs analysis sensitivities to signal strengths p (left) and ratios of partial decay
widths (right) with integrated luminosities of 300/fb (green) and 3000/fb at /s = 14 TeV for a Standard Model
Higgs boson with a mass of 125 GeV [87].
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Fig. 40: Summary of the possible ILC accuracies for measurements of the Higgs couplings to other particles that
could be obtained by combining data at 250, 500 and 1000 GeV [88].

As compared to linear eTe™ colliders, circular colliders possess the feature that the achievable
luminosity increases at lower energies, assuming that a fixed amount of power can be supplied to the
beams. This feature is illustrated in Fig. 41 for the cases of TLEP, CLIC and the ILC [92]. Another
feature of a circular e*e™ collider is that it can accommodate multiple interaction points (IPs), whereas
a linear collider has only a single IP, possibly with multiple detectors operated alternately in push-pull

mode.
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Fig. 41: Comparison of the luminosities estimated for TLEP with either one or four interaction points (IPs), CLIC
and the ILC (which would have only a single IP) as functions of /s [92].

The experimental conditions at circular and linear eTe™ colliders are similar, with the difference
that the bean energies are spread by beamstrahlung in the linear case and by synchrotron radiation in
the circular case, which yields a lower probability of large energy loss. Preliminary studies of possible
Higgs measurements at TLEP have been made with simulations of the CMS detector that was designed
for LHC physics [92]. Fig. 42 shows one example, that of the process ete™ — H + Z followed by
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H — ete™, u™p~: adetector specifically designed for eTe™ collisions such as those developed for the
ILC or CLIC would undoubtedly improve on these measurements.
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Fig. 42: Example of a simulation of the process ete™ — H + Z followed by H — e*e™, u*pu~ at TLEP using
a simulation of the CMS detector that was designed for LHC physics [92].

Fig. 43 shows a comparison of the estimated uncertainties in possible measurements of Higgs
couplings with the high-luminosity upgrade of the LHC at /s = 14 TeV (HL-LHC, green), the ILC
(blue) and TLEP (red) operating at /s = 350 GeV [92]. In the case of the HL-LHC, just one experiment
is included, and the dashed lines neglect the possibility of improved theoretical calculations leading to
reduced theoretical uncertainties. In each case, we see that TLEP could provide an accuracy considerably
superior to that of the ILC, which is traceable directly to the higher statistics made available by the higher
luminosity of TLEP visible in Fig. 41.

1 +1%

2 L

510 [—|=HL-LHC
g [ |=ncsso
8 [ |—Tiepsso
6 5

=

S

@

8

o

e

-10

- HL-LHC : One experiment only

HZZ HWW  Hbb Hcc Hgg Hrr Hyy
Fig. 43: Comparison of the estimated uncertainties of measurements of Higgs couplings with the high-luminosity

upgrade of the LHC (HL-LHC, green), the ILC (blue) and TLEP (red) operating at /s = 350 GeV [92].

Fig. 44 shows the result of a two-parameter (M, ¢) fit (83) to the TLEP coupling measurements
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listed in Figs. 43, assuming the same central values as the Standard Model, which yields

M = 246.0 £ 0.8 GeV, ¢ = 0.0000700075 , (112)

offering the possibility of probing the Standard Model couplings at the few per-mille level. From this
analysis we see that TLEP offers peerless capabilities for measuring Higgs properties. It is worth men-
tioning that TLEP also offers unique possibilities for other precision measurements of the Standard
Model, e.g., at the Z° peak and in W W~ production. However, the full exploitation of these ac-
curate measurements will require a new generation of high-precision calculations within the Standard
Model, posing a challenge to the theoretical community.
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Fig. 44: The result of a two-parameter (M, ¢) fit (83) to the TLEP coupling measurements listed in Figs. 43,
assuming the same central values as the Standard Model, to be compared with the left panel of Fig. 21.

This point is exemplified in Fig. 45. The horizontal bars represent the experimental accuracies with
which various Higgs couplings can be measured at the LHC with 300/fb of luminosity, at the HL-LHC
with 3000/fb of luminosity, at the ILC and at TLEP. Also shown are the deviations from the Standard
Model predictions for various Higgs branching ratios calculated in typical supersymmetric fits within the
models described in the previous Section. The good news is that TLEP would have sufficient precision
to distinguish these models from the Standard Model. Unfortunately, there is some bad news as well.
Fig. 45 that shows the current theoretical uncertainties in these branching ratios quoted by the LHC Higgs
cross-section working group [39] dwarf the TLEP experimental uncertainties. More precise theoretical
calculations will be sorely needed.

3.6 A Vision for the Future

It would be premature to decide on the top priority for a possible future large collider before we see at
least some first results from the LHC at 13/14 TeV. The physics landscape will be completely different
if supersymmetric particles or some other new physics is discovered at the TeV scale. In my opinion, in
that case it would be a mistake to invest the world’s particle physics resources in a collider incapable of
studying the new TeV-scale physics.

Beyond any reasonable doubt, the ATLAS and CMS experiments at the LHC have discovered a
Higgs boson, but it remains an open question whether there may be others. However, the existence of an
(apparently) elementary scalar boson poses a big challenge for theoretical physics. Most of the responses
to this challenge postulate some new physics at the TeV scale. There is some puzzlement that no such
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Fig. 45: From top to bottom: uncertainties in the measurements of Higgs branching ratios that may be made at the
LHC with 300/fb, the HL-LHC with 3000/fb, the ILC and TLEP, and finally the current theoretical uncertainties
within the Standard Model. Also shown are the deviations from Standard Model predictions found in representative
fits within supersymmetric models [92].

new physics turned up in the first LHC run at 7 and 8 TeV, but it is too soon for disappointment, still
less despair. The LHC has broad possibilities for discovering new physics beyond the Standard Model
when it restarts at 13/14 TeV. If it does discover new physics at the TeV scale, the top priority will be to
study it, and beyond the LHC, a very-high-energy pp collider may offer the best prospects for long-term
studies of this new physics. If the LHC does not discover more new physics, it would be natural to
focus on studies of the Higgs boson that has already been discovered, in which case TLEP offers the best
prospects, also for other high-precision physics.

The TLEP project is part of a vision for the future of particle physics that combines indirect ex-
ploration of possible new physics at the 10-TeV scale in eTe™ collisions with direct exploration of this
energy scale in very-high-energy pp collisions at /s < 100 TeV in the same tunnel with a circumfer-
ence of 80 to 100 km [93]. The communities interested in these complementary exploratory projects
should work together to realize this vision, whose physics case will require a major effort to develop and
convince those who control the global resources for scientific research.
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Abstract

We introduce aspects of physics beyond the Standard Model focusing on su-
persymmetry, extra dimensions, and a composite Higgs as solutions to the Hi-
erarchy problem. Lectures given at the 2013 European School of High Energy
Physics, Paradfiird6, Hungary, 5 — 18 June 2013.

This document is based on lectures by C.C. on physics beyond the Standard Model at the 2013
European School of High-Energy Physics. We present a pedagogical introduction to supersymmetry,
extra dimensions, and composite Higgs. We provide references to useful review literature and refer to
those for more complete citations to original papers on these topics. We apologize for any omissions in
our citations or choice of topics.

1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion loops
(especially the top quark). Diagrammatically,

These loops are quadratically divergent and go like [ d*k (k? —m?)~1 ~ A? for some cutoff scale A.
Explicitly,

A2
3272

1
om% 6A+ 5 (9% + 3¢”) — v? (1.1)
If A > 10 Tev (for example, A ~ Mpy), then the quantum correction to the Higgs mass is much larger
than the mass itself, 5m%{ > qu This is the Hierarchy problem: the Higgs mass is quadratically
sensitive to any mass scale of new physics. This problem is specific to elementary scalars.

Unlike scalars, the quantum corrections to fermion and gauge boson masses are proportional to the
particle masses themselves. In this way, small fermion and gauge boson masses are technically natural:
the loop corrections are suppressed by the smallness of the tree-level parameter. For fermions this is
because of the appearance of a new chiral symmetry in the massless limit. For gauge bosons this is
because gauge symmetry is restored in the massless limit. By dimensional analysis, the corrections to
these mass parameters cannot be quadratically sensitive to the cutoff, A,

Ame ~ meln <A> (1.2)
Me
2 2 A

The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/e poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
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Fig. 1: Heuristic two-loop contributions to the Higgs mass from heavy fermions, ¥. Even though the ¥
do not directly couple to the Higgs, they reintroduce a quadratic sensitivity to the new scale.

divergences, it is about the separation of the electroweak and UV scales. Any new physics coupled to
the Higgs will reintroduce the quadratic dependence on the scale at which the new physics appears. For
example, suppose new physics enters at the scale mg by a four-point interaction between the Higgs and
an additional complex scalar, AL D \g|H|?|S|?. The contribution to the Higgs mass from a loop of the
S particle is

As

smy = —=
"H = {gp2

[A%V —2m%1n (?) + (ﬁnite)} : (1.4)
S

Suppose one chose to ignore the term quadratic in the loop regulator, Ay —note that there’s no justi-
fication to do this—the logarithmically divergent piece (corresponding to the 1/¢) and the finite pieces
are proportional to the squared mass scale of the new physics, m%. The regulator Ayy is not a physical
scale, but m% is the scale of new physics. The Higgs mass is quadratically sensitive to this scale, no
matter how one chooses to regulate the loop.

This quadratic sensitivity is true even if these new states are not directly coupled to the Higgs but
only interact with other Standard Model fields. For example, suppose there were a pair of heavy fermions
W which are charged under the Standard Model gauge group but don’t directly interact with the Higgs.
One still expects two loop contributions to the Higgs mass from diagrams such as those in Fig. 1. These
contributions are of the form

2 2
g Ayv .
omi ~ (16772> [aA%V + 48m3.In P + (finite) | . (1.5)
This is indeed of the same form as (1.4). Note that in this case, the sensitivity to the new scale is softened
by a loop factor.

The Higgs mass operator |H|? is a relevant and thus grows in the infrared. From the Wilsonian
perspective, the Hierarchy problem is the statement that is is difficult (finely tuned) to choose a renormal-
ization group trajectory that flows to the correct Higgs mass. In summary, the Hierarchy problem is the
issue that the Higgs mass my is sensitive to any high scale in the theory, even if it only indirectly couples
to the Standard Model. Thus naively one would expect that m g should be on the order of the scale of
new physics. In the Wilsonian picture, the Higgs mass is a relevant operator and so its importance grows
towards the IR. Indeed, m g is the only relevant operator in the Standard Model.

The implication of the Hierarchy problem is that there should to be new physics at the TeVv scale
that eliminates the large loop contributions from above the TeV scale'. In these lectures we explore some
of options for the physics beyond the SM that enforce naturalness. Before going into further detail, here
is a brief overview of some of the possibilities for this to happen:

— Supersymmetry: relate the elementary scalar Higgs to fermions in such a way that the chiral
symmetry protecting the fermion mass is extended to also protect the scalar mass.

!See [1] for a recent discussion of naturalness and fine-tuning in the post-Higgs era.

170



BEYOND THE STANDARD MODEL

Gauge-Higgs unification: relate the the elementary scalar Higgs to an elementary gauge field so
that gauge symmetry also protects the Higgs mass.

— Technicolor, Higgsless: there is no Higgs boson, just a dynamically generated condensate.

— Composite Higgs, warped extra dimensions: There is a Higgs, but it is not elementary. At
the Tev scale the Higgs “dissolves”: it becomes sensitive to large form factors that suppresses
corrections.

— Pseudo-Goldstone Higgs: The Higgs is a pseudo-Goldstone boson of a spontaneously broken
symmetry. This gives some protection against quadratic divergences, usually removing the one-
loop contribution. In practice one must still combine with additional mechanisms, such as in little
Higgs models.

— Large extra dimensions: The fundamental Planck scale is actually ~ Tev and only appears much
larger because gravity is diluted through its propagation in more directions.

2 Supersymmetry

Recall that under an infinitesimal transformation by an ‘ordinary’ internal symmetry, a quantum field ¢
transforms as

©; — (]lij -+ Z‘Gaﬂ?)(p]‘, 2.1)

where € is an infinitesimal parameter, T is the [bosonic] generator of the symmetry, and ¢, j label the
representation of ¢ with respect to this symmetry. These internal symmetries do not change the spin of
¢: bosons remain bosons and fermions remain fermions. Supersymmetry (SUSY) is a generalization
of this ‘ordinary’ symmetry where generator is now fermionic. Thus a SUSY transformation changes
fermions into bosons and vice versa.

Further reading: Wess and Bagger [?] is the canonical reference for the tools of supersymmetry. The text by Terning
has a broad overview of SUSY and its modern applications in particle physics. Additional reviews include [?, ?,2]. Key
historical papers are collected in [3] and a more personal account is presented in [4]. More formal topics in SUSY that are
beyond the scope of these lectures, but are key tools for model builders, can be found in [5-7].

2.1 The SUSY algebra

The *60s were very successful for classifying hadrons based on Gell-Mann’s SU(3) internal symmetry.
Physicists then tried to enlarge this group to SU(6) so that it would include

SU(3)Gell-Mann X SU(2)spin7 (22)

but they were unable to construct a viable relativistic model. Later this was understood to be a result
of the Coleman-Mandula ‘no go’ theorem which states that one cannot construct a consistent quantum
field theory based on a nontrivial combination of internal symmetries with space-time symmetry [8].
The one exception came from Haag, Lopuszanski, and Sohnius: the only non-trivial combination of an
internal and spacetime symmetry is to use a graded Lie algebra whose generators are fermionic [9].
Recall that fermionic objects obey anti-commutation relations rather than commutation relations. The
main anti-commutation relation for SUSY is:

{Q4. Qay} = 2Pu0” 03, 2.3)
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where the Q and @ are SUSY generators (supercharges) and P, is the momentum operator. Here the «
and & are Lorentz indices while A, B index the number of supercharges. For completeness, the rest of
the algebra is

MM MP7] = ( MM PP 4 MYPpHo — MHFPRYT — MVOpHe) (2.4)
[P, PY] = (2.5)
(M, P7] = (P“ Y7 — Pri?) (2.6)
Q4 MM) = ("), Qf 27
QA PH =0 (2.8)
{Qa,QF} = eapz™P. 2.9)

The Z4Z may appear for N > 1 and are known as central charges. By the Coleman-Mandula theorem,
we know that internal symmetry generators commute with the Poincaré generators. For example, the
Standard Model gauge group commutes with the momentum, rotation, and boost operators. This carries
over to the SUSY algebra. For an internal symmetry generator 7y,

(T4, Qa) = 0. (2.10)

This is true with one exception. The SUSY generators come equipped with their own internal symmetry,
called R-symmetry. For A/ = 1 there exists an automorphism of the supersymmetry algebra,

Qo — Qo Qs — e Q. 2.11)

for some transformation parameter ¢. This is a U(1) internal symmetry. Applying this symmetry pre-
serves the SUSY algebra. If R is the generator of this U(1), then its action on the SUSY operators is
given by

Qo — e Qe (2.12)

By comparing the transformation of ) under (2.12), we find the corresponding algebra,
[Qa, Rl = Qa [Qq» B = —Qq- (2.13)
Note that this means that different components of a SUSY multiplet have different R charge. For N > 1

the R-symmetry group enlarges to U(N).

2.2 Properties of supersymmetric theories

Supersymmetric theories obey some key properties:

1. The number of fermionic degrees of freedom equals the number of bosonic degrees of freedom.
To see this, first introduce an operator (—)™F such that,

Nea o) boson

where N is the fermion number operator. Note that
()" Q4 ) = ~Qa(—)"" |a) (2.15)

so that (—)N* and the supercharges anticommute, {(—)"%, Q4 } = 0. Next consider the operator
in (2.3) weighted by (—)"*. When one sums over the states in a representation—which we write
as a trace over the operator—one finds:

Tr (Y {Qd, QF }| = T [-Qid ()Y @ + ()Y QFea] =0, 16
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where in the last step we’ve used the cyclicity of the trace to convert the first term into the second
term up to a minus sign. By (2.3) the left-hand side of this equation is simply Tr [(—)N F 20;‘ BP“ .

Note that since Poincaré symmetry is assumed to be unbroken, P, is identical for each state in a
representation. Thus we are left with the conclusion that

Tr(—)NF =0, (2.17)
which implies that there is an equal number of fermions and bosons.

2. All states in a supersymmetry multiplet (‘supermultiplet’ or superfield) have the same mass. This
follows from the equivalence of P, acting on these states.

3. Energy for any state W is positive semi-definite (V| H|¥) > 0 and the energy for any vacuum with
unbroken SUSY vanishes exactly, (0| H|0) = 0.

2.3 Classification of supersymmetry representations

For the basic case of A' = 1 SUSY there is a single supercharge @ and its conjugate Q. The massless
representations of this class of theories are separated into two cases:

— (anti-)chiral superfield: contains a complex scalar and a 2-component (Weyl) spinor.
— vector superfield: contains a 2-component (Weyl) spinor and a gauge field.

These are the only N' = 1 representations that do not involve fields with spin greater than 1.

Multiplets when there is more supersymmetry. If there are more SUSY charges, e.g. N = 2, then the smallest represen-
tation is the hypermultiplet which contains a 4-component (Dirac) fermion and two complex scalars. For supersymmetric
extensions of the SM it is sufficient to focus only on the A/ = 1 case since this is the only case which admits the observed
chiral fermions of the Standard Model.

One can compare the number of bosonic and fermionic degrees of freedom in these representa-
tions. In the chiral superfield, the complex scalar carries 2 degrees of freedom while the complex Weyl
spinor carries 4 degrees of freedom. Recall, however, that fermions only have two helicity states so that
in fact only 2 of these fermionic degrees of freedom propagate on-shell. Since one of the key points of
using fields to describe physical particles is that we can describe off-shell propagation, we would like to
also have supersymmetry hold off-shell. This requires adding two ‘dummy’ scalar degrees of freedom,
which we package in a non-propagating ‘auxiliary’ complex field F":

Field oft-shell degrees of freedom on-shell degrees of freedom
scalar, ¢ 2 2
fermion, 1 4 2
auxiliary, F 2 0

For the vector superfield the Weyl spinor has 4 (2) off-(on-)shell degrees of freedom while the
massless gauge boson has 3 (2) off(on-)shell degrees of freedom after identifying gauge equivalent states.
As in the chiral superfield, the number of on-shell degrees of freedom match automatically while the
number of off-shell degrees of freedom require an additional non-propagating auxiliary field. In this
case we introduce a real scalar, D:

Field off-shell degrees of freedom on-shell degrees of freedom
fermion, v 4 2
gauge boson, A, 3 2
auxiliary, D 1 0
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2.4 Superspace

The most convenient way to describe A = 1 supersymmetric field theories is to use the superspace for-
malism. Here we understand the supersymmetry transformation generated by @ and @ to be a spacetime
transformation in an additional fermionic dimension. To do this, we introduce Weyl spinor superspace
coordinates 6, and 6%. Superfields are functions of x, §, and # and encode all of the off-shell degrees of
freedom of a supermultiplet.

Weyl spinors and van der Waerden notation. We assume familiarity with two-component Weyl spinors. These are the
natural language for fermions in four-dimensions. We use the van der Waerden notation with dotted and undotted indices
to distinguish the indices of left- and right-chiral spinors. Readers unfamiliar with this notation may consult [?, ?]. The
encyclopedic ‘two component bible’ is a useful reference for full details and as a template for doing calculations [10].

The sUSY algebra tells us that the effect of a SUSY transformation with infinitesimal parameters ¢
and € on a superspace coordinate (x, 6, 0) is

(x,0,0) — (2" + i0c" € — iea”0,0 + ¢,0 + ). (2.18)
It is useful to define the superspace covariant derivatives,
D= +-0 yio" 0% Da= -2 _igogh 2.1
a = T ops T10aat On «= 55, W %aau (2.19)
(6%

These are ‘covariant derivatives’ in that they anticommute with the SUSY generators?. They satisfy

{Da, D} = —2i(0") 504 and {Da,Dg} ={Ds, Dy} =0 (2.20)

B
By expanding in the fermionic coordinates, a generic superfield F(z, 6, ) can be written in terms
of component fields of different spin that propagate on ordinary spacetime,

F(z,0,0) = f(z)+ 0¢(x) + 0x(x) + 0°M(x) + 62N (x) + 05"0v, () + 020N (x) + 620¢ + 620°D(x)

This expansion is exact because higher powers of @ or @ vanish identically because an anticommuting
number 6; satisfies (91)2 = 0. As a sanity check, we are allowed quadratic terms in 6 since it is a Weyl
spinor and 0% = 649, = eaﬂ%ﬂa = 2016-.

With modest effort, one can work out the transformation of each component of this general super-
field by applying the transformation (2.18), expanding all fields in # and 6, and matching the coefficients
of each term. Some of the terms require massaging by Fierz identities to get to the correct form. Fortu-
nately, the general superfield above is a reducible representation: some of these fields do not transform
into one another. We can restrict to irreducible representations by imposing one of the following condi-
tions:

chiral superfield Dy® =0 2.21)
anti-chiral superfield Ds® =0 (2.22)
vector (real) superfield v=vt (2.23)
linear superfield D’L=D2L=0 (2.24)

The chiral and anti-chiral superfields carry Weyl fermions of left- and right-handed helicity respectively.
It is convenient to write all anti-chiral superfields into chiral superfields, for example by swapping the
right-handed electron chiral superfield with a left-handed positron superfield. The field content is identi-
cal, one is just swapping which is the ‘particle’ and which is the ‘anti-particle.’

2One may be used to thinking of covariant derivatives as coming from local symmetries with some gauge field. Here,
however, we consider only global SUSY. Geometrically, the covariant derivative comes from the fact that even rigid superspace
carries torsion [11].
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The linear superfield. The defining condition for this superfield includes a constraint that the vector component is
divergence free, 0, V* = 0. It is thus a natural supersymmetrization of a conserved current. We will not consider linear
superfields further in these lectures.

2.5 Supersymmetric Lagrangians for chiral superfields

One can check that because D (z* + i#c*0) = 0, any function of y* = z* + ifo*f is automatically a
chiral superfield () SF). Indeed, the most compact way of writing the components of a xSF is

D(y,0) = (y) + V201 (y) + 0°F(y). (2.25)

Again, we point out that this expansion is exact since higher powers of the Weyl spinor # vanish by the
antisymmetry of its components. Under a SUSY transformation with parameter ¢, the components of the
X SF each transform as

Sep(x) = V2ep(x) (2.26)
S(x) = iv20"ed, () + V2eF (x) (2.27)
5 F () = iv/2ea"0,1(x). (2.28)

Observe that the auxiliary field transforms into a total spacetime derivative. This is especially nice since
a total derivative vanishes in the action and so the highest component of a xSF is a candidate for a
SuUSY-invariant term in the Lagrangian. Thus we arrive at our first way of constructing supersymmetric
Lagrangian terms: write the F'-term of a chiral superfield.

To generate interesting interactions we don’t want to write the F'-terms of our fundamental fields—
indeed, these are generally not even gauge invariant. Fortunately, one can check that a product of chiral
superfields is itself a chiral superfield. Indeed, a general way of writing a supersymmetry Lagrangian
term built out of chiral superfields is

L= /d26 W(®) +h.c., (2.29)

where W is a holomorphic function of chiral superfields called the superpotential. Note that the integral
over d?@ is an ordinary fermionic integral that just picks out the highest component of 1. Performing
the fermionic integral gives Lagrangian terms

L=- aq>aq> W/’f Z‘

Observe that the superpotential is evaluated on the scalar components of the superfields, ® = ¢. One
can check that restricting to renormalizable terms in the Lagrangian limits the mass dimension of the
superpotential to [W] < 3.

(2.30)

Cancellation of quadratic divergences. One can check from explicit calculations that the SUSY formalism ensures the
existence of superpartner particles with just the right couplings to cancel quadratic divergences. A more elegant way to
see this, however, is to note that the symmetries of superspace itself prevent this. While it is beyond the scope of these
lectures, the superpotential is not renormalized perturbatively—see, e.g. [5, 12] for details. The holomorphy of W plays a
key role in these arguments. The symmetries of the theory enforce the technical naturalness of parameters in W, including
scalar masses.

Superpotential terms, however, do not include the usual kinetic terms for propagating fields. In
fact, one can show that these terms appear in the 262 term of the combination

22

1 1 1 .
¥10| = FF 4+ 1070+ 8¢ 0 — J0.07 0% + %auz/)&#w - %m—auw. (2.31)

Two immediate observations are in order:
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1. The complex scalar ¢ and Weyl fermion ¢ each have their canonical kinetic term. The non-
propagating field, F', does not have any derivative terms: its equation of motion is algebraic and
can be solved explicitly. This is precisely what is meant that F' is auxiliary.

2. ®'® is not a chiral superfield. In fact, it’s a real superfield and the 8262 component is the auxiliary
D field. Indeed, in the same way that the highest component of a ySF transforms into a total
derivative, the highest component of a real superfield also transforms into a total derivative and is
a candidate term for the Lagrangian.

We thus arrive at the second way to write supersymmetric Lagrangian terms: take the D-term of a real
superfield. We may write this term as an integral over superspace, | d*9 ®'®, where d*0 = d26 d6.

More generally, we may write a generic real function K (®, ®T) of chiral superfields, ® and T,
whose D term is supersymmetric contribution to the Lagrangian. This is called the Kéhler potential.
The simplest Kéhler potential built out of chiral superfields is precisely (2.31) and includes the necessary
kinetic terms for the chiral superfield. One can check that restricting to renormalizable terms in the
Lagrangian limits the mass dimension of the Kihler potential to [K] < 2. Combined with the condition
that K is real and the observation that chiral superfields are typically not gauge invariant, this usually
restricts the Kihler potential to take the canonical form, K = &, ®;.

The most general N' = 1 supersymmetric Lagrangian for chiral superfields is thus
L= /d40 K(®,®") + (/ d?0 W (®) + h.c.) . (2.32)

This expression is general, but renormalizability restricts the mass dimensions to be [K] < 2 and [IW] <
3. For theories with more supersymmetry, e.g. N' = 2, one must impose additional relations between
K and W. Assuming a renormalizable supersymmetric theory of chiral superfields ®;, we may plug in
K = <I>1-L<I>i and integrate out the auxiliary fields from (2.32). The result is

oW |2

i

(2.33)

_ 8*W ’
L = 0up;otpi + iiot Outhy — ———1; -—E

Here the superpotential is assumed to be evaluated at its lowest component so that W[®;(y,6)] —
W p;(x)]. Observe that dimension-2 terms in the superpotential link the mass terms of the Weyl fermion
and the complex scalar. Further, dimension-3 terms in the superpotential connect Yukawa interactions to
quartic scalar couplings.

2.6 Supersymmetric Lagrangians for vector superfields

Until now, however, we have only described supersymmetric theories of complex scalars and fermions
packaged as chiral superfields. In order to include the interactions of gauge fields we must write down
SUSY Lagrangians that include vector superfields.

Suppose a set of chiral superfields ® carry a U(1) charge such that ®(z) — exp(—iA)®(z). For
an ordinary global symmetry this is an overall phase on each component of the chiral superfield. For a
gauge symmetry, the transformation parameter is spacetime dependent, A = A(z). Note, however, that
this is now problematic because our definition of a chiral superfield, D,® = 0, contains a spacetime
derivative. It would appear that the naive gauge transformation is not consistent with the irreducible
SUSY representations we’ve written because it does not preserve the chiral superfield condition.

This inconsistency is a relic of keeping A(z) a function of spacetime rather than a function of the
full superspace. We noted above that a function of y* = a* + o8 is a chiral superfield and, further,
that a product of chiral superfields is also a chiral superfield. Thus a consistent way to include gauge
transformations is to promote A(z) to a chiral superfield A(y) so that exp(—iA(y))®(y) is indeed chiral.
In this way we see that supersymmetry has ‘complexified’ the gauge group.

176



BEYOND THE STANDARD MODEL

Under this complexified gauge transformation, the canonical Kéhler potential term that contains
the kinetic terms transforms to

3P — pfe—iA-ANg (2.34)

For gauge theories one must modify the Kihler potential to accommodate this factor. This is unsurprising
since gauging an ordinary quantum field theory requires one to modify the kinetic terms by promoting
derivatives to covariant derivatives which include the gauge field. To correctly gauge a symmetry, we
introduce a vector (real) superfield (VSF) V which transforms according to

V = V+i(A—AT (2.35)
and promote the Kihler potential to

K(®, o) = afe¥d. (2.36)

A generic VSF has many components, but many can be eliminated by partially gauge fixing to the
Wess-Zumino gauge where

_ __ _ 1 .-
V =~ 00”0V, () + i0?0\(x) — 020\ (z) + §92(921)(55). (2.37)

here V), (z) is the gauge field of the local symmetry, A(z) and A\(z) = AT(x) are gauginos, and D(z) is
the auxiliary field needed to match off-shell fermionic and bosonic degrees of freedom. The two gauginos
are the pair of two-component spinors that make up a Majorana four-component spinor. This gauge
choice fixes the complex part of the ‘complexified’ gauge symmetry, leaving the ordinary spacetime
(rather than superspace) gauge redundancy that we are familiar with in quantum field theory.

We have not yet written a kinetic term for the vector superfield. A useful first step is to construct
the chiral superfield,

1—a—
Wao = — ZD DyD,V (2.38)

=~ idali) + 65 [2D)  § (PPN Bl | + Pl A 239

One can see that W, is a chiral superfield because D BWO‘ = 0 from the antisymmetry of the components

of D, (2.20). Observe that unlike ®, the lowest component is a spin-1/2 field. Further, VW contains the
usual gauge field strength. Indeed, one can write the supersymmetric Yang Mills kinetic terms for the
vector superfield as

1 1
Lsym = Z WaWa’g +h.c. = Z /d29W2 + h.c.. (2.40)
One can check that this gives the usual kinetic terms for the gauge field and gauginos as well as an
auxiliary term. For completeness, the general form of the field strength superfield for a non-Abelian
supersymmetric gauge theory is
1—o— ay/a ay/a
TW? = —ZDaDae’T ViDae ™", (2.41)
Under a non-Abelian gauge transformation the chiral and vector superfields transform as

P — e 9T NP (2.42)
eToVe _y eToAT ToVe oA (2.43)
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The final form of the renormalizable, gauge-invariant, " = 1 supersymmetric Lagrangian is

1
L= / d*0dTesV @, + / a6 <4W3WO‘“ +h.c.> + / d?0 (W(®) +hc.). (2.44)

Non-renormalization and the gauge kinetic term. Although WW? looks like it could be a superpotential term, it is
important to treat it separately since it is the kinetic term for the gauge fields. Further the arguments that the superpotential
is not renormalized in perturbation theory do not hold for the W? term. Indeed, the prefactor of W? can be identified with
the [holomorphic] gauge coupling, which is only corrected perturbatively at one loop order. One way to see this is to note
that for non-Abelian theories, the gauge kinetic term W? @26 + h.c. also includes a topological term, F'F, which we know
is related to anomalies. Another way to see this is the note that the simplest demonstration of non-renormalization of the
superpotential makes use of holomorphy and the global symmetries of W: the vector (real) superfield from which W,, is
built, however, is not holomorphic and its fields cannot carry have the U(1) global symmetries used in the proof.

2.7 Example: SUSY QED

As a simple example, consider the supersymmetric version of quantum electrodynamics, SQED. In ordi-
nary QED we start with a Dirac spinor representing the electron and positron. Since we’ve seen above
that a chiral superfield only contains a Weyl spinor, we require two chiral superfields, ®,, which we
may interpret to be the electron and positron superfields. Our only two inputs are the electromagnetic
coupling e and the electron mass m. The latter suggests a superpotential

W@y, &)= md, d_. (2.45)
Writing out the resulting Lagrangian in components:
1
4
+ F*Fy + |Dypy |* +ithy D,a o,
+ F*F_ + |Dpp_[* +ip_D,5"1p_

- % (o394 A — ¢ P X) +hec.

e
FED (jpu ~lo-P)
+m (QO+F_ + (P_F+ — ¢+1/1_> + h.c. (246)

We can write this out explicitly by solving for the auxiliary fields D, F... The equations of motion are

1 _
ESQED = §D2 — FNVFMV - 'l)\O"ua,u)\

€ *
D=-3 (lo4+* = le-I?) Fy =—myk. (2.47)
Plugging this back into the Lagrangian gives
_ 5 LT L o o
Lsqep = Y (IDugil® + iy Dot ys) — $Fw Y = iAat 9,
=+
—m? (|4 ]* +[0-|") — mipyip —mip o
— o= o) = [ (i — B R) +he 2.48)
3 Y+ ¥ /2 P+¥+ Y- L .

The first line gives the kinetic terms for the electron ¢/_, positron ©_, selectron (¢_), spositron (¢ ),
photon A,,, and photino A\. The second line gives an equivalent mass to the chiral scalars and fermions.
The last line gives vertices that come from the supersymmetrization of the kinetic terms: four-point scalar
interactions from the D terms and a three-point Yukawa-like vertex with the ‘chiral” scalars and photino.
The relation between the gauge group and the four-point scalar interaction plays a central role in how the
Higgs fits into SUSY, as we show below.
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xSF  SU@B). SU@2)L Uy

Q 3 2 1/6
U 3 1 —2/3
D 3 1 1/3
L 1 2 —1/2
E 1 1 -1
Hd 1 2 1/2
H, 1 1 —1/3

Table 1: Matter content of the MSSM. Note that we have used 2 = 2 for SU(2);..

2.8 The MSSM

We now focus on the minimal supersymmetric extension of the Standard Model, the MSSM. To go from
the SM to the MSSM, it is sufficient to promote each SM chiral fermion into a chiral superfield and each
SM gauge field into a vector superfield. Thus for each SM fermion there is a new propagating scalar
sfermion (squarks or sleptons) and for each SM gauge field there is also a propagating gaugino, a fermion
in the adjoint representation. As we showed above, off-shell SUSY also implies non-propagating auxiliary
fields.

The matter (xSF) content of the MSSM is shown in Table 1. It is the same as the SM except that we
require two Higgs doublet chiral superfields. This is necessary for the cancellation of the SU(2) x U(1)y
and SU(2);, Witten anomalies coming from the Higgs fermions, or Higgsinos. An additional hint that this
is necessary comes from the observation that the superpotential is a holomorphic function of the chiral
superfields while the Standard Model up-type Yukawa coupling requires the conjugate of the Higgs,
H =io*H*.

The most general renormalizable superpotential made with these fields can be split into two terms,
W = W(good) + W(bad)’

1 (good) :ngiHuﬁj + yfleinD + yijLinE’j + pnH, Hy (2.49)
W) NI QLI DE 4 NJFLIL BY 4 NyL H, + XJ* DI DT, 250

In (€9 one can straight forwardly identify the Standard Model Yukawa couplings which give the
SM fermions their masses. Since these are packaged into the superpotential these terms also encode the
additional scalar quartic interactions required by supersymmetry. The last term in T7(2°°9) is a supersym-
metric Higgs mass known as the p-term. By supersymmetry this term also gives a mass to the Higgsinos,
which we require since we do not observe any very light chiral fermions with the quantum numbers of a
Higgs.

The W29 terms, on the other hand, are phenomenologically undesirable. These are renormal-
izable interactions which violate baryon (B) and/or lepton (L) number and are thus constrained to have
very small coefficients. Compare this to the SM where B and L are accidental symmetries: all renor-
malizable interactions of SM fields allowed by the SM gauge group preserve B and L. Violation of these
symmetries only occurs at the non-renormalizable level and are suppressed by what can be a very high
scale, e.g. Mgur.

We see that in the MSSM we must find ways to forbid, or otherwise strongly suppress, the terms
in W) Otherwise one would be faced with dangerous rates for rare processes such as proton decay,
pt — et or unrt (or alternately with 7 replaced with K) as shown in Fig. 2. Observe that this is a
tree level process and all of the couplings are completely unsuppressed.

A simple way to forbid W) is to impose matter parity, which is a Zo symmetry with assign-
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S
O

Fig. 2: Proton decay mediated by squarks. Arrows indicate helicity and should not be confused with the
‘charge flow’ arrows of Dirac spinors [10]. Tildes indicate superpartners while bars are used to write
right-chiral antiparticles into left-chiral fields in the conjugate representation.

ments:
Superfield Matter parity
quark, lepton xSF Py = —1
Higgs xSF Py =+1
gauge VSF Py =+1.

Under these assignments, all terms in 1W(€°°9) have Py; = +1 while all terms in () have Py, = —1.

One can check that one may write matter parity in terms of baryon and lepton number as
Py = (=)3B-0), (2.51)
A common variation of this is to impose the above constraint using R-parity,
P = (_)3(B—L)+2s, (2.52)

where s is the spin of the field. Conservation of matter parity implies conservation of R-parity. This is
because the (—)2* factor always cancels in any interaction term since Lorentz invariance requires that
any such term has an even number of fermions. Observe that all SM fields have R-parity +1 while all
superpartner fields have R-parity —1. (This is similar to T-parity for Little Higgs models.) The diagrams
assocaited with electroweak precision observables carry only SM external states. Since R-parity requires
pair-production of superpartners, this means that electroweak precision corrections cannot occur at tree-
level and must come from loop diagrams.

It is important to understand that R-parity (or matter parity) is an additional symmetry that we
impose on top of supersymmetry. R-parity has some important consequences:

1. The lightest R-parity odd particle is stable. This is known as the lightest supersymmetric particle
or LSP. If the LSP is an electrically neutral color singlet—as we shall assume—it is a candidate for
WIMP-like DM.

2. Each superpartner (sparticle) other than the LSP will decay. At the end of any such sequence of
decays one is left with an odd number (usually one) of LSPs.

3. In collider experiments, the initial state has Pr = +1 so that only an even number of sparticles
can be produced at a time (e.g. via pair production). At the end of the decay these end up as LSPs
which manifest themselves as missing energy signals at colliders.

For most of this document we postulate that the MSSM has exact R-parity conservation—though this is
something of an ad-hoc assumption.
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2.9 Supersymmetry breaking

Any scalar partners to the SM leptons or quarks with exactly degenerate masses as their SM partner would
have been discovered long ago. Thus, the next piece required to construct a realistic MSSM is a way to
break supersymmetry and split the mass degeneracy between the SM particles and their superpartners.
Since we want to keep the desirable ultraviolet behavior of supersymmetry, we assume that SUSY is a
fundamental symmetry of nature which is spontaneously broken.

SUSY is unbroken when the supercharges annihilate the vacuum, Q|0) = Q|0) = 0. The SUSY
algebra, {Q, Q} = 20# P, allows us to write the four-momentum operator as P* = 15"{Q, Q} so that
the Hamiltonian is

1 _ _
H =P’ = (QiQ; +QiQ1 + Q205 + Q5Qs) - (2.53)
Observing that this expression is positive semi-definite, we see that

if SUSY is unbroken, (0|H|0) =0
if SUSY is broken, (0|H]0) >0 °

The vacuum energy can be read from the scalar potential,

Vgl = Vr[g] + Vp[g] (2.54)
oW |? )

Vi[¢] :Z‘&p => |F] (2.55)
2

Vple] = %92 Soolreg] = %gD“D“. (2.56)

We see that SUSY breaking corresponds to one of the auxiliary fields, F; or D;, picking up a vacuum
expectation value (VEV). We refer to the case (F;) # 0 as F-type SUSY breaking and the case (D) # 0
as D-type SUSY breaking.

When an ordinary global symmetry is spontaneously broken due to a field picking up a VEV there
exists a massless boson in the spectrum of the theory known as the Goldstone boson. In the same way,
when SUSY is broken spontaneously due to a auxiliary field picking up a VEV, there exists a massless
fermion in the theory known as the Goldstino®. The spin of this field is inherited by the spin of the
SUSY generators. Heuristically, the massless Goldstone modes correspond to acting on the VEV with the
broken generators and promoting the transformation parameters to fields. Since the SUSY transformation
parameter is fermionic, the Goldstone field must also be fermionic.

For example, if (F') # 0, then the transformation of the fermion ¢ under the broken (SUSY)
generator is

Sop = 2e(F). (2.57)

SUSY acts as a shift in the fermion, analogously to the shift symmetry of a Goldstone boson under a
spontaneously broken global internal symmetry. If there is more than one superfield with a non-zero F'
term, then

Sty = 2¢(F}) (2.58)

F;
wGoldstone = Z — 1/11 (2.59)

@ \/ZiFiz

3This is somewhat unfortunate nomenclature. One would expect the massless mode coming from spontaneously broken
SUSY to be called a Goldstone fermion whereas the ‘Goldstino’ should refer to the supersymmetric partner of a Goldstone
boson coming from the spontaneous breaking of an ordinary symmetry.
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Note that we have used the convention that, when there is no ambiguity, F' refers to the SUSY breaking
background value, dropping the brackets (- - - ) to avoid clutter. One can further generalize this to include
a linear combination of gauginos when there is also D-term SUSY breaking.

When ordinary spontaneously broken internal symmetries are promoted to gauge symmetries, their
Goldstone modes are ‘eaten’ and become the longitudinal polarization of the gauge fields. Similarly,
gauging supersymmetry corresponds to writing a theory of supergravity. The gravitino then becomes
massive by eating the Goldstino from spontaneous SUSY breaking.

2.10 Sum rule for broken SUSY

Even when it is spontaneously broken, SUSY is a strong constraint on the parameters of a theory. One
of the most important constraints is the SUSY sum rule, which relates the traces of the mass matrices of
particles of different spins.

First consider the mass terms for chiral fermions (/) and gauginos (\):

0*wW

iV2g (T)} (@A — o* M) — Do,

¥ +he. (2.60)

We may write this succinctly as a mass matrix,

Fij  V2Dy\ (¥
(1/}7' )\a) (\/iéa] 0 > <AZ> ) (261)

where we use the shorthand notation

oF,  *W oD,
F = = D, = = goiT®. 2.62
A Py N @i = p 9P (2.62)
Call this fermion mass matrix mU=1/2). Next, the scalar mass matrix (mz)gzo) is obtained by the

Hessian of the scalar potential,

9%V v _ ) ) _ o
dogr  Bovg; | _ [ FEk + DuDaj + Dy;Da Fi*Fy + DD, (2.63)
2 = — _ . . . .

Foede 5/% e FijiF* + DaiDa; FixF7% + Doi D + D}, Do

Finally, the gauge boson matrix comes from the kinetic terms

D PlALT g0 |* = |ALDL P, (2.64)
i
and may thus be written
(m2)((ljb b— DZ Dbz + Dasz (265)

The traces of the squared mass matrices are, respectively,

. . t ..
Tr mU=1/2) (m(]:1/2)> =F; F7 + 4D (2.66)
. 2 c_ .
Tr <m<J:0)) —2Fi Fy; + 2D% Dy; + 2D, D, (2.67)
. 2 .
Tr (m(Fl)) =2D,Di.. (2.68)
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For convenience, we may define the supertrace, a sum of the squared mass matrices weighted by the
number of states,

A\ 2 .
STr (m(])> =3 Tr (2) + 1)(—)Ym? (2.69)
J
= —2FF —u|Dgi|> + 2FF + 2D} Dy + 2D, D}, + 3 - 2D, DY (2.70)
=2D,(D,); 2.71)
—20; "¢ (2.72)

Note that (D,) # 0 only for U(1) factors, so (Dy)¢ = 3" g;, the sum of all U(1) charges. We have written
a to index only the U(1) factors of the gauge group. Note, however, that usually

S g =0 (2.73)

due to anomaly cancellation. This leads to the very stringent constraint that
STrm? = 0. (2.74)

Note that this is a tree-level result that assumes renormalizable interactions®.

2.11 Soft breaking and the MSSM

The sum rule (2.74) is a road block to SUSY model building. To see why, consider the scalar mass matrix
(2.63) applied to squarks. In order to preserve SU(3)., the squarks should not obtain a VEV. This implies
that the D-terms vanish, Dfl = Dcolor = 0, for squarks. Thus further means that quarks only get their
masses from the superpotential.

Similarly preserving U(1)gm implies that the D-terms corresponding to the electrically charged
SU(2), directions should also vanish: Dy = D1 2 = 0. This means that the only D-terms which are al-
lowed to be non-trivial are D3 and Dy, corresponding to the third generator of SU (2), and hypercharge.
The scalar mass matrix for the up-type quarks is then

2 _ m2/3m£/3 + (3903 + 9'Dy) 1 A
Mg3 = t t 9 (2.75)
A M/3My 5 = 59 Dyl
T 1 1
m% - my/3my j5 + (_§9D3 + EQ/DY) 1 ; A ’ (2.76)
/ At myzmy s + %g’Dy]l

where the A and A’ are the appropriate expressions from (2.63) and ms /3,1/3 correspond to the quadratic
terms in the superpotential that contribute to the quark masses.

Charge conservation requires the sum of D terms to vanish, so that at least one D term is less than
or equal to zero. For example, suppose that

1 1
§gD3 - 6g’DY <0. (2.77)

Let (8 be the direction in field space corresponding to the up quark. Then f is an eigenvector of the quark
mass matrix my,3 with eigenvalue m,,. Then (2.77) implies that

(8 0)m5 <§> < m,. (2.78)

“Non-renormalizable terms in the Kihler potential, for example, modify how the superpotential terms contribute to the
scalar potential since one has to rescale fields for them to be canonically normalized.
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This implies that there exists a squark in the spectrum that has a tree-level mass less than the up quark.
Such an object would have been discovered long ago and is ruled out.

More generally, the observation that there is at least one negative D-term combined with the form
of the squark matrices (2.75) and (2.76) implies that there must exist a squark with mass less than or
equal to either m,, or my. Thus even if SUSY is broken, it appears that any supersymmetric version of
the Standard Model is doomed to be ruled out at tree level.

In order to get around this restriction, one typically breaks SUSY in a separate supersymmetry
breaking sector (SUsY) that is not charged under the Standard Model gauge group. This SUSY sector
still obeys a sum rule of the form (2.74) but the spectrum is no longer constrained by observed SM
particles. In order for the SUSY sector to lend masses to the SM superpartners, one assumes the existence
of a messenger sector which interacts with both the SM and the SUsY sectors. The messenger sector
transmits the SUSY-breaking auxiliary field VEV to the SM sector and allows the SM superpartners to
become massive without violating the sum rule (2.74). Note that this also allows a large degree of
agnosticism about the details of the SUSY sector—as far as the phenomenology of the MSSM is concerned,
we only need to know about the SUSY scale and the properties of the messenger sector.

There are two standard types of assumptions for the messenger sector depending on how one
assumes it couples to the SM:

— Gravity mediation: here one assumes that the SM and SUSY breaking sectors only communicate
gravitationally. The details of these interactions fall under the theory of local supersymmetry, or
supergravity (SUGRA), but are typically not necessary for collider phenomenology.

— Gauge mediation: The messenger sector contains fields which are charged under the SM gauge
group.

An alternative way around the SUSY sum rule is to construct a ‘single sector’ model based on strong
coupling [13,14]. These turn out to be dual to 5D models of SUSY breaking using tools that we introduce
in Section 3.

Often we are only interested in the properties of the Standard Model particles and their superpart-
ners. We can ‘integrate out’ the details of the messenger sector and parameterize SUSY breaking into
non-renormalizable interactions. As an example, suppose that a superfield, X, breaks supersymmetry
by picking up an F-term VEV: (X) = --- + (F)0?. X may also have a scalar VEV, but this does not
break SUSY. We then parameterize the types of non-renormalizable couplings that are generated when
we integrate out the messenger sector. We have four types of terms:

1. Non-holomorphic scalar masses are generated by higher order Kéhler potential terms such as

xtx F\?
/d49 Ve ofp = (M) ©* ¢ + (SUSY preserving terms). (2.79)
X+ X1 F*
/d40 +T ol = <M> /d20 ®'® + h.c. + (SUSY preserving terms). (2.80)

We have written the SUSY-breaking part of (2.80) suggestively to appear as a non-holomorphic
superpotential term. Since ®' only contains s and not 6, / 20 TP = ©*F, = ¢*W'[p*]. For
renormalizable superpotentials, this can give an A-term of the form (2.82) or a b-term of the form
(2.81) below; the latter with a slightly different scaling with F'.

The mass scale M is required by dimensional analysis and is naturally the scale of the mediator
sector that has been integrated out. For gravity mediation M ~ Mp; while for gauge mediation
M ~ Mpess, the mass of the messenger fields. Doing the Grassmann integral and picking the
terms that depend on the SUSY breaking order parameter F' gives a mass m? = (F//M)? to the
scalar ¢. Note that F' has dimension 2 so that this term has the correct mass dimension.
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2. Holomorphic scalar masses are generated by a similar higher order Kéhler potential term,

xtx 2 F\°
/d49 SYi [@2 + ((IJT) ] = (M> (¢* + ¢*2) + (SUSY preserving terms). (2.81)

These are often called b-terms. One may want to instead write these masses at lower order in F’ by
writing a superpotential term T > X ®2. This, however, is a renormalizable interaction that does
not separate the SUSY sector from the visible sector—as one can see the mediator mass does not
appear explicitly in such a term. Thus W O X ®2 is subject to the SUSY sum rule and is not the
type of soft term we want for the MSSM.

3. Holomorphic cubic scalar interactions are generated from the superpotential,

X F
/d20 M<I>3 +he = i (¢* + ™) + (SUSY preserving terms). (2.82)

These are called A-terms and are the same order as the scalar mass.

4. Gaugino masses are generated from corrections to the gauge kinetic term,
2, X a F .
d-6 MWQW +he = M)\)\ + h.c. + (SUSY preserving terms). (2.83)

This is a gaugino mass on the same order as the scalar mass and the A-term.

In principle one could also generate tadpole terms for visible sector fields, but we shall ignore this case
and assume that all field are expanded about their minimum. These four types of terms are known as
soft supersymmetry breaking terms. The key point is that these do not reintroduce any quadratic UV
sensitivity in the masses of any scalars. This is clear since above the SUSY breaking mediation scale M,
the theory is supersymmetric and these divergences cancel.

It is common to simply parameterize the soft breaking terms of the MSSM in the Lagrangian:

1 L — o
Lo =~ (Mggg + MoWW + MlBB) +he. (2.84)

- (auéﬂuﬁ + agQOHyd + anHd’é) +he. (2.85)

—Q'm3Q — L'm3 L — u'm2a — d'm3d — &'m?2e — m3, H H, — m3 HjH;  (2.86)

e

— (bH,Hg +h.c.)). (2.87)

This is simply a reparameterization of the types of soft terms described in (2.79 — 2.83), from which one
can read off the scaling of each coefficient with respect to F'/M.

Note that the trilinear soft terms, a,, 4., and the soft masses m2Q Laude A€ 3 x 3 matrices in flavor
space. The trilinear terms are in a one-to-one correspondence with the Yukawa matrices except that they
represent a coupling between three scalars. In general, the soft masses cause the squarks and sleptons to
have different mass eigenstates than the SM fermions.

Phenomenologically, we assume that

M1,2,37 Qyde ~~  Msusy (2.88)

2 2
mQ7u’d’L7e’Hu}Hd7 b ~ mSUSY7 (2.89)

where mgysy is between a few hundreds of Gev to a Tev. This is the range in which generic MSSM-like
models provide a solution to the Hierarchy problem.
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R-symmetry, gauginos, supersymmetry breaking. Recall that when an R-symmetry exists, the different components
of a superfield carry different R charges. Because the O(#) component of W, F},,,, is real, it cannot carry an R charge.
This means that the lowest component, the gaugino A, must have non-zero R-charge. Further, the gaugino mass term
(2.83) breaks this symmetry. One will find that R-symmetry plays an important role in many non-perturbative results in
SusY. Two important results related to SUSY breaking and gaugino masses are [15, 16].

2.12 Electroweak symmetry breaking in the MSSM

The most important feature of the Standard Model is electroweak symmetry breaking. Recall that this is
due to a tachyonic Higgs mass at the origin being balanced by a positive quartic coupling leading to a
non-zero vacuum expectation value. In the MSSM we have two Higgs doublets,

Hf HY
Hu:< U> Hd:< d_>. (2.90)
HY H,

We have already seen that supersymmetry relates the scalar quartic coupling to the other couplings of the
theory. This then constrains the expected Higgs boson mass.

To preserve SU(3). and U(1)gm we assume that no squarks or sleptons pick up VEVs. Then the
quartic terms in the Higgs potential come from D-terms, (2.56):

2 12
Vp = gz <H;aaHu + H;aaHd) (HgaaHu + H;aaHd) + gz (|Hul? = |Hg?)?
1 1 2
= S0 [HIHa* + 2 (g + ¢7) ([Hul* = |Ha*)", (291)

where we have simplified the SU(2),, terms using the relation o707, = 20,001 — 0i;0ke. We see imme-
diately that the Higgs quartic A coupling goes like the squared electroweak couplings, g> and ¢’2. This
connection between the Higgs sector and the gauge parameters does not exist in the Standard Model

In addition to the D-term contribution, there is also the supersymmetric F'-term contribution com-
ing from the p-term in the superpotential. The quadratic contributions to the Higgs potential are,

Vi = |ul*[Hul® + |u?|Ha* + - - (2.92)

We have dropped terms proportional to the Yukawa couplings since we assume the scalar partners of
the SM fermions do not acquire VEVs. On top of this, there are the soft supersymmetry breaking terms.
These include soft masses for each Higgs doublet and a ‘holomorphic’ b-term which is called B,, (or
sometimes B ),

Viott = my, |Hul? +my | Hal* + (ByHy - Hy+ h.c.). (2.93)

Note that the contraction of H, and H in the D-term (2.91) is different from that in the B, term (2.95).
Specifically, H, - Hq is contracted using the €4 tensor and gives H,f H, — HgHg. Further, the D-term
couplings are real since they are part of a real superfield. The F'-term couplings are made real because
they are the modulus of a complex parameter. The couplings of the soft terms, on the other hand, carry
arbitrary sign and phase.

Combining all of these factors, the full Higgs potential is
Vi = Vb + Vi + Viott (2.94)
= SPIHLHLP + (6 + %) (HP ~ |HaP)?
+ (|pl* +m¥) [Hul* + (Jul* +mYy,) |Hal*> + (BuH, - Hq +hec.). (2.95)
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To simplify this, we can assume that the charged components of the doublets pick up no VEV and write
everything in terms of only the neutral components (we address the validity of this assumption below):

Vie= (6% + %) (HOP — [HYP)' + 37 (Juf + midy) [HOP — 2B,Re(HOHY).  (2.96)
i=u,d

Observe that this potential has a direction in field space, |HC|> = |HY|? where the D-term quartic
vanishes. This is called a D-flat direction and requires caution. In order to break electroweak symmetry,
we must destabilize the origin of field space with a tachyonic mass term to force a linear combination
of the neutral Higgses to pick up a VEV. In the SM destabilization is balanced by the quartic coupling
which forces the VEV to take a finite value. We see now in the MSSM that one has to take special care
to make sure that the destabilized direction does not align with the D-flat direction or else the potential
isn’t bounded from below. In other words, we must impose a negative mass squared in one direction in
the Higgs moduli space while making sure that there is a positive definite mass squared along the D-flat
direction. This can be written as two conditions:

1. We require exactly one negative eigenvalue in the neutral Higgs mass matrix,

uf? +mi — B, 2, 2 2, 2 2
’ = — B} <0, 2.97
“B, " |uf+md, (Il +mip,) (lul® +mi,) — B2 < 2.97)
2. The mass squared term is positive when |H2| = |HY|. For simplicity, suppose B, (HJ), and
(H g) are all real (see below). Then this imposes

(Il +m3,) + (Iuf* + m¥,) + 2B, > 0. (2.98)

The conditions (2.97) and (2.98) are the requirements for electroweak symmetry breaking in the MSSM.

Note that a natural choice for the soft masses, m3; = m%ld, does not obey the restrictions (2.97)

and (2.98). One way to nevertheless enforce this relation is to impose it as a boundary condition at
some high scale and allow the renormalization group flow to differentiate between them. This is actually
quite reasonable, since the S-function for these soft masses include terms that go like the squared Yukawa
coupling. The two soft masses flow differently due to the large difference in the top and bottom Yukawas.
In fact, the up-type Higgs mass parameter shrinks in the IR and it is natural to assume

my, < my,. (2.99)

A convenient choice is m%{u < 0 and qud > 0. In this way the MSSM naturally admits radiative
electroweak symmetry breaking where the tachyonic direction at the origin is generated by quantum
effects.

Since there are many parameters floating around, it use useful to summarize that the following all
prefer electroweak symmetry breaking and no runaway directions:

— Relatively large B,
— Relatively small
— Negative m%{u

Be aware that these are only rough guidelines and are neither necessary nor sufficient.

It is standard to parameterize the VEVs of the two Higgses relative to the SM Higgs VEV by
introducing an angle, 3,

(HO) = % - % sin 8 (HY) = % - %COSB. (2.100)
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Minimizing the potential, V/0H? = dV/OHY = 0, one obtains
2B,

sin 28 = (2.101)
2|pl? + m%{u + m%{d
M% 5 m%{d — m%l tan? 3
—L = — L 2.102
5 1] * + 28 o1 (2.102)

The second relation is especially strange: it connects the supersymmetric p term to the soft-breaking
masses, even though these come from totally different sectors of the theory. In other words, unlike the
quartic and gauge couplings which are tied together by supersymmetry, these parameters have no reason
to have any particular relation with each other. Further, M% is experimentally measured and much
smaller than the typical expectation for either y or m%{uvd, so it appears that there’s some cancellation
going on.

The Higgs sector of the MSSM contains the usual CP-even Higgs h, a heavier CP-even Higgs, the
Goldstones of electroweak symmetry breaking, an additional pair of charged Higgses H*, and a cp-odd
Higgs A. With a little work, one can show that the CP-even Higgs masses are

1

2
mL. =
h= 9

[Mg +m} £ \/(Mg +m2)? — 4m3 M2 cos2 28| (2.103)

where m? = B,,/(sin B cos 3). One can further show that this is bounded from above,
my, < My |cos 28| < Mj. (2.104)

Of course, we now know that m;, = 125 GeV. In fact, even before the LHC it was known from LEP that
mp, 2 114 Gev. While at first glance (2.104) appears to be ruled out experimentally, this is only a tree-
level bound. What this is really saying is that one requires large corrections to the quartic self-coupling
to pull up the Higgs mass from its tree level value. Due to the size of ¥, the main effect comes from top
and stop loops.

To maximize the quartic coupling, we are pushed towards large values of tan [ since this would put
most of the Higgs VEV in H,, and would make the light Higgs be primarily composed of H,,. Examining
the H2 coupling at loop level, consider diagrams of the form:

Hiey oo oypeee
o g
tR Y S tL tL,R\.( 'l tL,R
.-k ¢ “Ye 0 prQe===" 4:':1":"'6"..
H) tr HY H) HY
Assuming negligible A terms, the result is
2Ny} (™

Amy) = A + In L2, 2.105
(mt) = Asusy 162 m? ( )

where Asysy comes from the D-term potential and IV, is the number of colors. This equation tells us that
in order to push the Higgs mass above the tree-level bound of Mz, one must increase my;. The correction
is

3 . mg mg;
Ami = WUQZ/? sin? B1n <t71nt2t2> . (2.106)

For further details, we refer to the treatment in [17] or the encyclopedic reference [18].
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2.13 The little hierarchy problem of the MSSM

It has been well known since LEP that in order to push m; > 114 GeV in the MSSM, one requires large
stop masses, my ~ 1 — 1.4 Tev. Pushing the stop mass this heavy comes at a cost, unfortunately. The
stops contribute not only to the Higgs quartic—which we need to push the Higgs mass up—but also to

the soft mass m%[u from loops of the form

The larger one sets my, the larger the shlft in m? 77, Recall, however, the strange cancellation we noted
in (2.102). This equation seems to want m? , ~ M % /2. The loop corrections above contribute a shift of
the form

3y7 Ayv
Am?% = "ZLmZin ( . (2.107)
w o Ag2 ot my

For m; = 1.2 Tev and Ayy = 1016 this balancing act between m%{u and M% /2 requires a fine tuning of

MZ2/2

~ 0.1%.
AmHu %

Physically what’s happening is that the stop plays a key role in naturalness by canceling the sensitivity to
the UV scale. By pushing the stop to be heavier to increase the Higgs quartic, one reintroduces quadratic
sensitivity up to the scale of the stop mass. This is known as the little hierarchy problem of the MSSM.

2.14 SUSY breaking versus flavor

The soft breaking Lagrangian introduces many new masses, phases, and mixing angles on top of those
found in the Standard Model for a total of 124 parameters [19]. Most of this huge parameter space,
however, is already excluded from flavor and CP violating processes. Recall that in the SM, there are no
tree-level flavor-changing neutral currents (FCNC) and loop-level contributions are suppressed by the GIM
mechanism. Lepton number violation is similarly strongly suppressed. In the limit where the Yukawa
couplings vanish, y — 0, the Standard Model has a U(3)® flavor symmetry where each of the five types
of matter particles are equivalent. This flavor symmetry is presumably broken at some scale A in such
a way that the only imprint of this UV physics at scales well below A g are the Yukawa matrices. This
flavor scale can be very large so that effects of this flavor breaking go like 1/Ar and are plausibly very
small.

In the MSSM, one must further check that the flavor breaking dynamics has already ‘frozen out’ at
the SUSY breaking scale so that the only non-trivial flavor structure in the SUSY breaking parameters are
the Yukawa matrices themselves. This means we would like the mediator scale M to be below the flavor
scale, M < Ap. In gravity mediation, however, A,.q = Mpj, and we can no longer guarantee that the
SUSY breaking mediators are insulated from flavor violating dynamics. This leads to strong constraints
on the flavor structure of the MSSM soft parameters.

For example, consider one of the most carefully studied FCNC processes, kaon anti-kaon (K -K)
mixing. The quark content of the mesons are K = d5 and K = ds. In the SM this process is mediated
by diagrams such as
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Each vertex picks up a factor of the CKM matrix. The GIM observation is the fact that the unitarity of
the CKM matrix imposes an additional suppression. In the MSSM, on the other hand, the squark soft
masses introduce an additional source of flavor violation so that the quark and squark mass matrices are
misaligned. This manifests itself as flavor-changing mass insertions, Amfl > On squark propagators when
written in terms of the Standard Model mass eigenstate combinations:

Note that rather than W bosons, this diagram is mediated by gluinos which carry much stronger coupling
constants aiz >> ap. Further, Since there are no factors of Vegwm, there is no GIM suppression. The loop
integral goes like d*k/k'0 ~ 1/mS¢,. Thus we can estimate this contribution to kaon mixing to be

Ami\? 1
N%y~@<g%> — (2.108)
Msusy /  Msusy
Comparing this to the experimental bound,
Amis Mmsusy
S S 4107 (T, 2.109
miusy 500 GeV ( )

There are similar constraints on CP violating and lepton number violating processes (e.g. dipole moments
and p — e). This is the SUSY flavor problem: a generic flavor structure for the MSSM soft parameters
is phenomenologically ruled out. We are led to conclude that the off-diagonal flavor terms must be
strongly suppressed to avoid experimental bounds.

One way to do this is to suppose an organizing principle in the SUSY breaking parameters, soft-
breaking universality,

1. Soft breaking masses are all universal for all particles at some high scale. This means that m2Q x 1
in flavor space, and similarly for each MSSM matter multiplet.

2. If a-terms are not flavor-universal, then the Higgs VEV induces similar problematic mixings,
Lo =a};QiU;Hy + af;QiDjHy + af; L E;Hy. (2.110)
To avoid this, assume that aiI ; 1s proportional to the Yukawa matrix,
al; = Alyl;. (2.111)

This way, the rotation that diagonalizes the SM fermions also diagonalizes their scalar partners.
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3. To avoid CP violation, assume that all non-trivial phases beyond those in the Standard Model CKM
matrix vanish.

These are phenomenological principles. Ultimately, one would like to explain why these properties
should be true (or at least approximately so).

2.15 Gauge mediated SUSY breaking

One straightforward realization of soft-breaking universality is to have the messenger sector be flavor
universal. A natural way to do this is gauge mediation since the SM gauge fields are blind to flavor
[20-23]. See [24] for a review.

SM gauge

SUSY messenger W MSSM

(Fx)#0 ®;, ®;

The main idea is that the SUSY breaking sector has some superfield (or collection of superfields)
X which pick up F-term VEVs, (Fx) # 0. This generates mass splittings in the messenger sector
superfields, ®; and ®;. These messengers obey the tree-level SUSY sum rules discussed above but are
not problematic since all of the components can be made heavy. One then assumes that the messengers
are charged under the SM gauge group so that the MSSM superfields will feel the effects of SUSY breaking
through loops that include the messenger fields. Note that anomaly cancellation of the SM gauge group
typically requires the messenger superfields to appear in vector-like pairs, ® and ® with opposite SM
quantum numbers.

The messenger fields generate non-renormalizable operators that connect the MSSM and the SUSY
breaking sector without introducing any flavor dependence for the soft masses. Further, because the
messenger scale is adjustable, one can always stay in regime where it is parametrically smaller than the
flavor scale M < Ap. Recall the estimates in Section 2.11 for the size of the MSSM soft terms. For
gauge mediation, M is the mass of the messenger sector fields ®; and ®; and F is the SUSY breaking
VEV, F'x. Below M we integrate out the messengers to generate the MSSM soft parameters.

The simplest realization of this is minimal gauge mediation. Here one assumes only one SUSY
breaking field X and N,,, mediators, ®; and ®;, in the fundamental representation of an SU(5) GUT. The
superpotential coupling between these sectors is

W =oX. (2.112)
The contribution to the potential is
2
Sa| =ICOR o + 1OP 16 + etx) e13)
The messenger masses are
my = X (2.114)
m?, = X* + Fx, (2.115)

using the notation where the angle brackets (- - - ) are dropped when it is clear that we are referring to
the VEV of a field. Observe that the messenger scale is set by the lowest component VEV of the SUSY
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breaking parameter, M = X. In what follows we make the typical assumption that F'/M? < 1. Note
that these masses satisfy the SUSY sum rule.

Now let’s consider the spectrum arising from this simple set up. The gauginos of the SM gauge
group pick up a mass contribution from diagrams of the form

(Fx)
';f Y‘-\
A ' | A
Vo Vg
(X)

The (X) insertion on the ¢ line is required to flip the gaugino helicity (recall that arrows on fermion
indicate helicity). The F' insertion on the ¢ line is required to connect to SUSY breaking so that this is
indeed a mass contribution that is not accessible to the gauge boson. The F' VEV is also required to flip
from a ¢ to a @ so that the scalar of the chiral superfield picks up a sense of chirality as well. Using
powerful methods based on holomporphy [25,26], the gaugino mass for the i" gauge factor is

_ FM 922 e F

" Nyy—. (2.116)

My = — =
MNTOMZ16R2T ™ T A M

This expression—which one could have guessed from a back-of-the-envelope estimate—turns out to
be exact to leading order in F//M?. This is a reflection of the powerful renormalization theorems in
supersymmetry, see e.g. [?]. One of the concrete predictions of minimal gauge mediation is the relation

My, : My, : My, =01 : az : as. 2.117)

The heaviest superpartners are those which couple to the largest rank gauge group.

The scalar partners of the SM matter particles do not directly couple to the messengers. Thus the
masses for the squarks and sleptons must be generated at two loop level. There are many diagrams that
include loops of both the messenger scalar and fermion:

-~ k4 -~
R . . .
. ] 1
]
N 90 A . SD !
1 G
L] -~
' ]
W L e”T T ~ !
. ~
R I R R
-
- - - k4 -~
e ~~‘ 4 Y
. ] 1
. "2 . ® N

The loops either include a gauge boson or otherwise use the scalar quartic D-term interaction between
messengers and sfermions. The result is that the soft scalar masses go like

2\ 2 2
g F
mzoft ~ <167T2> NmM2 Civ (2118)
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where C; is the relevant quadratic casimir. Observe that mfoft ~ mi so that the sfermions which couple
to the higher rank gauge factors pick up more mass. Including the various gauge charges and taking the
limit ag > a9 > «a gives a prediction for the sfermion spectrum in minimal gauge mediation,
4 3 3
2, 2, 2 22,2 2.2 2
Note that (2.117) and (2.119) are only predictions of minimal gauge mediation. A parameterization of
the soft terms from a generic gauge mediation model is presented in [27,28] under the banner of general
gauge mediation. Requiring that the superpartner masses are around the electroweak scale sets

F
— ~ 100 TeV. 2.120
i e ( )

Note that since the messengers interact with the SM superfields only through gauge interactions, the
holomorphic soft terms (A and B terms) are typically very small in gauge mediation.

One important phenomenological consequence of gauge mediation is that the lightest supersym-
metric partner (LSP) is not one of the MSSM fields but rather the gravitino whose mass is [24],

2
F VF
~ ~ 2.4eV. 2.121
LYV <100T6V> © (121

Thus the gravitino is much lighter than the electroweak scale, but is also similarly weakly coupled. The
relevant couplings at low energies are not gravitational, but rather through the Goldstino component of
the gravitino. This coupling is proportional to the SUSY breaking VEV F'. Because of R-parity, any su-
persymmetric partner produced in the MSSM will eventually decay into the next-to-lightest superpartner
(NLsP). This NLSP must eventually decay into the gravitino LSP since it is the only decay mode available.
When vF > 10% GeV, the NLSP is so long lived that on collider scales it behaves effectively like the
LSP. On the other hand, if v/F < 10° GeV, the NLSP decays within the detector. This gives a fairly
unique signal with displaced photons and missing energy if the NLSP is the bino, B.

2.16 The u-B,, problem of gauge mediation

Let’s return to an issue we addressed earlier when discussing electroweak symmetry breaking. We wrote
two relations (2.101 — 2.102) satisfied at the minimum of the Higgs potential. We noted the u-problem
associated with (2.102): p and m%u , seem to come from different sectors of the theory but must conspire
to be roughly the same scale. In principle, since p is a supersymmetric dimensionful parameter (the only
one in the MSSM), it could take a value on the order of the Planck mass. We now present a solution to the
p-problem, but we shall see that this solution will cause problems in gauge mediation due to the second
relation, (2.101).

One way to address this p-problem is to forbid it in the supersymmetric limit and then assume that
it is generated through the SUSY breaking sector. For example, a global Peccei-Quinn (PQ) symmetry,

H, —¢H, (2.122)
H; —e™Hy, (2.123)
prohibits the p term in the superpotential. Gravity, however, is believed to explicitly break global sym-

metries. Indeed, gravity mediation of SUSY breaking will produce a p term. Consider, for example, the
higher order Kihler potential term that couples the SUSY breaking superfield X to the Higgses [29],

XTH, H
/ d%# +he. (2.124)
Pl
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When (X) ~ 6?F, one generates an effective x term of order 1 ~ F/Mpy. This neatly addresses the
p-problem and ties the . term to the SUSY breaking masses. The B, term that is generated comes from

XtXH,- H
/ gL d (2.125)

2

Mg,

and thus is of the same order as 2. This is consistent with the observation in (2.101) that B,,, i, and the
soft breaking terms seem to want to be the same order. We remark that this is no longer true in gauge

mediation since F' < 10'! GeV, the p and B,, terms generated from gravitational breaking are far too
small. This must be addressed separately in such theories.

2.17 Variations beyond the MSSM

The MSSM is under pressure from the LHC. For a review of the status after Run I of the LHC, see [30].
There are two main issues:

1. The Higgs mass mjy = 125 GeV is hard to achieve in the MSSM since it requires a large radiative
correction to the tree level upper bound of mj = Mz.

2. There are no signs of superpartners. With the simplest assumption that mg ~ myg, the LHC pushes
the scale of colored superpartners to be over 1.2 Tev. This appears to no longer be natural.

In this section we present some model-building directions that the LHC data may be suggesting.

2.17.1 Additional D-term contributions

One simple direction to increase the tree-level Higgs mass is to add extra D-terms to increase the Higgs
quartic coupling [31-35]. This requires charging the Higgs under an additional U(1) x gauge group which
one must break above the weak scale. This technique is able to indeed push the tree-level Higgs mass
up to the observed value, but one is constrained by changes to Higgs decay branching ratios, particularly
h — bb [36,37].

2.17.2 The NMSSM

At the cost of adding an additional singlet superfield S to the MSSM sector, one may solve the y problem
and also raise the Higgs mass by enhancing its quartic coupling [38—42]. The Higgs sector superpotential
for this “next-to-minimal” supersymmetric SM (NMSSM, see [43,44] for reviews) is

_ _ _ 1
WaMssM = yuHuQU + dedQD +yeHaFE + ANSH, Hy + glﬁ;SS. (2.126)

The x term breaks the Peccei-Quinn symmetry, (2.122 — 2.123), to a Z3. Since .S is a gauge singlet,
the D-term potential is unchanged from (2.91). Note, however, that there is no longer a x4 term in the
superpotential, instead the S H,, H,; coupling has taken its place. Thus the F'-term potential differs from
that of the MSSM, (2.92), and is instead

Viswss = A2|S|2 (| Hul? + [Hal?) + N2 [H, Hyl? . (2.127)

We observe that the combination A(S) plays the role of an effective 1 term and solves the p-problem.
Finally, there are additional soft terms allowed which augment Vg in (2.93),

1
AViotnmssm = m3|S|% + ANAN(SH, Hy + h.c.) + gmA,i(S:S +he.). (2.128)
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The resulting expression for the Higgs mass is approximately

. A20? . 3mj mg A7 A7
(2.129)

This can be larger than the value in the MSSM depending on the value of \. There are limits on the size
of A coming from perturbativity, but lifting the Higgs mass to 125 GeV is fine. The singlet .S contributes
an additional complex scalar to the Higgs sector and an additional neutralino.

2.17.3 Natural SUSY

The simplest choices for the MSSM parameters—those that treat all the flavors universally, as preferred by
the flavor problem—are tightly constrained by the non-observation of new physics at the LHC. Because
the LHC is a proton-proton collider, it is easy for it to produce colored superpartners such as squarks
and gluinos. These, in turn, are expected to show up as events with many jets and missing energy as the
heavy colored states decay into the LSP. The fact that no significant excesses have been found pushes
one to consider other parts of the large MSSM parameter space.

Instead of biasing our parameter preferences by simplicity, one may take a different approach and
ask what is the minimal sparticle content required for naturalness? In other words, which superpartners
are absolutely required to cancel quadratic divergences? Once these are identified, one may decouple the
remaining sparticles and check the experimental constraints on the resulting spectrum. The ingredients
of a ‘minimally’ natural MSSM spectrum are [45, 46] (see [47-50] for a re-examination from the early
LHC run)

1. Light stops. The largest SM contribution to the Higgs quadratic UV sensitivity is the top loop.
Naturalness thus requires that its superpartner, the stop, is also accessible to cancel these loops.
Since the stop lives in both the Ur and ()1, superfields, this typically also suggests that the left-
handed sbottom is also light.

2. Light Higgsinos. In order to preserve natural electroweak symmetry breaking, ¢ should be on the
order of the electroweak scale. This is the same parameter that determines the Higgsino mass, so
the Higgsinos should also be light.

3. Not-too-heavy gluinos. The stop is a scalar particle which is, itself, quadratically UV sensitive at
face value. The main contribution to the stop mass comes from gluon loops so that naturalness
requires ‘not-too-heavy’ (~ 1.5 TeV) gluinos to cancel these loops. In other words, the gluino
feeds into the Higgs mass at two-loop order since it keeps the light-stop light enough to cancel the
Higgs’ one-loop UV sensitivity.

4. Light-ish electroweak-inos (optional). Finally, if one insists on grand unification, the scale of
the gluinos imposes a mass spectrum on the electroweak gauginos with Mgw.ino < Mgyino. As a
rough estimate, Majorana gluinos should have mass < 2m, while Dirac gluinos should have mass
5 4mt.

5. All other particles decoupled. All of the other squarks and sleptons are assumed to be well above
the TeV scale and effectively inaccessible at Run-I of the LHC.

These are shown in Fig. 3.

__The simplest models have a light stop t7, which decays either to a top and neutralino/gravitino,
t 4+ N, or a bottom and a chargino, b + C. Bounds on these decays depend on the N (C') mass. The
‘stealthy” region near mg5 = 0 and the ‘compressed’ region near m g ~ my are especially difficult to
probe kinematically.
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Fig. 3: Heuristic picture of a natural SUSY spectrum. All other superpartners are assumed to have masses
well above the TeV scale and decouple.

2.17.4 R-parity violation

One of the main ways to search for ‘vanilla’ SUSY signatures is to trigger on the large amount of missing
energy (MET or £7) expected from the neutral LSP. Underlying this assumption is R-parity, which forces
the LSP to to be stable.

Recall that R-parity was something that we embraced because it killed the supersymmetric terms
in the superpotential (2.50) that would violate lepton and baryon number and would be severely con-
strained by experiments, most notably proton decay. If, however, there were another way to suppress
these dangerous operators, then perhaps we could avoid the experimental bounds while giving the LSP a
way to decay into non-supersymmetric particles. This would allow us to consider models with R-parity
violation (RPV) with no missing energy signal [51-55], see [56] for a review. Such models would be
immune to the usual MET-based SUSY search strategies.

The simplest way to do this is to turn on only the A\,U DD term. This violates baryon number but
preserves lepton number so that protons remain stable. Motivated by naturalness, we may now allow the
stop to be the LSP since this is no longer a dark matter candidate. The RPV coupling would allow a decay
t — b3, which would be hidden in the large QCD di-jet background.

One still has to worry about the effects of this RPV coupling on the partners of the light squarks.
Phenomenologically, the strictest bounds come from neutron—anti-neutron oscillation and dinucleon de-
cay. Indeed, most of the flavor bounds on the MSSM come from the first two generations of sparticles.
One interesting model-building tool is to invoke minimal flavor violation, which posits that the flavor
structure of the entire MSSM is carried by the Yukawa matrices [57]. This then implies that the coefficient
ations 4,7, and k. This gives a natural explanation for why the RPV couplings of the first two generation
squarks are much smaller than the stop.

3 Extra Dimensions

The original proposal for extra dimensions by Kaluza [58], Klein [59], and later Einstein [60] were
attempts to unify electromagnetism with gravitation. Several decades later the development of string
theory—originally as a dual theory to explain the Regge trajectories of hadronic physics—Iled physicists
to revisit the idea of compact extra dimensions [61-63]. In early models, the non-observation of an
additional spatial direction was explained by requiring the compactification radius to be too small for
macroscopic objects.

Further reading: Two of the authors’ favorite reviews on this subject are [64] and [65]. This lecture is meant to be largely
complementary. Additional references include [66—71], which focus on different aspects.
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3.1 Kaluza-Klein decomposition

The simplest example to begin with is a real scalar field in 5D where the fifth dimension is compactified
to a circle of radius R. The details of the compactification do not change the qualitative behavior of the
theory at low energies. The Lagrangian is

1 1

where M = 0,---,5 and z5 = y. Since y is compact, we may identify energy eigenstates by doing a
Fourier decomposition in the extra dimension,

o(z,y) ) (z) 7Y, (3.2)

’I’Lf—OO
Since ¢ is real, ((]5(”))T = ¢(~™). Plugging this expansion into the action allows us to use the orthogo-

nality of the Fourier terms to perform the dy integral. This leaves us with an expression for the action
that is an integral over only the non-compact dimensions, but written in terms of the KK modes ¢") (x),

_ / ' Z ( / dy 76 <m§")y> % 0,6 ()06 (@) + 6 ()6 ()] 33)
=3 / d'z {3@‘")8%(") - ZZ%%‘")} (3.4)
2
_ / ey [(aﬂ,m)*a%(n) - )¢<n> 2
n>0

From the 4D point of view, a single 5D scalar becomes a ‘Kaluza-Klein (KK) tower’ of 4D particles,
each with mass n/R. If there were more than one extra dimension, for example if one compactified on

] . (3.5)

an k-dimensional torus with radii R5, Rg, . . ., then the KK tower would have k indices and masses
2 ng  ng ”i
Mg, = 0 R2 + R2 +o R (3.6)

where m3 is the higher dimensional mass of the field.

3.2 Gauge fields

A more complicated example is a gauge field. We know that gauge fields are associated with vector
particles, but in 5D the vector now carries five components, A ;. We perform the same KK decomposition
for each component M,

1 n i
Ap(z,y) = NeTo: S A (@) 'Y, 3.7)

Note that this decomposes into a KK tower of 4D vectors, A,(Ln), and a KK tower of 4D scalars, Aé").

Similarly, the field strengths are antisymmetric with respect to indices M and N so that the action is
decomposed according to

S:/d%dy <1FMNFMN> (3.8)

= / dtzdy — %FWFW + % (0,45 — O5A,,) (0" A5 — 05 AF) (3.9)
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/ d'x Z 4 Fim Fmwe %(auAg*m —85A§;”>) (amé"’ —65A(”)”>. (3.10)

This looks complicated because there is an odd mixing between the 4D vector, A("), and the 4D scalar

Aén). Fortunately, this mixing term can be removed by fixing to 5D axial gauge,

(n) (n)
AP — ALY — Wa LAy A5 =0, (3.11)
for n # 0. Note that for n = 0 there’s no scalar—vector mixing anyway. The resulting action takes a
much nicer form,

1 2 1 1 1 n?
S —/d4x -1 <F;S?/)) + 5 (%Aéo)) + 22 <_4Fl5yn)p(n);w + QIT;QAL")A(H)M> . (3.12)

n>1

The spectrum includes a tower of massive vector particles as well as a massless (zero mode) gauge boson
and scalar.

Recall the usual expression for the number of degrees of freedom in a massless 4D gauge boson:
(4 components in A,,) — (longitudinal mode) — (gauge redundancy). (3.13)

When the gauge boson becomes massive, it picks up a longitudinal mode from eating a scalar by the
Goldstone mechanism. This is precisely what has happened to our KK gauge bosons, A,(f): they pick up

(n).

a mass by eating the scalar KK modes, Aj

In a theory with (4+4n) dimensions, the (4+n)-component vector A, decomposes into a massless
gauge boson, n massless scalars, a tower of massive KK vectors A,,, and a tower of (n — 1) massive KK
scalars.

One may similarly generalize to spin-2 particles such as the graviton. In (4 + n) dimensions these
are represented by an antisymmetric (4 + n) x (4 + n) tensor,

gun = | T (3.14)

The massless 4D zero modes include the usual 4D graviton, a vector, and a scalar. At the massive level,
there is a KK tower of gravitons with (n — 1) gauge fields and [3n(n + 1) — n] scalars. Here we observe
the graviton and vector eating the required degrees of freedom to become massive.

3.3 Matching of couplings

It is important to notice that the mass dimension of couplings and fields depend on the number of space-
time dimensions. The action is dimensionless, [S] = 0, since it is exponentiated in the partition function.
Then, in (4 + n) dimensions, the kinetic term for a boson gives

n

A (06)? ] = —(4+n) +2+2[0]=0 = @l =1+7. (3.15)
Note that this is consistent with the dimensions in the KK expansion (3.2). The 5D scalar contains the
4D scalars with a prefactor ~ R~1/2 that has mass dimension 1/2. Similarly, for fermions, [1)] = 2 + 2.
With this information, dimensions of the Lagrangian couplings can be read off straightforwardly. For
example, the 5D gauge field lives in the covariant derivative,

. . . . 95 0
Du_au—ng;A“_a#—zmAgu--.. (3.16)
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We see that [g5] = —1/2 since [0] = 1 and [Ajs] = 3/2. Further, we find an explicit relation between
the 5D parameter g5 and the observed 4D gauge coupling,
95
= . (3.17)
o V2rR
More generally, in (4 + n) dimensions the 4D coupling is related to the higher dimensional coupling by
the volume of the extra dimensional space,

I(a+n)
Vol,,

g = (3.18)
One can read off the matching of the gravitational coupling by looking at the prefactor of the Ricci term
in the action,

2+n 4+n 2+4n 4
S(4+n) = —M(:;n) /d g \/ER(4+n) = —M(;;n)vn/d Z \/9(4) R(4) + - 3.19)

where we’ve written g for the determinant of the metric. From this we identify 4D Planck mass Mp; from
the fundamental higher dimensional Planck mass, M4 ),

Mgy = M7 V. (3.20)

The higher dimensional Planck mass is a good choice for a fundamental mass scale for the theory,
M, = Mqn)- (3.21)

In a (4+n) dimensional theory where the characteristic mass scale is M, and a compactification radius R.
Then dimensional analysis tells us that the higher dimensional gauge couplings, which are dimensionful,
characteristically scale like

—n/2

Y(agn) ~ M, (3.22)

Relating this to the 4D couplings with (3.18) and relating M, to the 4D Planck mass with (3.20) gives

I (n+2)/N
R~ — . (3.23)
Mp, 94
Plugging in the observed SM gauge couplings on the right hand side gives a compactification radius
which is far too small to be relevant at colliders—the first KK modes will be near the Planck scale.

3.4 Branes and Large Extra Dimensions

In the mid ’90s, developments in string theory led to a new ingredient that renewed interest in extra
dimensions that might be accessible at collider scales. The key idea is that branes, solitonic objects
which form lower dimensional subspaces, can trap fields. In other words, not all fields have to propagate
in all dimensions. This was introduced by Rubakov and Shaposhnikov [72], who showed that instead of
a very small radius of compactification, it may be that our observed universe is constrained to live in a
(3+1)-dimensional subspace of a higher dimensional spacetime.

Terminology. Models that make use of branes to localize fields are known as braneworld models and are distinguished
from models where all fields propagate in the extra dimensions, known as universal extra dimensions. In braneworld
models, fields which are allowed to propagate in the full space are said to live in the bulk.
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gl'al//- fOn

Fig. 4: Cartoon pictures of a (3+1) dimensional brane in a compact 5D space. (LEFT) The brane (red
line) as a subspace. Gravity propagates in the entire space ‘diluting’ its field lines relative to forces
localized on the brane. (RIGHT) SM processes localized on the brane, now with an additional dimension
drawn, emitting a graviton into the bulk.

Allowing the fields to be brane-localized buys us quite a lot. It allows us to separate particle
physics from gravity. One can, for example, force the SM fields to be truly four-dimensional objects
that are stuck to a (3+1)-dimensional brane. This avoids the bound on the size of the extra dimension in
(3.23), since that relied on the SM propagating in the bulk.

With this in mind, one could allow the volume of the extra dimensions to actually be quite large.
This idea was explored by Arkani-Hamed, Dimopoulos, and Dvali in the ADD or large extra dimension
scenario [73]. If this were feasible, then (3.20) gives a new way to address the Hierarchy problem. The
large volume factor allows the fundamental scale of nature to be much smaller than the observed Planck
mass, M, < Mp. If, for example, M, ~ 1 Tev, then there is no Hierarchy problem. Gravity appears to
be weaker at short distances because its flux is diluted by the extra dimensions. As one accesses scales
smaller than R, however, one notices that gravity actually propagates in (4 + n) dimensions. A cartoon
of the braneworld scenario is shown in Fig. 4.

How large can this extra dimension be? Doing a rough matching and using Vol,, = 7" in (3.20)

gives
1/ Mp\ 2™
R = . 3.24
- (M) (3.24)
Pushing the fundamental scale to M, ~ TeV requires
R=10°%"Tev~' =2-10"'7 10°*/" cm, (3.25)

using GeV~! = 2.10~" cm. We make the important caveat that this is specifically for the ADD model.
Considering different numbers of extra dimensions,

— n = 1. For a single extra dimension we have R = 10'® cm, which is roughly the size of the solar
system and is quickly ruled out.

— n = 2. Two extra dimensions brings us down to R ~ 0.1 cm, which is barely ruled out by
gravitational Cavendish experiments.

— n = 3. Three extra dimensions pushes us down to R < 107% cm.

How much do we know about gravity at short distances? Surprisingly little, actually. Cavendish exper-
iments (e.g. Eot-Wash?) test the —2 law down to 10~ m. These set a direct bound on the n = 2 case
that R < 37 pm and M, > 1.4 TeV. For larger n one is allowed to have M, = TeV.

5The name is a play on the E6tvis experiment by University of Washington researchers.
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One might have objected that one cannot say that M, is the fundamental scale while allowing R,
itself a dimensionful quantity, float to take on any value. Indeed, in a completely natural theory, one
expects R ~ 1/M, so that R ~ Tev~!. This is quite different from what we wrote in (3.24). Indeed,
what we have done here is swapped the hierarchy in mass scales to a Hierarchy between R and M_!. In
other words, we have reformulated the Hierarchy problem to a problem of radius stabilization. This is
indeed very difficult to solve in ADD.

Nevertheless, we may explore the phenomenological consequences of an ADD type model at col-
liders and through astrophysical observations.

— The first thing to consider is the production of KK gravitons.

f
759

f

The KK graviton couples too weakly to interact with the detector so it appears as missing energy.
By itself, however, missing energy is difficult to disentangle from, say, neutrino production. Thus
it’s useful to have a handle for the hardness of the event (more energetic than Z — vi’) so one can
look for processes that emit a hard photon or gluon. Thus a reasonable search is a jet or photon
with missing energy. It is worth noting that this is the same search used for searching for dark
matter, which is also typically a massive particle which appears as missing energy.

— Alternately, one may search for s-channel virtual graviton exchange in processes like ete™ — ff.
One expects a resonance at the KK graviton mass.

— Supernovae can cool due to the emission of gravitons. This is similar to the supernovae cooling
bounds on axions. The strongest bounds on n = 2 theories push M, = 100 TeV.

~

— An additional byproduct of lowering the fundamental gravitational scale is that one may form
microscopic black holes at energies kinematically accessible to the LHC and cosmic rays. For
Ecm > M, black holes are formed with a radius

1
1 /Mgy "+t
Rg ~ . 3.26
S ™AL < A ) (3.26)

the cross section is roughly the geometric value, oy ~ WR% and can be as large as 400 pb. These
microscopic black holes decay via Hawking radiation,

1
Ty ~ — 3.27
"™ R (3.27)

with this energy distributed equally to all degrees of freedom, for example 10% going to leptons,
2% going to photons, and 75% going to many jets.

3.5 Warped extra dimensions

We’ve seen that the framework of large extra dimensions leads to interesting phenomenology, but the
ADD realization leaves the size of the radius unexplained and is therefore not a complete solution to the
Hierarchy problem. The Randall-Sundrum (RS) proposal for a warped extra dimension offers a more
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interesting possibility [74]. The set up differs from ADD in that the space between the two branes has a
non-factorizable metric that depends on the extra space coordinate, z,

2
ds? = (R> (o dade” — dz?) (3.28)
z

This is the metric of anti-de Sitter space (AdS) with curvature k¥ = 1/R. There are two branes located
at z = R (the UV brane) and z = R’ > R (the IR brane) that truncate the extra dimension; in this sense
the RS background is often described as a ‘slice of AdS.” We see that 1/R is naturally a fundamental
UV scale of the theory. The metric (3.28) warps down the natural physical scale as a function of the
position along the extra dimension. In particular, when R’ > R one finds that near z = R/, the scales
are warped down to much smaller values. Note the different notation from the ADD case: the size of the
extra dimension is R' — R ~ R/, while R should be identified with the radius of curvature.

To see how this works, suppose that the Higgs is localized to live on the IR brane at z = R’. The
action on this brane depends on the 4D induced metric §,,,, (note that /g = \/g/+/355),

2

2
S = /d4x\/§ [aMHa,,HgW - (HP - ”) ] (3.29)

2

We assume that the Higgs VEV is on the order of the UV scale, v = 1/R, since this is the fundamental

5D scale. Plugging in the metic gives
R/ 2 2\ 2
0, HO"H <R> - (!H!z - ”2> : (3.30)
z=R'

R\4
_ 4
s= ()
where indices are implicitly raised with respect to the Minkowski metric. Canonically normalizing the
kinetic term via

R

H= ﬁH’ (3.31)

allows us to write the action in the form,

2
)2 -9 1/ R\?

where we see that the canonically normalized Higgs picks up a VEV that is warped down to the Tev
scale. One can further imagine that the cutoff for loops contributing to the Higgs mass are similarly
warped down to, say, the Tev scale. In this way, the warped extra dimension gives a new handle for
generating hierarchies. Readers should be skeptical that we’re not just hiding the Hierarchy problem in
some fine tuning of the IR scale R’ relative to the fundamental scale R. Indeed, the real solution to the
Hierarchy problem requires a mechanism for radius stabilization, which we present below. Note that
typically R ~ MP_I1 and R’ ~ TeV~! so that R’ is roughly the size of the extra dimension. A cartoon of
this scenario is shown in Fig. 5.

, (3.32)

In the remainder of this lecture we’ll focus on the RS background. In the appendices we present
some additional technical results that may be useful for building RS models. Further details of the RS
gravitational background are discussed in Appendices A.1 and A.2. Details of bulk matter fields are
discussed in Appendices A.3 and A.4

3.6 The Planck scale and hierarchy in RS

We have seen how the AdS curvature can warp mass scales to be much smaller than the fundamental 5D
scale 1/R. It is instructive to also check the observed Planck scale. With respect to the fundamental
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Fig. 5: Cartoon of the RS scenario with a brane-localized SM. The warp factor, (R/z)?, causes energy
scales to be scaled down towards the IR brane.

Planck scale M, (ostensibly M, ~ 1/R), the gravitational action is

R/
Sg= M} /R dz / d*z /95 R), (3.33)

where the quantities with subscripts are the determinant of the 5D metric and the 5D Ricci scalar, respec-
tively. By performing the dz integral one finds the effective 4D gravitational action,

Sg = ME’/ dz <Z> /d4.7} A /g(4)R(4) = ME’ 1-— <R/> /d4$ A /9(4)R(4>. (3.34)

R
We can thus identify the effective 4D Planck mass by reading off the coefficient,

R 2
Mg = M3 [1 - (R/>

so that for a large extra dimension, R’ > R, the 4D Planck mass is insensitive to R’ and is fixed by the
5D Planck mass, M, ~ 1/R. This is precisely what we have set out to construct: assuming there is a
dynamical reason for R’ > R, we are able to warp down masses to the TeV scale by forcing particles to
localize on the IR brane while simultaneously maintaining that 4D observers will measure a Planck mass
that is much heavier.

~ M, (3.35)

An alternate way of saying this is that the Hierarchy problem is solved because the SM Higgs is
peaked towards the IR brane while gravity is peaked towards the UV brane. What we mean by the latter
part of this statement is that the graviton zero mode has a bulk profile that is peaked towards the UV
brane. Recall that in flat space, zero modes have flat profiles since they carry no momentum in the extra
dimension. In RS, the warping of the space also warps the shape of the graviton zero mode towards the
UV brane; the weakness of gravity is explained by the smallness of the graviton zero mode profile where
the Standard Model particles live. This should be compared to the case of a flat interval where the zero
mode wave function decouples as the size of the extra dimension increases. In this case the coupling
with the IR brane indeed becomes weaker, but the graviton KK modes become accessible and can spoil
the appearance of 4D gravity. In RS the zero mode doesn’t decouple and one doesn’t need to appeal to
a dilution of the gravitational flux into the extra dimensions as in the ADD model. See [64] for more
explicit calculations in this picture.
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3.7 Bulk scalar profiles in RS

In the original RS model, only gravity propagates in the bulk and has KK modes. However, it is instructive
to derive the KK properties of a bulk scalar.

— This serves as a simple template for how to KK reduce more complicated fields, such as the gravi-
ton, in a warped background.

— We’re anticipating the ‘modern’ incarnations of the RS where gauge and matter fields are pulled
into the bulk.

— As mentioned above, the solution to the Hierarchy problem depends on stabilizing the position of
the IR brane, z = R/, relative to the UV brane, z = R. The standard technique for doing this
requires a bulk scalar.

Start with a bulk complex scalar ®(z, z) with a bulk mass parameter m. The bulk action is

R/
S :/ dz/d4x\/§ (00 @) 0@ — m*2*P] . (3.36)
R

In principle one may have additional brane-localized interactions proportional to 6(z — R') or 6(z — R).
We use M, N to index 5D coordinates while p, v only run over 4D coordinates. Varying with respect to
®* yields an equation of motion

o (vVag"'N on @) — \/gm>® = 0. (3.37)

In writing this we have dropped an overall surface term that we picked up when integrating by parts.
Specializing to the RS metric, this amounts to picking boundary conditions such that

®*(2)0. ()| g = 0, (3.38)

with the appropriate modifications if there are brane-localized terms. We see that we have a choice of
Dirichlet and Neumann boundary conditions. We now plug in the Kaluza-Klein decomposition in terms
of yet-unknown basis functions f( (2) which encode the profile of the n'" mode in the extra dimension:

(z, 2) i ¢ (2) f ) (2). (3.39)

By assumption the ¢(™ are eigenstates of n*"0,,0,, with eigenvalue —m%n), the KK mass. We are thus
left with a differential equation for f(™(z),

3 3 3 5
<R> m?n) _3 (R> 0, + <R> 0% — <R> m2] F™(z) =o. (3.40)
z z \ z z z

This is a Strum-Liouville equation with real eigenvalues and real, orthonormal eigenfunctions,

R’ R 3
/ dz <) £ () ) () = 5mn (3.41)

R z

Just as we saw in Section 3.1 for a flat extra dimension, this orthonormality relation diagonalizes the KK
kinetic terms. One may now solve (3.40) by observing that through suitable redefinitions this is simply a
Bessel equation. The result is a general solution for n > 0 of the form

F(2) = 12 Ja(mn)2) + €12°Ya(my)2), (3.42)
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where J,Y are the familiar Bessel functions and o = v/4 + m2R2. The integration constants c1,2 and
the spectrum of KK masses m%n) can be found using boundary conditions on each brane and the orthonor-

mality relation (3.41). The states have a discrete spectrum with spacing of approximately R'~' ~ Tev
with profiles peaked towards the IR brane.

For n = 0 the zero mode profile is

f((]) (Z) _ 0122—\/ 44+m2R? + 62224-\/ 4+m?R? . (343)

We use this result in the Goldberger-Wise mechanism discussed below, but let us remark that the zero
mode is neither consistent with Neumann nor Dirichlet boundary conditions and requires brane localized
terms to generate boundary conditions that permit a zero mode.

The same general procedure can be used to find the profiles of higher spin bulk fields. In Appen-
dices A.3 and A.4 we work through the additional subtleties coming from fermions and gauge bosons. A
Standard Model field is associated with the zero mode of a 5D field, where the SM mass is a correction
from electroweak symmetry breaking on the zero mass from the KK decomposition. Note that the mean-
ing of the 5D profile is that a 4D particle, even though it is localized and pointlike in the four Minkowski
dimensions, is an extended plane wave in the fifth dimension. The boundary conditions imposed by the

branes mean that this system is essentially identical to a waveguide in electrodynamics®.

3.8 Radius stabilization

We’ve now shifted the Hierarchy problem to a question of why the IR scale R’ is so much larger than the
UV scale R. In fact, one should think about R’ as the expectation value of a dynamical degree of freedom,
R’ = (r(z,z)), called the radion. This is identified with the 4D scalar arising from the dimensional
decomposition of the 5D metric. This isn’t surprising since the metric is, of course, the quantity which
measures distances. Thus far in our description of the RS framework, the radion is a modulus—it has no
potential and could take any value. This is problematic since excitations of this field would be massless
and lead to long-range modifications to gravity. It is thus important to find a mechanism that dynamically
fixes R ~ Tev~! to (1) provide a complete solution to the Hierarchy problem and (2) avoid constraints
from modifications to gravity.

Don’t be fooled by coordinate choices. The original RS literature used variables such that the metric explicitly contained
an exponential warping ds* = e~ 2" dz? — dy? so that an O(10) value of k7 R’ leads to large hierarchies. Do not confuse
this variable choice with a solution to the Hierarchy problem—it just shifts the fine tuning into a parameter to which the
theory is exponentially sensitive. The reason why the exponential hierarchy is actually physical in RS (with a dynamically
stabilized radius) is that fields propagating in the space are redshifted as they ‘fall’ towards the IR brane in the gravitational
well of the AdS background.

A standard solution in the RS model is the Goldberger-Wise mechanism’ [76, 77], where radion
kinetic and potential energy terms conspire against one another to select vacuum with finite R’. To do
this, we introduce a massive bulk scalar field ®(z, z) of the type in Section 3.7. We introduce brane-
localized potentials for this field which force it to obtain a different VEV at each brane, pyy # ©rr,

AL =-X5(z — R) (8% — p2,)" = Ao(z — R)) (92 — o%)° A — oo (3.44)
This causes the scalar to pick up a z-dependent VEV that interpolates between ¢yy and g,

(®(x, 2)) = #(2) p(R) = puv P(R) = o (3.45)

%This should have been no surprise given the appearance of Bessel functions.
"While the Goldberger-Wise mechanism is just one simple option to stabilize the size of the extra dimension, it is close to
what actually happens in string compactifications that tacitly UV complete the RS scenario [75].
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The general form of ¢(z) is precisely the zero mode profile in (3.43) since the VEV carries zero momen-
tum in the Minkowski directions. One may now consider the terms in the action of ®(x, z) (evaluated
on the VEV ¢(z)) as contributions to the potential for the radion via R’ = (r(z, z)). The kinetic term for
®(z, z) contributes a potential to 7(z, z) that goes like ¢’ (z)2.
1. This gradient energy is minimized when ¢(z) has a large distance to interpolate between yy 1
since larger R’ allows a smaller slope.

2. On the other hand, the bulk mass for ®(z, z) gives an energy per unit length in the z-direction
when ¢(2) # 0. Thus the energy from this term is minimized when R’ is small.

By balancing these two effects, one is able to dynamically fix a value for R’. A pedagogical derivation
of this presented in [66]. The main idea is that for small values of the bulk ®(z, z) mass, m? < R™2,
one may write the ®(z, z) VEV as

= c127° + ez, (3.46)

where ¢ = a — 2 = V4 +m2R? — 2 ~ m?R? /4 is small. The coefficients c; o are determined by the
boundary conditions (3.45). The potential takes the form

2 3 e\ 2 4
w2, R R _ R
VIR] = e + o | (44 2¢) («pm — Puy (R,> ) —eprR T + 0 (R,g) : (3.47)
where judicious checkers of dimensions will recall that the dimension of the 5D scalar is [p(z, 2)] = 3.
The minimum of this potential is
o 1/e
R' =R < “V> : (3.48)
PIr

We can generate the Planck-weak hierarchy with 1/e ~ 20 and pyy /o ~ 10. A key point here is
that we may write the radius in terms of a characteristic energy scale, R’ ~ 1/u, and the potential for p
carries terms that go like ;* times a polynomial in z€. This is reminiscent of dimensional transmutation
and, indeed, we explain below that the RS scenario can be understood as a dual description of strongly
coupled 4D dynamics.

The above description of the Goldberger-Wise mechanism neglects the effect of the background
® field on the RS geometry. For example, one may wonder if the RS metric is even compatible with
the ® VEV. In order to account for this gravitational backreaction, one must solve the & equation of
motion combined with the Finstein equation as a function of the metric (discussed in Appendix A.1)
in the presence of the ® VEV. This set of coupled second order differential equations is generically
very difficult to solve. Fortunately, there exists a ‘superpotential®’ trick that one may apply to solve the
system exactly. This method is described and demonstrated pedagogically for the Goldberger-Wise field
in [64,67]. One finds that it is indeed possible to maintain the RS background in the presence of the bulk
field necessary to stabilize the radius.

3.9 Holographic interpretation

8The trick was inspired by similar calculations in supergravity but otherwise is only related to SUSY in the sense that the
‘superpotential” here also allows one to write first order equations of motion [78].
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Fig. 6: Cartoon of the AdS/CFT correspondence. The isometries of the extra dimensional space enforce
the conformal symmetry of the 4D theory. Moving in the z direction corresponds to a renormalization
group transformation (rescaling) of the 4D theory.

Gauge/gravity duality is a way to understand the physics of a warped extra dimension as the dual to a strongly coupled
4D theory. Our goal here is to develop the intuition to use and understand the AdS/CFT dictionary as an interpretational
tool. The most rigorous explicit derivations of this duality are often presented in the language of string theory. This idea
is presented pedagogically in the language of 4D quantum field theory (rather than string theory) in [69,70,79—-83]. Those
interested in presentations that connect to supergravity and string theory may explore [?,?,?,2,?,84], listed roughly in order
of increasing formal theory sophistication starting from very little assumed background. We also point out [85] which is
an excellent presentation of dualities between 4D supersymmetric gauge theories that are analogous to the gauge/gravity
correspondence.

We now introduce a way to re-interpret the observables of RS scenario in terms of the dynamics of a
purely four-dimensional theory in its non-perturbative regime. The idea is that the symmetries of the
bulk AdS space enforce the symmetries of a conformal theory in 4D—this latter theory approximates a
strongly coupled theory near a fixed point. Combined with the observation that a shift in z causes an
overall rescaling of the Ads metric (3.28), we can identify slices of constant z as scale transformations
of the 4D [approximately] conformal theory. In this way, the 5D AdS theory ‘geometrizes’ the renormal-
ization group flow of the 4D theory. One then interprets the physics on the UV brane as a 4D conformal
theory that sets the boundary conditions for the 5D fields. Slices of constant z describe the RG evolution
of this theory at lower energies, 11 ~ 1/z. Because the higher-dimensional theory encodes information
about the behavior of a lower-dimensional theory on its boundary, this identification is known as the
holographic interpretation of warped extra dimensions. This interpretation is sketched in Fig. 6.

3.9.1 Plausibility check from an experimentalist’s perspective

As a very rough check of why this would be plausible, consider the types of spectra one expects from
an extra dimensional theory versus a strongly coupled 4D theory. In other words, consider the first thing
that an experimentalists might want to check about either theory. The theory with an extra dimension
predicts a tower of Kaluza-Klein excitations for each particle. The strongly coupled gauge theory predicts
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a similar tower of bound states such as the various meson resonances in QCD. From the experimentalist’s
point of view, these two theories are qualitatively very similar.

3.9.2 Sketch of a more formal description

We can better motivate the holographic interpretation by appealing to more formal arguments. One
of the most powerful developments in theoretical physics over the past two decades is the AdS/CFT
correspondence—more generally, the holographic principle or the gauge/gravity correspondence [79,
86-88]. The conjecture states that type IIB string theory on AdSs x S is equivalent to 4D N = 4
superconformal SU(N') theory on Minkowski space in the large N limit:

Adss x S° = N = 4 super Yang-Mills. (3.49)

The essence of this duality is the observation that a stack of N so-called D3-branes in string theory can
be interpreted at low energies in two ways:

1. A solitonic configuration of closed strings which manifests itself as an extended black hole-like
object for which Adss x S° is a solution.

2. Dirichlet boundary conditions for open strings which admit a non-Abelian U (N') gauge symmetry
associated with the IV coincident D3-branes.

These correspond to the left- and right-hand side of (3.49) and form the basis of the AdS/CFT correspon-
dence.

The key for us is that the AdS5 x S° extra dimension ‘geometrizes’ the renormalization group flow
of the strongly coupled theory by relating the position in the extra dimension z with the RG scale . An
operator O; in the 4D theory has a source j;(x, 1) that satisfies an RG equation

o . )
U%Ji(xa w) = Bi(jj(x, ), ). (3.50)

The gauge/gravity correspondence identifies this source as the value of a bulk field j;(z, u) < ®;(z, 2)
at the UV boundary of the AdS5 extra dimension. The profile of ®; in the extra dimension is associated
with the RG flow of j;(z, ). Each Minkowski slice of AdS5 represents a picture of the 4D theory probed
at a different energy scale p ~ 1/z.

More concretely, the duality gives a prescription by which the correlation functions of one theory
are identified with correlation functions of the other. The parameters of these two theories are related by
R4
7= 47¢%N, (3.51)
where R is the AdS curvature,  is the string length, and g is the Yang Mills coupling. Here we see why
AdS/CFT is such a powerful tool. In the limit of small string coupling o/ ~ ¢? where string theory can
be described by classical supergravity, the dual gauge theory is strongly coupled and very ‘quantum’.
The correlation functions of that theory are non-perturbative and difficult to calculate, whereas the dual
description is weakly coupled. The duality gives a handle to calculate observables in theories outside the
regime where our usual tools are applicable.

3.9.3 What it means to geometrize the RG flow

For our purposes, it is only important that we understand the warped extra dimension as the renormal-
ization group flow of a strongly coupled 4D gauge theory. To see how this RG flow is ‘geometrized,” we
consider the internal symmetries of the two theories.
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— The isometry of the S° space is SO(6) = SU(4). This is precisely the R-symmetry group of the
N = 4 gauge theory.

— The isometry of the AdSs space is SO(4, 2), which exactly matches the spacetime symmetries of
a 4D conformal theory.

Since RS only has a slice of the AdS space without the S°, we expect it to be dual to a conformal theory
without supersymmetry. Steps towards formalizing the holographic interpretation of Randall-Sundrum
are reviewed in [85].

Armed with this background, we can develop a working understanding of how to interpret RS
models as a picture of a strong, four-dimensional dynamics. Observe that in the conformal coordinates
that we’ve chosen, the metric has a manifest scale symmetry

z—az T — Qx. (3.52)

Consider 4D cross sections perpendicular to the z direction. Moving this cross section to another position
z — «z is equivalent to a rescaling of the 4D length scales. Increasing z thus corresponds to a decrease
in 4D energy scales. In this way, the AdS space gives us a holographic handle on the renormalization
group behavior of the strongly coupled theory.

3.9.4 What it means to take a slice of Anti-de Sitter

The RS scenario differs from AdSs due to the presence of the UV and IR branes which truncate the
extra dimension. Since flows along the extra dimension correspond to scale transformations, the branes
represent scales at which conformal symmetry is broken. The UV brane corresponds to an explicit UV
cutoff for the 4D conformal theory. The IR brane sets the scale of the KK modes. We heuristically
identified these with bound states of the strongly coupled theory, and so we can identify the IR brane as a
scale where conformal symmetry is spontaneously broken, the theory confines, and one finds a spectrum
of bound states. Recall that the bound state profiles are localized toward the IR brane; this is an indication
that these bound states only exist as one approaches the confinement scale. The picture of the RS ‘slice
of AdS’ is thus of a theory which is nearly conformal in the UV that runs slowly under RG flow down to
the IR scale where it produces bound state resonances.

The SM, and in particular the Higgs, exist on the IR brane and are thus identified with composite
states of the strongly coupled theory. In the extra dimensional picture, we argued that the Higgs mass
is natural because the UV cutoff was warped down to the TeV scale. In the dual theory, the solution to
the Hierarchy problem is compositeness (much like in technicolor): the scalar mass is natural because
above the confinement scale the scalar disappears and one accesses its strongly coupled constituents. By
comparison, a state stuck on the UV brane is identified with an elementary (non-composite) field that
couples to the CFT.

3.9.5 The meaning of 5D calculations

At the level presented, it may seem like the AdS/CFT correspondence is a magic wand for describing
strong coupling perturbatively—and indeed, if you have started to believe this, it behooves you to always
know the limits of your favorite tools. A 5D calculation includes entire towers of 4D strongly coupled
bound states—in what sense are are we doing a perturbation expansion? First of all, we underscore
that the AdS/CFT correspondence assumes the 't Hooft large N limit, where N is the rank of the gauge
group [?]. Further, whether in four or five dimensions, a scattering calculation assumes a gap in the
particle spectrum. This gap in the 5D mass is translated into a gap in the scaling dimension A of the 4D
CFT operators. Thus one of the implicit assumptions of a holographic calculation is that the spectrum of
the CFT has a gap in scaling dimensions. More practically, a scattering process in 5D include 4D fields
with large KK masses. We can say definite things about these large KK mass states, but only as long as
these questions include a sum over the entire tower.
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3.10 The RS Radion is a Dilaton

We have already met the radion as the dynamical field whose VEV sets the distance between the UV
and IR brane. Excitations of the radion about this VEV correspond to fluctuations in the position of the
IR brane. From its origin as a part of the 5D dynamical metric, it couples to the trace of the energy-
momentum tensor,

r
T 3.53
A (3.53)

Observe that this is very similar to the coupling of the SM Higgs except that it is scaled by a factor of AL[R

and there are additional couplings due to the trace anomaly—for example, a coupling to gluons of the
form [77,89]

T 1 r g

S a 2 54
A 2 A l/Q(mt) SW(GMV) ) (3.54)

where Fy o(my) = —Sm%/mi + --- is a triangle diagram function, see e.g. (2.17) of [90].

Why should the radion coupling be so similar to the Higgs? Before one stabilizes the radion VEV
(e.g. as in Section 3.8), the radion is a modulus and has a flat potential. In the holographic 4D dual, the
radion corresponds to the Goldstone boson from the spontaneous breaking of conformal symmetry by
the confining dynamics at the IR scale. In other words, in the 4D theory, the radion is a dilaton. This
is the reason why it is so similar to the SM Higgs: the Higgs is also a dilaton in a simple limit of the
Standard Model.

In the SM the only dimensionful parameter is that of the Higgs mass,
v2\?
V(H) =\ (HTH — 2) : (3.55)

In the limit when A — 0, the Standard Model thus enjoys an approximate scale invariance. If we maintain
v # 0 while taking A — 0, that is, we leave the Higgs VEV on, then:

— Electroweak breaking SU(2)xU(1) —U(1) gives the usual three Goldstone bosons eaten by the
W+ and Z

— The breaking of scale invariance gives an additional Goldstone boson, which is precisely the Higgs.

Indeed, the Higgs couples to the sources of scale invariance breaking: the masses of the fundamental SM
particles,

h -
— (oW + My W,Wh 4+ ... (3.56)

This observation leads to an interesting possibility: could one construct a complete model with
no elementary scalar Higgs, but where a condensate breaks electroweak symmetry and scale invariance?
Then the dilaton of this theory may have the properties of the SM Higgs. If one can reproduce the
observed Higgs mass then it could be very difficult to tell the scenario apart from the SM [91].

3.11 Realistic Randall-Sundrum Models

While the original RS model is sometimes used as a template by LHC experiments to put bounds on KK
gravitons, most theorists usually refer to RS to mean a more modern variant than the model presented thus
far. In the so-called ‘realistic’ version of Randall-Sundrum, all of the Standard Model fields are allowed
to propagate in the bulk [92-94]. Doing this allows one to use other features of the RS framework to
address other model building issues. For example, pulling the gauge fields into the bulk can help for
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grand unification, but this typically leads to unacceptably large corrections to the Peskin-Takeuchi S-
parameter. One way to control this is to also allow the fermions to live in the bulk. We explain below
that the bulk fermions open up a powerful new way to use the RS background to generate the hierarchies
in the Yukawa matrix.

Solving the Hierarchy problem requires the Higgs to either be stuck on the IR brane or otherwise
have a bulk profile that is highly peaked towards it. Allowing the fermions and gauge fields to propagate
in the bulk introduces a tower of KK modes for each state. These tend to be peaked towards the IR brane
and, as we learned above, are identified with bound states of the strongly coupled holographic dual. The
Standard Model matter and gauge content are identified with the zero modes of the bulk fields. These
carry zero KK mass and pick up small non-zero masses from their interaction with the Higgs. When
boundary conditions permit them, zero mode profiles can have different types of behavior:

— Fermion zero modes’ are either exponentially peaked toward the IR brane or the UV brane. The
parameter controlling this behavior is the bulk mass'?, see (A.40).

— Gauge boson zero modes are flat in the extra dimension, though electroweak symmetry breaking
on the IR brane distorts this a bit, see (3.61).

The holographic interpretation of a Standard Model field with a bulk profile is that the SM state is par-
tially composite. That is to say that it is an admixture of elementary and composite states. This is
analogous to the mixing between the p meson and the photon in QCD. States whose profiles are peaked
towards the UV brane are mostly elementary, states peaked toward the IR brane are mostly composite,
and states with flat profiles are an equal admixture.

The effective 4D coupling between states depends on the overlap integral of their extra dimensional
profiles. This gives a way to understand the hierarchies in the Yukawa matrices, since these are couplings
to the Higgs, which is mostly localized on the IR brane [93-99]. This is a realization of the split fermion
scenario!! [100-103]. The zero-mode fermions that couple to the Higgs, on the other hand, can be
peaked on either brane. We can see that even with O(1) 5D couplings, if the zero-mode fermions are
peaked away from the Higgs, the dz overlap integral of their profiles will produce an exponentially small
prefactor. We can thus identify heavier quarks as those whose bulk mass parameters cause them to lean
towards the Higgs, while the lighter quarks are those whose bulk mass parameters cause them to lean
away from the Higgs. Because the 5D couplings can be arbitrary (1) numbers, this is often called
flavor anarchy. This scenario is sketched in Fig. 7.

This framework tells us how to search for ‘realistic’ RS models. Unlike the original RS model,
whose main experimental signature were KK gravitons decaying to SM states like leptons, the profiles of
our SM fields tell us what we expect realistic RS to produce. The most abundantly produced new states
are those with strong coupling, say the KK gluon. Like all of the RS KK states, this is peaked towards the
IR brane. The SM field which couples the most to this state are the right-handed tops. This is because we
want the tops to have a large Yukawa coupling, and the left-handed top cannot be too peaked on the IR
brane or else the bottom quark—part of the same electroweak doublet—would become heavy. These KK
gluons are expected to have a mass = 3 TeV, so we expect these tops to be very boosted. This suggests
experimental techniques like jet substructure (see [104—106] for reviews).

There are additional features that one may add to the RS scenario to make it even more realistic.
From the picture above, the electroweak gauge KK modes lean towards the IR brane where the Higgs
can cause large mixing with the SM W and Z. This causes large corrections to the Peskin-Takeuchi

?0One immediate concern with bulk fermions is that in 5D the basic spinor representation is Dirac rather than Weyl. Thus
one does not automatically obtain a chiral spectrum of the type observed in the SM. While heavy KK states indeed appear as
Dirac fermions, one may pick boundary conditions for the bulk fermion field that project out the ‘wrong chirality’ zero-mode
state. See Appendix A.3.6.

0bserve that this is a manifestation of our identification of bulk masses and scaling dimension in Sec. 3.9.5.

""'Note that the use of an extra dimension to explain flavor hierarchies does not require warping.
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Fig. 7: A cartoon of the zero mode profiles of various SM particles in the ‘realistic’ RS scenario.

T parameter which seems to push up the compactification scale, causing a reintroduction of tuning. A
second issue is that the third generation SM fermions also have a large overlap with the Higgs and can
induce a large Zbb coupling through the neutral Goldstone. This coupling is well measured and would
also require some tuning in the couplings. It turns out, however, that imposing custodial symmetry in the
bulk can address both of these problems [107, 108]. The symmetry is typically gauged and broken on
the IR brane so that it is holographically identified with a global symmetry of the 4D theory—just as in
the SM. This introduces several new states in the theory, many of which are required to have boundary
conditions that prevent zero modes.

3.12 A sketch of RS flavor

Let us assume that the Higgs is effectively IR brane-localized. The effective 4D Yukawa coupling be-
tween a left-handed quark doublet and a right-handed quark singlet is given by the O(1) anarchic (non
hierarchicial) 5D Yukawa coupling multiplied by the zero-mode fermion profiles evaluated on the IR
brane, ¢,

yig ~ O(1)y x eZefm. (3.57)

Here we have implicitly treated the Higgs boson profile as a j-function on the IR brane and integrated
over the profiles. In the 4D mass eigenstate basis, y; ~ 1, we can write €5 ~ 63Q ~ 1. For a choice of
these parameters, one may then use the bottom mass to determine the value of egR. This, in turn, may be
used in conjunction with the CKM matrix,

s
Vexkm<ij ~ O <Q> , (3.58)

€

to determine the es of lower generations and so forth. One automatically obtains a hierarchical pattern of
mixing.

Neutrino zero modes, on the other hand, must be highly peaked on the UV brane. In fact, these
are typically even more peaked on the UV brane than the Higgs is peaked on the IR brane. In other
words, one should no longer treat the Higgs as purely brane localized'? and rather as a profile which
is exponentially small on the UV brane. In this limit, one can treat the right-handed neutrinos as each
having a §-function profile on the UV brane. Even with O(1) anarchic Yukawa couplings, the smallness

"2 This itself causes some conceptual issues since the interactions of a purely brane Higgs is incompatible with the boundary
conditions required to make the fermion zero modes chiral [109].
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of the Higgs profile then suppresses the neutrino mass to automatically be small. Further, since each
neutrino Yukawa coupling has the same Higgs mass, one finds larger mixing than in the quark sector, as
phenomenologically observed.

3.13 Example: the coupling of the Z in RS

As a sample calculation, consider the coupling of the Z boson in RS. We first derive the effective 4D (SM)
coupling of the Z in terms of the 5D parameters and then calculate the FCNC induced by the zero mode
Z. In the SM the Z is, of course, flavor universal and flavor-changing coupling. Indeed, at zeroth order,
RS also prevents such a FCNC since the gauge boson zero mode profile is flat and therefore universal. We
will see, however, that the correction to the Z profile induces a small FCNC term.

Let us first state some results that are derived in the appendix. The localization of the normalized
zero mode fermion profile is controlled by the dimensionless parameter c,

1 Z\2/ 2\ ¢
WO == (5) () P, (3.59)
where ¢/R is the fermion bulk mass and Py, is the left-chiral projection operator. Right chiral states
differ by P;, — Pgr and ¢ — —c. We have also used the RS flavor function characterizing the fermion
profile on the IR brane (larger f means larger overlap with the Higgs),

1—-2c
Je= \/1—(}:#3/)1—20‘ (3.60)

Each sM fermion has a different bulk mass ¢ which according to the size of its SM Yukawa coupling.
For simplicity of notation, we will simultaneously use c as the bulk mass parameter and as a flavor index
rather than c;. Further, the profile for the zero mode Z boson is

(0) _ 1 _%% 2 5.2 z
WO () = TR [1 : (z 222 log R)}, 3.61)

Starting in the canonical 5D basis where the bulk masses (c parameters) are diagonal, the zero mode
fermion coupling to the zero mode Z is

_ R\? _
g4DZ/S0)(:r)\Ilgo)(x)'y“\I/go)(:):) +.-.= /dz <z> gsDZj(\g)(m,z)\Ilgo)(:r,z)FM\I/(O)(a:,z), (3.62)

where T'M = %’yM , the prefactor coming from the vielbein. Plugging in the profiles gives

R/
1 /2\—2% 1 My z
cco d ad 2. - 1 i 2—2 2] — 3.63
94D gSD/R < R <R> fe Rlog R'/R [ * 4 ( it R)] ’ (3.63)

where the cc superscripts index fermion flavor. We write gif, = gsm + ggcne 10 anticipation that the term
in the bracket proportional to Mz is non-universal and will contribute a FCNC. The leading term, on the
other hand, gives the usual SM coupling. Performing the dz integral for that term gives

gSfCZ(R,)QC R/
R'\/Rlog R'/R1—2c

gsm =

R 1—-2¢ s
1— (= = — 3.64
<R/) ] VRlogR'/R (5.64)

This is indeed flavor-universal since it is independent of ¢ so that upon diagonalization of the zero mode
mass matrix with respect to the Yukawa matrices, this contribution remains unchanged.
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On the other hand, the term proportional to M gives a non-universal contribution. Performing a
change of variables to y = z/R and performing the dy integral gives

(MzR")?1log R'/R

2
RS (3.65)

Jrene = — 95
where we’ve dropped a subleading term that doesn’t have the log R'/R enhancement. Consider, for
example, the coupling between a muon and an electron through the zero mode Z. The unitary transfor-
mation that diagonalizes the Yukawa mass matrix goes like f;/ f; so that

Zope _ (UT €€U) ~_de i _ L (M R’)21 lo ud (3.66)
Grene g e fu\3-2c, 3-2c VA B g R Gsm- .
We can drop the second term since flavor anarchy requires f2 < f 3 The result is
M R/)2 R/
Z Z
gFCOI\‘?C? = —95M2((3_2CH log Efufe' (3.67)

The observation that the coupling is suppressed by (M, R')? is sometimes called the ‘RS GIM mecha-
nism.” Note that in order to do a full calculation, one must also include the non-universal contribution
from KK Z bosons. These couplings do not have a (M, R')? suppression, but FCNC diagrams with these
KK modes are suppressed by the Z (™) mass.

4 The Higgs from Strong Dynamics

Further reading: The original phenomenological Lagrangian papers lay the foundation for the general treatment of
Goldstone bosons [110, 111]. See §19.6 of [112] for a slightly more pedagogical treatment that maintains much of the
rigor of [110, 111], or Donoghue, et al. for a discussion tied closely to QCD [?]. Very readable discussions can be found
in [?,?]. For a rather comprehensive review that emphasizes the role of ‘gauge’ symmetries, see [113]. For the composite
Higgs see [114] or the 2012 ICTP “School on Strongly Coupled Physics Beyond the Standard Model” [115] for a modern
set of lectures and [116] for a phenomenological review. Finally, see [117, 118] for reviews of the little Higgs scenario.

For our last topic we explore models where strong dynamics at a scale A ~ 10 TeVv produces a light,
composite Higgs. The solution to the Hierarchy problem is that there is no elementary scalar—beyond
A one becomes sensitive to the underlying ‘partons’ that make up the Higgs. Through the holographic
principle, we have already discussed many broad features of this paradigm in the context of warped extra
dimensions above.

One key question to address is the lightness of the Higgs mass. If A ~ 10 Tev, how is it that the
Higgs appears at 125 Gev? By comparison, the strong coupling scale for quantum chromodynamics is
Agep ~ O(300 MeVv) while most QCD states, such as the p meson and proton are at least as heavy as
this'3. Those who are sharp with their meson spectroscopy will quickly observe that there is a counter-
example in QCD: the pions are all lighter than Aqcp, albeit by only an O(1) factor.

The reason that the pions can be appreciably lighter than the other QCD states is the well-known
story of chiral perturbation theory, a subset of the more general nonlinear > model (NLxM) construc-
tion. The pions are the Goldstone bosons of the spontaneously broken SU(2)r, xSU(2) g flavor symmetry
coming from chiral rotations of the up and down quarks. Small explicit breaking of this symmetry gen-
erates a mass for the pions so that they are pseudo-Goldstone modes. In the composite models that we
consider in this section, we assume a similar structure where the Higgs is a pseudo-Goldstone boson of

3 A better comparison is A = 47 fr ~ O(GeV), where £ is the pion decay constant. “Typical’ QCD states such as the p
meson have masses of at least this value, m, ~ A. We explain the distinction in Section 4.3.7.
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some symmetry for which A ~ 47 f with breaking scale f ~ 1 Tev. We show that the generic composite
Higgs set up still requires some tuning between the electroweak scale v and the symmetry breaking scale
f. One way to generate this ‘little hierarchy’ is through the mechanism of collective symmetry break-
ing.We close this section by drawing connections to models of an extra dimension and by providing a
phenomenological taxonomy of composite Higgs models to help clarify nomenclature.

4.1 Pions as Goldstone bosons

Before exploring composite Higgs models in earnest, it is useful to review strong electroweak symmetry
breaking in QCD since this gives a concrete example of the effective theory of Goldstone bosons. It
is also useful because electroweak symmetry breaking in QCD formed the motivation for technicolor
models that have since fallen out of favor—it is useful to see why this is, and how composite Higgs
models are different from a revival of technicolor.

First, consider the Lagrangian for pure QCD: a theory of vector-like quarks and gluons, where
‘vector-like’ mean the left- and right-handed quarks come in conjugate representations,

1 .
LQCD = _ZGzyGauyq('Lm — m)q (41)

This is a theory which becomes strongly coupled and confines at low energies, leading to a spectrum of
composite states. This makes it a good template for our own explorations into compositeness. We can
already guess that at low energies the effective theory is described by Goldstone bosons, the pions. In
anticipation, we examine the global symmetries of the theory.

We focus only on the three lightest quarks with masses m; < Aqcp. In the chiral limit, m — 0,
the physical quarks are Weyl spinors and have an enhanced U(3); x U(3)r global flavor symmetry acting
separately on the left- and right-handed quarks,

qi — (UL)ijq]L 4.2)
dr — (Ur)'jq%- (4.3)

One may write the currents for this global symmetry. For compactness we move back to Dirac spinors
and write in terms of the vector (U, = Ug) and axial (U, = Uli) transformations:

(G )t =" T (GO = y"vsT% (4.4)
(v )t = ar''q (Ja)* = av"vsq, (4.5)

where the T are the generators of SU(3). We can identify jy, with baryon number, which is conserved
in QCD, and we note that j4 is anomalous so that it is not a good symmetry and we don’t expect to see
it at low energies'*. The vectorial SU(3), with current Jv» is precisely the symmetry of Gell-Mann’s
eightfold way and can be used to classify the light hadrons. What do we make of the axial SU(3), j4?

Phenomenologically we can observe that the axial SU(3) is not a symmetry of the low energy
spectrum, otherwise we would expect a parity doubling of all the ‘eightfold way’ multiplets. There is
one way out: this symmetry must be spontaneously broken. What could possibly enact this breaking in a
theory with no Higgs boson? It turns out that QCD itself can do the job! We assume that the axial SU(3)a
is broken spontaneously by a quark—anti-quark condensate,

(Gq) = (qrqri +hc.) #0 (4.6)

4What happens to this symmetry at low energies is rather subtle and was known as the “U(1) problem.” There is a lot more
to the story than simply saying that the axial U(1) is anomalous and so does not appear at low energies. One can construct a
current out of j4 and a Chern-Simons (topological) current that is anomaly-free and spontaneously broken. This current indeed
has a Goldstone pole. However, Kogut and Susskind showed that this current is not gauge invariant. There are actually two
Goldstone bosons that cancel in any gauge invariant operator [119].
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in such a way that the vector SU(3)y is preserved. This is the unique combination that preserves
Lorentz invariance and breaks SU(3). By dimensional analysis, this ‘chiral condensate’ takes the form
(Gq;) ~ 5ijAgCD‘ Given that QCD is strongly interacting in the IR, the existence of this non-trivial vac-
uum condensate should not be surprising and is indeed supported by lattice calculations. However, the
exact mechanism by which this condensate forms is non-perturbative and not fully understood. This
also gives a robust prediction: we should have eight pseudoscalar Goldstone bosons as light excitations.
These are precisely the pions, kaons, and 1. Because SU(3)4 is only a symmetry in the chiral m — 0
limit, these are not exactly Goldstone bosons as the symmetry is explicitly broken by the quark masses
and electromagnetism. However, because this explicit breaking is small relative to Agcp, these excita-
tions are still very light m, < Aqcp and are often referred to as pseudo-Goldstone bosons (sometimes
pseudo-Nambu—Goldstone bosons, pNGB, in the literature).

Note that the electroweak group sits inside the QCD flavor symmetry!>,
SU@B)., x SUB)r x U(l)g D SUR2)., x U(1)y. 4.7

We can see this since an SU(3);, fundamental contains (ur,dr, sy ), where the first two components
form the usual SU(2)y, first generation quark doublet. In this way, SU(2)L is simply the upper left 2 x 2
component of the SU(3)., generators. Similarly, hypercharge is a combination of the diagonal generators,

B
Y =Tgrs + 5 (4.8)
We say that the electroweak group is weakly gauged with respect to low energy QCD. By this we mean
that the gauge couplings are perturbative in all energy scales of interest. This weak gauging is a small
explicit breaking of the QCD flavor symmetries and accounts for the mass splitting between the 7% and

7t

4.2 A farewell to technicolor

Because of (4.7), the spontaneous breaking of SU(3)a by the chiral condensate (Gg) also breaks elec-
troweak symmetry. This is an important observation: even if there were no Higgs boson, electroweak
symmetry would still be broken and W and Z bosons would still be massive, albeit with a much smaller
mass. This mass comes from ‘eating’ part of the appropriately charged pseudo-Goldstone bosons. We
will see this in slightly more detail below. Readers unfamiliar with this story are encouraged to follow
the treatment in [120].

The observation that strong dynamics can—and indeed, does in QCD—break electroweak sym-
metry led to the development of technicolor theories where the SM is extended by a confining sec-
tor [121-125]. Note that by the holographic interpretation of extra dimensions, this type of electroweak
symmetry breaking is analogous to the RS scenario where a brane-localized Higgs picks up a VEV. The
large hierarchy between the Planck and electroweak scales is then understood to be a result of dimen-
sional transmutation. The simplest constructions of these models, however, suffer from several issues.
These include the requirement for an additional mechanism to generate fermion masses [126, 127] and
generically large deviations in flavor and electroweak precision observables [127-129]. However, the
nail in the coffin for most of these models is observation of the Higgs boson at 125 GeVv, much lighter
than the compositeness scale. Such a state—even if it is not the Standard Model Higgs—is very difficult
to explain in the context of these models.

As such, even though the models we consider here encode strong dynamics, they are distinct
from the pre-Higgs technicolor strong dynamics of the past. All of these models require a Higgs. We
will borrow from the above story, however, the importance of the effective theory of pseudo-Goldstone
bosons. By identifying the Higgs as one of these pion-like states, we can explain its lightness.

15Tt has to be true that the electroweak gauge group sits in the full QCD global symmetry group in order for some of the
quarks to have non-trivial electroweak charges.
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Fig. 8: Cartoon of the Goldstone excitation for a ‘Mexican hat’ potential. Image from [?].

4.3 Chiral perturbation theory

In this section we review the main framework for describing Goldstone bosons of chiral symmetry break-
ing, known as chiral perturbation theory. Many of the results highlight general principles that appear in
any theory of Goldstone bosons, known as nonlinear sigma models. A completely general treatment of
spontaneously broken global symmetries is captured in the the so-called Callan-Coleman-Wess-Zumino
(ccwz) construction, which we present in Appendix B.

The importance of having a Lagrangian theory of Goldstone bosons is clear from the success of
SM predictions before the Higgs discovery. Naively, one might wonder how we knew so much about the
Standard Model before the Higgs discovery—isn’t the Higgs a very central piece to the theory? As we
saw above, the key feature is actually electroweak symmetry breaking: whether or not there is a Higgs,
one always has the Goldstone bosons which are eaten by the W= and Z to become massive. It is this
nonlinear sigma model that pre-Higgs experiments had studied so carefully. The discovery of the Higgs
is a statement that the nonlinear sigma model is UV completed into a linear sigma model.

4.3.1 Framework

We begin with the concrete example of low-energy QCD that we described above. Given that the chiral
condensate (Gq) breaks SU(3)a, we proceed to write down the effective theory describing the interaction
of the resulting Goldstone bosons. Let us write Uj to refer to the direction in field space associated with
the chiral condensate, Uy ~ (Gq). This transforms as a bifundamental with respect to SU(3);, xSUQ3)R,

U(x) — ULU (2)U, (4.9)

where U, and Ug are the transformation matrices under the SU(3);, and SU(3)r respectively. The ob-
servation that SU(3), is broken corresponds to Uy = 1. Note that this indeed preserves the SU(3)v
transformations U, = Ug.

We now consider the fluctuations U (x) about Uy—these are what we identify with the Goldstone
bosons. Recall the picture of spontaneous symmetry breaking through the ‘Mexican hat’ potential in
Fig. 8. The action of an unbroken symmetry does not affect the VEV (represented by the ball), while
broken symmetries shift the VEV along the vacuum manifold. This gives an intuitive picture of how to
identify the Goldstone modes:

1. Identify a convenient VEV, U
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2. Act on that VEV with the broken group elements

3. Promote the transformation parameter to a field, identify these with the Goldstones.

For the chiral Lagrangian, our broken symmetries are those for which Uy = U;. Writing Uy, =
exp(ie*T*), we acton Uy = 1,

eie“T“ 1 eie“T“ — eZie“T“_ (410)
1

We now promote the transformation parameter € to Goldstone fields, €* ~ 7%(xz). Since € is dimen-
sionless, in order for 7 to have canonical scaling dimension we should rescale by the decay constant'®
f. We may understand the physical meaning of f if we recall Fig. 8, since we want € to be an angle
that parameterizes the position along the vacuum circle: the Goldstone is a periodic variable with period
27 f, so that f is identified with the value of the symmetry breaking VEV. The angle € is then 7(z)/f.
We thus promote €* — 7(x)/ f so that we may define the field U(x),

7% (x) 7% (z) % (z)
i Te G Ta:e%if T“'

U(x)=e Upe 4.11)

We now have an object U(z) which packages the Goldstone fields, 7%(x). Note that U(x) transforms
linearly under the full SU(3)L xSU(3)r group, U(x) — ULU (ac)UIT%, but the fields that actually describe
the low energy spectrum are related in a non-trivial way to U (z).

4.3.2 How pions transform

We can determine the transformation of the pions 7% by using the transformation of the linear field U (z).
Under the SU(3)v (unbroken) symmetry, Uy, = Ugr = Uy, we have

U(z) = UyU(z)US = Uy (1 + 22'”&](0“")1” + ) Ul (4.12)

where we can see from the first term that 7%(z)T* — Uy n®(x)T CLU‘T/. In other words, 7¢(x) transforms
linearly under the unbroken symmetry. Note that the higher order terms also obey this by trivially
inserting factors of U‘T/Uv = 1. Indeed, we expected this result because we know that Gell-Mann’s
eightfold way is precisely a realization of SU(3)y, so our pions must transform as octets.

Things are not as simple for the broken symmetry, Up, = UE{ = Uj,. In this case the transformation
18

217’*";('””) Ta

U(z) » UaU(z)Ups = (4.13)

In this case the pion does not transform in a nice, linear way'”. Unlike the above case, there is no sense in
which this looks like 7%(z)T* — U, Awa(x)TaUli. The best we can do is say that we have moved Uy to a
new point on the vacuum manifold, which we parameterize by an angle 27'%(x)/ f. The transformation
7®(z) — 7'a(x) is nonlinear. To leading order,

1+ 21‘77,?(“’)@ = (1 + T (1 + 21”(1}“’)T“) (14 ic*T®) (4.14)

The name comes from identifying the appearance of this factor in the matrix element for pion decays, e.g.
(Olay*ysd|m™) = ifp".

"This may seem confusing since U (x) transforms as a bifundamental under SU(3). x SU(3)r. However, components of
U (z) are not independent due to the nonlinear constraints of being unitary and having unit determinant.
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so that
7' (x)T* = 7%(2)T* + fc*T°. (4.15)

In other words, to leading order the pion shifts 7 — fc®. This shift symmetry in the nonlinear re-
alization is precisely why the pion is massless; the only non-trivial pion Lagrangian terms must carry
derivatives.

Coset space description. In anticipation of the more general CCWZ construction, let us restate the above arguments in a
more compact way. The symmetry breaking pattern is the coset SU(3)L x SU(3)r /SU(3)v. Using the notation above, this
means that group elements of the full symmetry Uz, r can be written as a product of elements of the unbroken group Uy
and the [left] coset Ux € SU3)L xSUB)r/SUQB)v,

UL = UaUy Ur = Ul Uy. (4.16)

One can check that this matches the above cases when one sets Uy = 1 or Uy = 1. The general transformation of the
linear packaging of the pions, U(x) = exp (2in®(x)T*/f), is

U(z) — Un (UVU(x)UJ) U @.17)

From here it is clear that SU(3)v is realized linearly while SU(3)4 is realized non-linearly.

SU(3), is not a subgroup of SU(3);, x SU(3)g. While one can divide the algebra of SU(3), x SU(3); into axial and
vector generators, one should note that there is no such thing as an ‘axial subgroup’ of SU(3), x SU(3)g. One can check
that the commutation relations of axial generators include vector generators so that the SU(3)4 algebra doesn’t close by
itself.

4.3.3 Lagrangian description

Thus far we have found a convenient way to package the Goldstone fields 7%(x) into a linear real-
ization of the full SU(3)p xSU(3)r symmetry. We would like to write down a Lagrangian describing
the dynamics of the Goldstones. Our strategy will be to write the lowest order terms in U(x) that are
SUB3)L xSU(3)R invariant and then expand U (x) in Goldstone excitations about Uy. One can see that
many invariants, such as U(x)U(z), are independent of the Goldstones. In fact, only derivative terms
contain the Goldstone fields. This is consistent with our argument that Goldstones must have derivative
couplings. The lowest order non-trivial term is

L= :Tr [(8“UT(x)> aMU(x)} (4.18)

The pre-factor is fixed by expanding U(z) = 1 + 22’%@)?1 + .-+ and ensuring that the kinetic term

for 7%(z) is canonically normalized. We have used the normalization that Tr 7°T° = %5“1’. The higher
order terms in the expansion of U yield a series of non-renormalizable pion—pion interactions.

Next we weakly gauge the electroweak group. Recall that this sits in SU(3)L xSU3)r xU(1)p.
The left- and right-chiral quarks are fundamentals under SU(3);, and SU(3)r respectively and have
baryon number 1/3. This information, combined with knowing how SU(2) sits in SU(3), and (4.8),
determines the quantum numbers of the linear field U(z), which transforms as a 3 x 3 x 0 under
SUB)LxSUB)r xU(1)p. To ‘turn on’ the electroweak gauge interactions, we simply promote derivatives
to covariant derivatives 9, — D,, where

7 7 . al a\? . 1 k i
DU (z)'; = 0,U(z)"; — ZgW“i (%)% U(m)kj + Zngui (T]‘%)i U(z)'. (4.19)
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We have written the SU(2), generators as

C SU@)L. (4.20)

Promoting 0,, — D,, in (4.18) yields

2
L= fZTr

2
+ .21

(au _ igwg(xw) U(x)

where we leave the similar term with B, () implicit.

4.3.4 Electroweak symmetry breaking

One may check that (4.21) has terms that are linear in W () such as § fW;"(2)0*7~ (x) + h.c. This
is precisely a mixing term between the 7 (z) and the W, (x). In other words, the W has eaten the
Goldstone boson to pick up a longitudinal polarization. This is precisely electroweak symmetry breaking
at work. Note that similar terms mixing the W;f and B,, with the 7¥. As usual, the masses of the heavy
gauge bosons come from the gauge fields acting on the Uy ‘VEV’ part of U (x), the resulting spectrum is
g1 192

4 4 2
The characteristic mass scale is 100 MeV, much smaller than the actual W and Z since most of the mass
contribution to those fields comes from the Higgs VEV. Diagrammatically, we can imagine the mixing
as follows:

mmmzww+m@m+m@m@m+--- (4.23)

We have parameterized the strong dynamics in terms of a momentum-dependent form factor I1(g?).
What the TV boson is really coupling to is the SU(2)r, current formed from the quarks,

'\I\I‘@'\IV\ ’VV‘.'VV\ (4.24)

where the W bosons are coupling to quarks which then interact strongly with one another. In other
words,

AL =""WTW~ + (4.22)

M (q) = (Jy (@), (=a))- (4.25)

The QCD corrected W propagator A, (¢) from resumming the diagrams in (4.23) is

—1
A (q) = £~ P2 () = <77W - qg?) I(q°). (4.26)
The observation that a charged pion has been ‘eaten’ to make the ¥ massive is the statement that IT,,, (¢?)
has a zero-momentum pole. Indeed, (0|J; |7~ (p)) = ifzpu/ /2. The QCD blobs in (4.23) also encode,
however, the effects of heavier resonances and has poles at the masses of these states. In the ‘large
N’ limit (large number of colors) one may write the current-current correlation function as a sum of
resonances [?,?,130],

qud fa
(mw— ”;)rl(cf):(q?mw—quqy)z2 2, (4.27)
q — q°—my

where the Goldstone pole appears for mg = 0.
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Fig. 9: ‘Cat diagram’ adapted from [131]. Despite the silly appearance, the key point is that the photon
couples to the electric current J,, = e\T/'yM\I/ (‘ears’) formed from interactions with fundamental quarks
in the strongly coupled sector. The ‘whiskers’ are the pseudo-Goldstone external states when expanding
the U(z) field in (4.28). The contribution to the charged meson masses come from the ‘two whisker’
diagram.

4.3.5 Electromagnetic mass splitting

In addition to the spontaneous chiral symmetry breaking by strong dynamics, the SU(3);, x SU(3)r group
is also broken explicitly from the gauging of U(1)gm C SU(3)v. The neutral Goldstones (pions, kaons,
and the 7)) are unaffected by this. The charged Goldstones, on the other hand, pick up masses from
photon loop diagrams of the form in Fig. 9. These diagrams contribute to an operator that gives a shift
in the [pseudo-]Goldstone mass,

AL ~ ¢2Tr [QU(x)TQU(x) : (4.28)

where ) = %diag(Z, —1,—1) is the matrix of quark electric charges. Since the electromagnetic force
does not distinguish between the down and strange quarks, this diagram gives an equal shift to both the
charged pions (e.g. ud) and kaons (e.g. u5). Since the up and anti-down/strange quark have the same
charge, the bound state is more energetic than the neutral mesons and we expect the shift in the mass-
squared to be positive [131, 132]. Note that the contribution to the charged pion mass is quadratically
sensitive to the chiral symmetry breaking scale, though it is also suppressed by the smallness of agp.

4.3.6 Explicit breaking from quark spectrum

One can add quark masses that constitute a small (m, < Aqcp) explicit breaking of the global symmetry
and generate small masses to the pseudo-Goldstone bosons. One can write this as a spurion M =
diag(my, m4, ms) which has the same quantum numbers as U(z). One can add these terms to the
effective Lagrangian by forming the appropriate global symmetry group invariant. In particular, we add
to the Lagrangian

AL ~ Tr [MU(z)] ~ Tr [M <”a(x)TG>2 T (4.29)

f

In the limit where m,, = my and ignoring the electromagnetic splitting above, one may identify the
masses for the pions, kaons, and 1 (different components of 7¢) to derive the Gell-Mann—Okubo relation,

m +m2 = dmi. (4.30)
4.3.7 NDA: When the theory breaks down

Finally, let us note that the effective Lagrangian for pions is non-renormalizable, so we should say some-
thing about the cutoff for this theory. At tree-level, the two-to-two scattering of pions with characteristic
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momentum p goes like p? / f2 from (4.18). Using naive dimensional analysis (NDA) [133-135], we see
that the loop contributions go like

A d . ~ 21.2 2,2 2
‘s ’o P k 1 A D ;s 'o A

~ k(=)= ~ —m. ~ — 431
Re . / < f4 > k4 167T2f4 0'¢‘~x X 167T2f2’ ( 3 )

* Yuau? >

-9
A Y Xd

where we have used the shift symmetry (the full SU(3)? group structure) to tell us that at the numerator
of the integrand carries at least two powers of the external momenta. Validity of our loop expansion thus
requires that A ~ 47 f ~ Gev, and this is indeed the scale at which additional QCD states appear. Note
that this cutoff, based on perturbativity of the 1/ f couplings in the chiral Lagrangian, is slightly different
from Agep ~ O(300 MeV), which is the scale where a5 becomes non-perturbative.

Indeed, this UV behavior of the theory of Goldstones is one of the reasons why we expected either
the Higgs or something new to be manifest at the LHC: the SM without a Higgs is simply a nonlinear
sigma model. By the Goldstone equivalence theorem, the scattering cross section for longitudinal W
boson scattering grows linearly with the center of mass energy. In order to maintain unitarity, one requires
that either there is a Higgs boson (a linearization of the nonlinear sigma model) or that the theory becomes
strongly coupled so that higher order terms can cancel the unphysical behavior.

4.3.8 NDA: Characteristic couplings

To show the power of NDA, let’s consider the generic behavior of a strongly coupled theory beyond the
Goldstone modes. At the level of dimensional analysis, there is one relevant mass scale: the mass of
the lowest non-Goldstone resonances, m,,, where we use the p meson as an example. Let us identify the
separation between the mass of the p and the compositeness scale f with the parameter g, = m,,/ f that
describes the coupling of p to the strong sector.

For a strong sector field ¢, define the dimensionless combinations

h 0

m, mp,
We’d like to build an NDA Lagrangian to estimate the size of couplings. We start by writing some
dimensionless function f(xz,y). In order to obtain the correct mass dimension of a Lagrangian, we

further define F'(z,y) = mﬁ f(z,y). This function is assumed to contain a Kinetic term,

F(x,y) D m z2y? = 92(9(82 ). (4.33)
We see that we have to rescale by g,, ~2 to obtain a canonically normalized Lagrangian,
4
1 ) 2 ¢2
L= ?F(%y) = gﬁf(x,y) =my f*f(z,y). (4.34)
P p

As an example that is useful below, let us use this to determine the expected size of a quartic
coupling of strong sector fields. This comes from the O(z*) term in the expansion of f(z,y) so that

2
Lo 2y 34 g2t (4.35)
9o My

Thus we expect the quartic coupling of the ¢ to go like gp ~ mg /f2.

4.4 Composite, pseudo-Goldstone Higgs

The main idea for composite pseudo-Goldstone Higgs models is that the Higgs mass parameter is pro-
tected against quadratic quantum corrections up to the compositeness scale because it is a pseudo-
Goldstone boson. Above the scale of compositeness, it is simply not an elementary scalar. This should
be contrasted with the solutions to the Hierarchy problem already discussed:
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— SUPERSYMMETRY: due to the extended spacetime symmetry, thre is a cancellation of the quadratic
corrections through the introduction of different-spin partners.

— TECHNICOLOR/HIGGS-LESS: there is no elementary Higgs and electroweak symmetry breaking
proceeds through a Fermi condensate. This is now excluded.

— WARPED EXTRA DIMENSIONS: the Higgs itself is a composite state so that above the compos-
iteness scale it no longer behaves like a fundamental scalar. However, there is no explanation for
why the Higgs is lighter than the confinement scale.

Note, in particular, that the composite Higgs scenario that we’re interested in is distinct from technicolor:
the pseudo-Goldstone nature of the Higgs is an explanation for why the Higgs mass is so much lighter
than the other bound states in the strongly coupled sector.

Goldstone bosons, however, behave very differently from the Standard Model Higgs. We saw that
Goldstone bosons have derivative couplings owing to their shift symmetry. The Higgs, on the other hand,
has Yukawa couplings and the all important electroweak symmetry-breaking potential. Our goal in this
section is to see how to construct a theory of Goldstones which can produce a Higgs particle that has all
of the required couplings of the SM Higgs.

We shall closely follow the discussion in [114] and refer the reader there for further details and
references.

4.4.1 The framework

Start with a large global symmetry group G, analogous to the ‘large’ SU(3)L x SU(3)gr global symmetry
of low energy QCD. We will break this symmetry in two ways:

1. We assume that the strong dynamics spontaneously breaks G to a subgroup Hyjopar. This is analo-
gous to chiral symmetry breaking in QCD, SU(3)r, x SU(3)r — SU(3)y.

2. In addition to this, we will explicitly break GG by weakly gauging a subgroup Hgayge Which contains
the SM electroweak group SU(2). x U(1)y. This is analogous to the gauging of U(1)gy.

We assume that the SM electroweak group is a subgroup of H = Hgayge U Hglobal SO that it is gauged
and preserved by the strong dynamics. This is shown on the left of Fig. 10. This results in dim Hgayge
transverse gauge bosons and (dimG — dim Hglobal) Goldstone bosons. The breaking G' — Hgjopal also
breaks some of the gauge group so that there are a total of (dim Hoayee — H ) massive gauge bosons and
(dim G —dim H, global) — (dim Hgauge — dim H ) ‘uneaten’ massless Goldstones.

Now we address the white elephant of the Higgs interactions—can we bequeath to our Goldstone
bosons the necessary non-derivative interactions to make one of them a realistic Higgs candidate? This is
indeed possible through vacuum misalignment, which we illustrate on the right of Fig. 10. The gauging
of Hgayge gives loop-level corrections to the dynamical symmetry breaking pattern since this is an explicit
breaking of the global symmetry. This is analogous to how the gauged U(1)gym splits the masses of the
charged and neutral pions through a photon loop. Loops of SM gauge bosons can generate an electroweak
symmetry breaking potential for the Higgs. We illustrate this below.

One key point here is that since the Higgs potential is generated dynamically through SM gauge
interactions, the electroweak scale v is distinct from the G — H symmetry breaking scale f. The ‘angle’

2
v
- <f) (4.36)

parameterizes this separation of scales and quantifies the degree of vacuum misalignment. Note that this
is a separation of scales which does not exist in technicolor and is the key to parameterizing how the
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Fig. 10: Pattern of symmetry breaking. (LEFT, tree level) Strong dynamics breaks G — Hgjobal
spontaneously, while Hgaee C G is explicitly broken through gauging. The unbroken group H =
Hgauge N Hglobal contains the SM electroweak group, SU(2)r. x U(1)y. (RIGHT, loop level) Vacuum mis-
alignment from SM interactions shifts the unbroken group H — H’ and breaks the electroweak group
to U(1)gm. The degree of misalignment is parametrized by &, the squared ratio of the EWSB VEV to the
G — H VEV. Adapted from [?].

Higgs remains light relative to the heavier resonances despite not being a ‘true’ Goldstone boson. The
limits & — 0 and £ — 1 correspond to the SM (heavy states completely decoupled) and technicolor,
respectively. We note that this parameter is also a source of tuning in realistic composite Higgs models.
Once the pseudo-Goldstone Higgs state is given non-derivative interactions, these interactions generi-
cally introduce quadratic divergences at loop level which would lead to an expected O(1%) tuning. To
avoid this, one needs to introduce a smart way of dealing with these explicit breaking terms called col-
lective symmetry breaking which we discuss below. First, however, we focus on the effects of gauge
bosons on the Higgs potential.

We have the following constraints for picking a symmetry breaking pattern:

1. The SM electroweak group is a subgroup of the unbroken group, SU(2). x U(1)y C H. In fact,
it is better to have the full custodial SU(2);, x SU(2)r = SO(4) group embedded in H since this
will protect against large contributions to the p-parameter.

2. There is at least one pseudo-Goldstone boson with the quantum numbers of the SM Higgs. To
protect the p-parameter, it is better to have a (2, 2) under the custodial group.

At this point we have said nothing about the SM fermions. These, too, will have to couple to the
strong sector to generate Yukawa couplings with the Higgs. We show below that a reasonable way to
do this is to allow the SM fermions to be partially composite, a scheme that we had already seen in the
holographic interpretation of the RS scenario. Indeed, extra dimensions provide a natural language to
construct composite Higgs models.

4.4.2 Minimal Composite Higgs: set up

We now consider an explicit example, the minimal composite Higgs model, which was explored in
[136, 137] using the intuition from the RS framework. Following the guidelines set above, we would
like to choose choose Hgjopa = SO(4), the custodial group which is the minimal choice to protect the
p-parameter. However, the SO(4) = SU(2), x SU(2) g charge assignments don’t give the correct U(1)y
charges, as is well known in left-right symmetric models. Thus our ‘minimal’ choice for Hgjobal requires
an additional U(1)x so that one may include hypercharge in the unbroken group, H,

Y = (T3 + X. (4.37)
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We then choose G = SO(5) x U(1)x and introduce a linear field ¥ that is an SO(5) fundamental
and uncharged under U(1)x. Note that we can ignore the U(1)x charge in our spontaneous symmetry
breaking analysis since it’s really just ‘coming along for the ride’ at this point. 3 acquires a VEV to break

SO(5) — SO(4),
() = (0,0,0,0,1)". (4.38)

This is analogous to the QCD chiral condensate. We can now follow the intuition we developed with
chiral perturbation theory. The Goldstone bosons of this breaking are given by transforming this VEV by
the broken generators. A useful parameterization of the four broken generators is

i _ b (o k
5= 7 (5i 58— &b 5;5) , (4.39)
where ¢ € {1,---4}. We refer to the unbroken generators with an undecorated index: 7%. The SO(5)
group element that acts non-trivially on the VEV, exp(ih®T%/f), can be written in terms of sines and

cosines by separately summing the odd and even terms of the exponential. The linear field > can then be
decomposed into the Goldstone pieces h%(z) and a radial component h(z) = /hé(x)hé(x),

2 = " @T/f(x) = Sm(z/f) (W, 1%, B3 W% heot(h/ f)) - (4.40)
With this parameterization, the SM Higgs doublet is
L (h' +ih?

4.4.3 Gauge couplings

We would like to write down a Lagrangian for this theory and parameterize the effects of the strong
sector on the SM couplings. A useful trick for this is to pretend that the global SO(5) x U(1)x symmetry
is gauged and then ‘demote’ the additional gauge fields to spurions—i.e. turn them off. We can then
parameterize the quadratic part of the Lagrangian for the full set of SO(5) [partially spurious] gauge
bosons, V), = AZT“ + AZTd, and the U(1)x gauge boson, X, by writing down the leading SO(5) x
U(1)x-invariant operators:

Ac=1t (nﬂ” + W) [x(¢*) X, X, + Mo(¢*)Tr(A,4,) + I (¢*)Te(EA4,4,5T)] . (4.42)

2 q2 n<Av niy pniy

Where the form factors are completely analogous to (4.25) and (4.26). Contained in this expression are
the kinetic and mass terms of the SM electroweak gauge bosons. To extract them, we must expand the
form factors I1(¢?) in momenta and identify the O(q°) terms as mass terms and the O(q?) terms as
kinetic terms. Since the IIx and Il terms include gauge fields in the unbroken directions, they should
vanish at ¢ = 0, otherewise masses would be generated for those directions. The II; term, however,
selects out the broken direction upon inserting the > — 3 and thus contains the Goldstone pole, (4.27).
We thus find

Ip(0) = x(0) = 0 11, (0) = f>. (4.43)

Assuming that the Higgs obtains a VEV, one may rotate it into a convenient location (h!,--- k%) =
(0,0,v/+/2,0) corresponding to the usual SM Higgs VEV parameterization. We now assume that sauge
is the SM electroweak group and drop all spurious gauge bosons. Using (4.40), the strong sector contri-
bution to the Lagrangian of these gauge bosons to O(¢?) is

b a1 (R 5 (k) 31173 3 -
ALy = <77“ + q2) : <4 sin? 7 ) (BB, + WiW) —2WiB, + 2WW,) a4y
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2
ALy = % [T () WEWE + (TT(0) + T (0)) B.B,] (4.45)

where we have used the choice of SO(5) generators in the appendix of [138]. AL gives contributions
to the kinetic terms of the gauge bosons. Observe that these are not canonically normalized, but instead
can be thought of as shifts in the gauge coupling,

A (;) = —I1§,(0) A (;2) = — (IH(0) + 1T’ (0)) . (4.46)

Thus if the SU(2);, gauge bosons have a ‘pure’ gauge coupling gg when one turns off the strongly coupled
sector, the full observed SU(2);, gauge coupling is

1 1
- 1‘[6(())’ (4.47)
9§M 93

and similarly for g§,.

ALy corresponds to contributions the masses of the heavy electroweak gauge bosons. Taking into
account the need to canonically normalize with respect to AL 2, we obtain the usual W and Z masses
by identifying the sM Higgs VEV as v = fsin((h)/f). We see the appearance of the misalignment
angle,

=__. (4.48)

Finally, by restoring (h) — h(z) in (4.44) we may determine the composite Higgs couplings to the
gauge bosons!8. The key is the expansion

f?sin? h(f””) =02+ 201 —€h(z) + (1 +26)h(z)? + - . (4.49)

From this we can make a prediction for the SO(5)/SO(4) composite Higgs couplings to the heavy
electroweak gauge bosons V' = W¥, Z relative to their SM values,

gvvh = V1 — &GN gvvin = (1= 26) g\ (4.50)

At this point, these couplings introduce gauge boson loops which are quadratically divergent. These
loops go like

A%~ ggm(1 = 6) [, (4.51)

where we have used the dimensional analysis limit A = 47 f. We see that having explained the lightness
of the Higgs by appealing to the Goldstone shift symmetry, reintroducing the Higgs couplings to the
gauge bosons breaks this shift symmetry and wants to push the Higgs mass back up towards the symmetry
breaking scale. In order to avoid this, one additional ingredient called collective breaking (along with
light gauge and top partners) is necessary. We present this in Section 4.5.

8This is a trivial use of the Higgs low-energy theorem: the low-momentum Higgs couplings are equivalent to promoting the
VEV to h(x) like [139, 140] This theorem can be used, for example, to calculate the Higgs coupling to photons by evaluating
the mass dependence of the running of the QED gauge coupling. The application of the theorem to composite Higgs models is
explored in [141].
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(]
—I

(a) Mass from technicolor (b) Higgs and SM fermion (¢) Yukawa coupling

Fig. 11: Fermion couplings to the composite sector, represented by shaded blobs. (a): Bilinear coupling
of fermions to the composite sector (4.52) lead to fermion masses from the condensate of techniquarks.
(b): Partial compositeness scenario. In addition to the Higgs being part of the strong sector, the elemen-
tary SM fermions mix linearly with strong sector operators with the same quantum numbers. (c): Yukawa
interactions are generated through the strong sector dynamics. Adapted from [138].

4.4.4 Partial compositeness

Having introduced the Higgs couplings to the gauge bosons, we can move on to finding a way to incor-
porate the Yukawa couplings into composite Higgs models. The way this is done in technicolor is to
introduce a four-Fermi interaction that is bilinear in SM fields, e.g.

AL ~ (Qrur)(Yrcirc) (4.52)

where the (&Tchc) are bilinears of the techni-quarks. The resulting fermion mass is shown in Fig. 11a.
This strategy typically runs afoul of constraints on CP violation and flavor-changing neutral currents
since one can imagine the composite sector similarly generating a four-fermion operator between SM
states unless elaborate flavor symmetry schemes are assumed.

Instead of connecting the strong sector to a SM fermion bilinear, we can consider a linear con-
nection. This is known as partial compositeness and is shown in Fig. 11b. We assume that instead of
(4.52), the elementary fermions mix with a fermionic composite operator,

AL ~Qr0qg,, (4.53)

where Og, is a strong sector operator that interpolates a composite quark doublet. We assume similar
mixing terms for each of the other SM fermions. In order to preserve the SM quantum numbers we must
assume that the the SM gauge group is a weakly gauged subgroup of the strongly coupled sector’s flavor
symmetries. Note that the gauge bosons are also partially composite!?, as we saw in (4.23). The resulting
Yukawa interactions are shown in Fig. 11c.

The degree of mixing is now a freedom in our description. Let us parameterize the elementary—
composite mixing by ‘angles’ e,

|observed particle) ~ |elementary) + €|composite). (4.54)

We can use this degree of compositeness to control flavor violation. Since the strongest flavor constraints
are for the first two generations, we assume that the first two generations have very small mixing with

In this framework the longitudinal modes of the massive SM gauge bosons pick up this partial compositeness from the
Higgs. It is also possible to have a scenario where the transverse modes are partially composite, see [142, 143] for explicit
realizations.
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the composite sector. This suppresses dangerous flavor-violating four-fermion operators. On the other
hand, we may assume that the third particles are more composite than the first two generations,

€3 > €12. (4.55)

Since the degree of compositeness also controls the interaction with the Higgs, this means that the third
generation particles have a larger Yukawa coupling and, upon electroweak symmetry breaking, have
heavier masses. The astute reader will note that this is exactly the same as the flavor structure of the
‘realistic’ Randall-Sundrum models in Sec. 3.11-3.12. The observation that light fermions can automat-
ically avoid flavor bounds is precisely what we called the ‘RS GIM mechanism.” This is no surprise since
the holographic interpretation of the RS model is indeed one where the Higgs is composite.

4.4.5 Breaking electroweak symmetry

Having addressed the Higgs couplings to both the SM gauge bosons and fermions, we move on to the
Higgs self-couplings. Until now we have simply assumed that the strong sector generates an electroweak-
symmetry breaking potential. We now check that this assumption is plausible by arguing that loops
involving the third generation quarks generate such a potential; this is similar to the Nambu—Jona-Lasinio
model [144, 145].

The sM fermions do not form complete representations of the global group G = SO(5) x U(1)x.
We thus follow the same strategy that we used for the gauge bosons in Sec. 4.4.3. Let us promote the SM
fermions to full SO(5) spinor representations,

Q zéu zgd
U = < L> U, = [ug o= {xal, (4.56)
Xu dr

where the dashed line separates the SU(2);, x SU(2)g parts of SO(4) C SO(5). The v and x fields are
spurions. Recall from Sec. A.3.1 that the fundamental spinor representation for SO(5) is a Dirac spinor
which decomposes into two Weyl spinors. Do not confuse these Weyl spinors (4.56) with Poincaré
representations—these are representations of the global SO(5) internal group. In other words, the entire
W multiplet are Weyl spinors with respect to Poincaré symmetry but are Dirac spinors with respct to the
internal SO(5) symmetry. The upper half of the Dirac ¥ spinors are charged under SU(2);, while the
lower half is charged under SU(2)gr. This imposes a U(1)x charge of 1/6 on the ¥ fields to give the
correct hypercharge assignments on the SM fields.

Now let us parameterize the strong sector dynamics in the couplings of the SO(5) fermions ¥
and the linear field X in (4.40) that encodes the composite Higgs. Since the X is an SO(5) vector, it
can appear in a fermion bilinear as ¥;I"?, where the I are the 5D Euclidean space representation of the
Clifford algebra. The effective SM fermion bilinear terms are

L= > Up[o+Ta(T-2)] T+ > Top[Mo + M (T - )] ¥, + hee. (4.57)
r=Q,u,d r=u,d

where, as before, the form factors I and M are momentum-dependent. We shall focus on only the @7,
and t g pieces since they have the largest coupling to the strong sector.

Keeping track of conjugate fields. One should be careful with the conjugate fields in the above expression. For the
Lorentz group in four and five dimensions, SO(3,1) and SO(4,1), we use the Dirac conjugate ¥ = ¥~ to form Lorentz
invariants. Recall that this is because objects like W' W are not necessarily invariant because representations of the Lorentz
group are not unitary—boosts acting on the spinor representation do not satisfy UTU = 1. This is due to the relative sign
between the time-like and space-like directions in the Minkowski metric. The Dirac conjugate is a way around this. For
the case of the G = SO(5) internal symmetry, however, there is no issue of non-unitarity. Hence no additional T'° (acting
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on the internal SO(5) space) is necessary in the Lagrangian. To be clear, we can write out the spacetime - and internal I"
matrices explicitly:

U =0y £ wia 10 (4.58)

The matrix I' - X takes the form

«_ 1 (hcos(h/f) hsin(h/f)
F-r=y (%sm(h/ £ —heos(h) f)) ’ (4.59)

where /i and /, are appropriate contractions with Pauli matrices. With the above caveat that there is no '
acting on the SO(5) conjugate, we may write out the Lagrangian for )1, and ¢t by dropping the spurious
components of the V¥ fields,

_ h _ h ~ h
L= QLp HQO -+ HQl CcOs f:| Qr + tR? |:Ht0 + II;1 cos f] tr + Qr My |:h sin fHC:| tr, (4.60)

where H¢ = io2H is the usual conjugate Higgs doublet in the SM?°. Observe that upon canonical
normalization, the top mass can be read off the Yukawa term,

2 2
9 v Mt1
= (2 4.61
™ (f) (Tgo + Tgn) (o — 1)’ el

where the form factors are evaluated at zero momentum. One may write similar expressions for the other
fermions.

In order to determine whether electroweak symmetry is broken, we can now plug this information
into the Coleman-Weinberg potential for the Higgs, also known as the [quantum] effective potential. This
is the potential term in the effective action after taking into account quantum corrections from integrating
out the top quarks. In other words, it is the potential that determines the vacuum expectation value of
fields. The result is

h
Vew = —6 / d*p log (HQO + Il cos )

f
2 h h 2 2V
+log |p” | Ilgo + I1g cos ? 11,0 — 1147 cos ? M sin ? . (4.62)
Expanding this to first order and keeping the leading order terms in the Higgs gives

2 h

f Y
where « and 3 are integrals over functions of the form factors where [ is typically of the order the top
Yukawa. If a < 24, then the Higgs acquires a VEV parameterized by

5 (h) a\?

&= sin? L =1—(—) . (4.64)
f 26

This means that a small £ typically requires a cancellation between o and 8. Since these come from

different sources, this is generically a tuning in the theory.

Vew(h) = acos;l — Bsin (4.63)

One can also ask if it was necessary to rely on the top quark. For example, we know that the gauge
sector also breaks the Goldstone shift symmetry so that loops of gauge bosons can generate quadratic

20Here we have used the SO(5) basis in [114].
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and quartic terms in the Higgs potential. However, for a vector-like strong sector, gauge loops contribute
with the wrong sign to the 5 term and pushes to align—rather than misalign—the vacuum [146, 147].

There are, however, alternate mechanisms to enact electroweak symmetry breaking for a compos-
ite Higgs. For example,

— mixing the composite Higgs with an elementary state [131],
— making use of an explicitly broken global symmetry [148]

— enlarging the Hgayge so that it cannot be completely embedded into Hgjopa [149-151].

4.5 Collective symmetry breaking

The general composite Higgs is a useful framework for working with the Higgs as a psuedo-Goldstone
boson. However, we saw in Section 4.4.1 and equation (4.51) that this is not enough to avoid tuning.
The source is clear: a pure Goldstone Higgs is protected from quadratic corrections to its mass because
of its shift symmetry. This very same shift symmetry prevents the required Higgs couplings to gauge
bosons, fermions, and itself. One must break this shift symmetry in order to endow the Higgs with these
couplings; this generically reintroduces a dependence on the cutoff, A = 4x f.

This may make it seem like a no-go theorem for any realistic model of a pseudo-Goldstone Higgs.
However, there is a nice way out of this apparent boondoggle called collective symmetry breaking
that was originally introduced in ‘little Higgs’ models [152-154] (see [117, 118] for reviews) and is
now an a key ingredient in composite Higgs models?!. The idea is that one can separate the scales v
and f by introducing new particles which cancel the quadratic divergences at one-loop order. Unlike
supersymmetry, these partner particles carry the same spin as the Standard Model particles whose virtual
contributions are to be cancelled. Further, this cancellation only occurs for one-loop diagrams: higher
loop diagrams are expected to contribute quadratically at their naive dimensional analysis size, but these
are suppressed relative to the leading term.

The general principle that allows this cancellation is that the shift symmetry is redundantly pro-
tected. A process is only sensitive to explicit symmetry breaking—as necessary for SM-like Higgs
couplings—if this explicit breaking is communicated by at least two different sectors of the theory.
More concretely, the symmetry is only explicitly broken if multiple couplings are non-zero in the theory
so that any diagram that encodes this explicit breaking must include insertions from at least two different
couplings. This softens the cutoff sensitivity of various operators by requiring additional field insertions
that decrease the degree of divergence of loop diagrams.

4.5.1 Collective breaking in action

We now demonstrate collective symmetry breaking in a model based on the ‘anatomy’ in Fig. 12. The
reader may find it useful to refer to the explicit example of a simple little Higgs model in Section 4.5.2
below. Instead of a simple global group G, suppose that G = G’ x G”. Each of these factors breaks spon-
taneously to subgroups H é]obal and H, é’]obal, respectively. The spontaneous symmetry breaking pattern is
thus

G == G, X G” — Hélobal X Hflgllobal (465)

This gives us two linear fields ¥’ and X" analogous to (4.40) so that there are two separate sets of
Goldstone bosons.

We explicitly break G by gauging Hyauge C G- Suppose that both Hy, ., and Hg,,, are subgroups

of Hgayge in such a way that both ¥’ and X" are charged under Hg,uge With nonzero charges ¢’ and ¢”

2'n Section 4.7.4 we present an alternate protection mechanism based on a Z symmetry.
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/
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Fig. 13: Collective symmetry breaking. Upper (blue) and lower (red) blobs represent H' and H” in
Fig. 12. The thick black line represents the gauged symmetry Hg,uge under which ¥ has charge ¢’ and

%" has charge ¢". When either ¢’ or ¢” vanishes, the unbroken group is Hyjp, X Hgjopy-

respectively. A piece of each subgroup is gauged, as shown in Fig. 13a. H élobal x H é’lobal is then explicitly
broken to a smaller subgroup, for example a vectorial subgroup identified by the gauging, H.

On the other hand, when either ¢’ or ¢” is set to zero, only one of the global subgroups is gauged,
as shown in Fig. 13b and 13c. In either of these cases, the resulting global symmetry group is still

H élobal x H é’lobal. In other words, one requires both ¢’ and ¢” to explicitly break Hgjoba = H, élobal x H é’lobal.
When one of the global subgroups is uncharged under the gauged subgroup, say Hé’lobal, those

Goldstone bosons pick up no mass from the gauge sector. For the other global subgroup which is charged

under the gauge group, say H élobal, there are two possibilities:

1. If Hgayge € H, él obal» then loops of the gauge bosons will feed into the mass of the pseudo-Goldstone
bosons. In the absence of collective symmetry breaking, this gives a contribution that is quadratic

in the cutoff.

2. If, on the other hand®?, G’ C H sauge, then the would-be Goldstone bosons from G — H, élobal are
eaten by the (G// Hyopy) N Hgauge gauge bosons. There is no quadratic sensitivity to the cutoff.

In the second case, the Higgs mechanism removed the A? contribution to the pseudo-Goldstone mass,
but it also got rid of the pseudo-Goldstones themselves.

21t is sufficient to consider some subgroup G’ C @ that contains H, elobal @S @ proper subgroup
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This leads us to consider the case when both G’ and G” (not just their Hgjopal subgroups ) are
charged under the gauged symmetry. For simplicity, suppose G’ = G” = Hgayge s0 that one gauges the
vectorial combination. In this case, both the ¥/ and X" fields carrying our Goldstone bosons are charged
under the gauge group. The gauge fields become massive by the Higgs mechanism, but there are twice
as many Goldstone bosons than it can eat?>. Indeed, the ‘axial’ combination of G’ and G” furnishes a
set of Goldstone bosons that remain uneaten and are sensitive to explicit breaking effects so that they
are formally pseudo-Goldstones. Any contribution to the pseudo-Goldstone mass, however, must be
proportional to (gq’)(gq”), where g is the gauge coupling. In other words, it requires interactions from
both ¥’ and X”. The resulting mass term is suppressed since this requires factors of the >’ and X VEVs
to soak up additional boson legs. We now demonstrate this with an explicit example.

Why can’t you just rotate to a different basis? Based on Fig. 13, one might wonder if we can repartition G = G’ x G”
so that the Hg,obal and H ;]'Oba] subgroups are always both gauged. Alternately, perhaps one can repartition G so that only
one subgroup is ever gauged. This cannot be done, even when ¢’ = ¢”’. The reason is precisely what we pointed out above
Sec. 4.3.3: the axial combination of two groups is not itself a group since its algebra doesn’t close.

4.5.2  Explicit example: (SU(3) — SU(2))>

Let us see how this fits together in a simple little Higgs model—though we emphasize that collective
symmetry breaking is a generic feature of all realistic composite Higgs models, not just those of little
Higgs type. We classify composite Higgs models in Section 4.7 to clarify this disambiguation. Consider

the case where G' = G" = SU(3) and Hyyp, = Hyjopy = SU(2). We thus have two fields which are
linear representations of SU(3) and carry the Goldstone bosons,
, | 0 0
| / !/
1
Y =exp | = 022 ;H N I N i S L (4.66)
'\ —gr o 7 7 0 2f X\ grg

and similarly for X”. For simplicity let us set f' = f” = f. The kinetic terms for the X fields are
L=|D,XP+|DS" 2 =+ (90 |VeT S| + (9¢")? |VoT 5" |2, (4.67)
where 1" = T"® are the generators of the gauged group. To see the contribution to the Higgs mass, one
can Wick contract the two gauge bosons in these terms—this is precisely the analog of the ‘cat diagram’
in Fig. 9. This contraction ties together the gauge boson indices so that the resulting term goes like
(94')*
2
and similarly for ¥.”. Here the loop factor contains the quadratic dependence on the cutoff, [loop factor| ~
A? /1672, and the factor 1 gauge 18 the identity matrix in the appropriate gauged subgroup. Here we have

used T¢T* = Cy1, where Cy is the quadratic Casimir operator of the representation>*. Now let’s explic-
itly demonstrate how collective breaking works.

[loop factor] (g¢')?~TT"*T"*%" = [loop factor] Co% 1gauge X, (4.68)

— If only the SUQ2)= Hypy = Hgjopy parts of G’ and G” were gauged, then there would be two
separate sets of pseudo-Goldstone bosons H’ and H”. We plug in the expansion of ¥/ (4.66) into

(4.68) and note that in this case,

100
lowge = [0 1 0], (4.69)
00 0

BThis is a manifestation of general outdoors advice: if you (a Goldstone boson) are being chased by a hungry bear (a gauge
boson), it is not necessary for you survival that you can outrun it (have zero coupling). It is sufficient that you are with friends
whom you can outrun. Collective breaking is, in part, the requirement that you have more slow friends than hungry bears.

2y (fundamental) = (N? — 1) /2N for SU(N).
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This picks up the Goldstones in the second term on the right-hand side of (4.66) so that there is
indeed a Goldstone mass term proportional to A% = (4 f)? for each set of Goldstones.

— On the other hand, in the case where G’ and G” are both gauged with ¢’ = ¢”, the matrix 15y
becomes a true identity operator,

100
Towge = [0 1 0. (4.70)
00 1

Now the global symmetry breaking VEVs (3') and (X"} break part of the gauge symmetry and the
Higgs mechanism tells us that there are gauge bosons that eat would-be Goldstones. Indeed, the
first term on the right-hand side of (4.66)—which is no longer projected out by 1g,yge—encodes
the mass picked up by the gauge bosons. Observe, however, what has happened to the A mass
contribution in the previous scenario: it is now cancelled by the cross term between the first and
third terms on the right hand side of (4.66). In other words, the terms which gave the quadratic
sensitivity to the cutoff have vanished.

If we were only considering a single SU(3)—SU(2) global symmetry breaking, then we would still be out
of luck since the massive gauge bosons would have eaten all of our Goldstone bosons—so even though
we got rid of the A2 sensitivity of the pseudo-Goldstone masses, we also would have gotten rid of the
pseudo-Goldstones themselves. With foresight, however, we have followed the advice of footnote 23:
we have more Goldstones than our gauge bosons can possibly eat.

A useful way to parameterize our Goldstones is to follow the convention in (4.16):

| . | 0
¥ =exp i Oao | v exp i 02 | H 0 4.71)
F\prrg F\ar 0] \§
i | i [ 0
| |
¥ =exp i O | v exp Zt[ Oaxo | H 0], 4.72)
F\pf g F\at o) \s

where we have identified the Higgs as the axial combination of global shifts, while the vector combina-
tion of Goldstones, V/, is eaten by the gauge bosons to become massive.

Now the H pseudo-Goldstones only pick up mass from diagrams that involve both the (gq’) and
the (gq”) couplings. In other words, it requires a combination of the Y’ and the X" fields. The leading
order contribution comes from diagrams of the form

DI -- Y

S

g4

~ 1672

2

log A2 ‘E’T 2 4.73)

-—‘k— .."-. s

E// -
Since X'TY" = f2 —2HTH 4 - - -, we see that the leading term in the Higgs mass is only logarithmically
sensitive to A because it required one power each of the ¥’ and X" VEvs. The Higgs mass sets the
electroweak scale to be on the order of f/(4m). This is a factor of (47) suppressed compared to the
global symmetry breaking scale f—generating the hierarchy in ¢ that we wanted—and also a further
factor of (47) from the cutoff A = 4x f. In this sense, collective symmetry breaking shows us what we
can buy for factors of (47) and why those factors are important in naive dimensional analysis.
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4.5.3 Top partners

As before, the largest contribution to the Higgs mass comes from the top quark. In the simple scenario
above, we have extended our gauge group® from SU(2)L to H, gauge =SU(3) so we’ll need to also extend
the usual top doublet to include a partner 77,

t 22
Q:<L>—>Q: by |- (4.74)
br,
Ty,

We must also include a right-handed SU(3) singlet T, as a partner for the 77, in parallel to the usual
right-handed ¢, partner of the SM t7,. The prime on the ¢;—what is normally called ¢z in the SM—is
for future convenience. The Yukawa terms for the top quarks are,

Liop = NETQUL + NS 1QTH + hee. (4.75)

where the fermions are written in terms of Weyl spinors. Other terms, such as X/TQT% or £"1Q#/,1,
can typically be prohibited by invoking chiral symmetries. Observe that the \’ term is invariant under G’
if Q is a fundamental under G’. Similarly, the \” term is invariant under G” if @ is a fundamental under
G". This is indeed consistent since @ is a fundamental under Hayee Which is the diagonal subgroup of
G’ x G". This shows us how collective symmetry breaking is embedded in the Yukawa sector. When
only one of the A terms is nonzero, Etop is G' x G" invariant. However, when both are turned on, the
global symmetry is broken down to the diagonal subgroup.

This is collective breaking is similar to the breaking of the global U(3)g x U(3)y x U(3)p flavor
symmetry to U(3) by the up- and down-type Yukawas in the Standard Model. If y,, = 0 and y4 # 0, then
the flavor symmetry would be enhanced to U(3)? since the right-handed up-type quarks could be rotated
independently of the other fields.

We can now plug in the expansion (4.71 — 4.72) into the Yukawa terms (4.75), ignoring the V'
terms since we now know those are eaten by the gauge bosons. Expanding the resulting product gives

H'H
Liop =iHIQN'TE, — XNt + < f- 2f> Tr (Xt’; + A”T;) . (4.76)

From this we can write out the right-handed top eigenstates

)\/t/ )\//T/ )\l/T/ _ )\IT/
T = A+ A IR tp=i -8B _C-R 4.77)
/)\/2 + "2 /)\/2 + "2
and the resulting top Yukawa, top partner mass, and top partner coupling to HTH,
Lo — \NHTOH PN i i
op = MH'"Qtp + M fTLTh — ﬁH HT{ T, (4.78)

where we see that all of the couplings are simply related to the SM top Yukawa, \; = vV A2 + X2, These
relations ensure the cancellation between diagrams that give a A? contribution to the Higgs mass,

Aef

h — - T :O(log A) 4.79)
At At T

— ~ —

=M/ f

B For simplicity we ignore the U(1)y factor, it is straightforward to assign charges appropriately.
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Note the symmetry factor of 1/2 in the h2TLT]E Feynman rule. For simplicity we also drop an overall
v/2 in the normalization of the h field which is irrelevant for the A% cancellation. We see that indeed
collective symmetry breaking can protect against the reintroduction of quadratic sensitivity to the cutoff
by the Yukawa interactions.

Just as in the case of natural SUSY, an important signature of this class of models is to look for the
‘partner top’ particles which are responsible for the softening of the cutoff dependence of Higgs mass
from the top sector. One can search for these objects at the LHC through either pair production,

qd/99 — TT, (4.80)
or through single production in association with a SM quark,
bg — Tq q¢ — Tb. (4.81)

The top partner decays are fixed by the Goldstone equivalence theorem. The partner top decays ap-
proximately 50% of the time to b/, with the remaining decay products split evenly between {Z and
th [155]. The lower bound on the top partner mass from vector-like heavy top (also referred to as fourth
generation) searches is = 700 GeV [156].

One can continue to calculate the Coleman-Weinberg potential in this scenario to check for elec-
troweak symmetry breaking and further study the phenomenology of these models. We refer the reader
to the excellent reviews [117, 118] for a pedagogical introduction in the context of the little Higgs.
See [157-159] for a more general discussion of experimental bounds on top partners.

4.6 Deconstruction and moose models

We now briefly mention some connections with extra dimensional models and introduce a diagrammati-
cal language that is sometimes used to describe the symmetry breaking pattern in composite models.

In Section 3.9 we introduced the holographic principle as a connection between strongly coupled
4D theories and weakly coupled theories on a curved spacetime with an extra spatial dimension. This
turns out to be a natural tool to get a handle for some of the strong dynamics encoded into the form factors.
Indeed, the minimal composite Higgs model described above was developed using these insights [136].

There is, however, another way to connect 5D models to 4D models. 5D models have dimensionful
couplings and are manifestly non-renormalizable. One proposal for a UV completion is to discretize
(‘latticize’) the extra dimension [154, 160, 161]. In this picture, the extra dimension is split into N
discrete sites which should no longer be thought of as discrete spacetimes, but rather as nodes in a ‘theory
space’ that describe a gauge symmetry structure on a single 4D spacetime. The bulk gauge symmetry G
latticized into a 4D gauged G on each of the /N nodes,

ONONORRO

At this level the nodes are just N separate gauge groups; after all, this is precisely what we mean by a
local symmetry (see [162, 163] for a discussion in depth). We next introduce a set of (N — 1) scalar
link fields ®; which are in the bifundamental representation with respect to the N and (N 4 1) gauge
groups: (N;, N;;1). We may draw these link fields as lines between the nodes,

::@1::4)2::@3 q)Nlij

The arrow on the link field keeps track of the representation with respect to a group:
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— Arrows leaving a node are fundamental with respect to that group.

— Arrows entering a node are anti-fundamental with respect to that group.

Now suppose each of these link fields acquires a VEV proportional to 1 in their respective G; X G;4+1
internal spaces. Each link field would spontaneously break the symmetry G; X Giy1 — Ggiag. The
symmetries are broken down to G. One can diagonalize the mass matrix for the gauge boson—a problem
that is mathematically identical to solving the waves in a system of N — 1 springs in series [164]—to find
that the spectrum looks like a tower of Kaluza-Klein modes. In fact, the link fields can be identified with
the KK modes of the fifth component of the bulk gauge field As. This construction also shows explicitly
that the Kaluza-Klein gauge fields in 5D acquire their masses from eating the KK modes of the A5, which
are here manifestly would-be Goldstone bosons. By coupling matter appropriately, one constructs a UV
complete 4D model of a product of gauge groups that gives the same ‘low’ energy physics as an extra
dimension. We refer the reader to the original literature for details [154, 160, 161] or [68] for a brief
summary.

Rather than just way to UV complete extra dimensions, deconstructions are also a useful tool for
motivating models of chiral symmetry breaking. In fact, they are a manifestation of a more general tool
for composite models called moose diagrams® [166, 167]. One can use this diagrammatic language to
construct little Higgs models; indeed, this was the original inspiration for the development of collective
symmetry breaking paradigm in Section 4.5. The topology of these diagrams encodes information about
spectrum of Goldstone modes [168]. From the dimensional deconstruction of an extra dimension, it’s
clear that all of the Goldstones are eaten by the KK modes of gauge bosons. More general connections
between nodes, however, allow more Goldstones to survive hungry gauge bosons.

As an example, we present the ‘minimal moose’ little Higgs model from [169]. The basic building

block is the coset for chiral symmetry breaking, SU(3)r, x SU(3)r/SU(3)y. We gauge the electroweak
subgroup Ggw of SU(3) and the entire SU(3)g, which we represent schematically with shaded blobs:

SU(3)L SU(3)x
wll) Y ‘ o,

The minimal moose model actually requires four copies of this basic structure. As before, we only gauge
the vectorial Ggw of each of the SU(3)., factors and similarly for the SU(3)g factors. In other words, the
theory only has two gauge couplings. This is shown schematically in Fig. 14. We note that typically one
only draws nodes for the gauge groups so that the usual moose diagram for this model is:

i,
e

See §4.1 of [118] for a review of this particular model. A full discussion of these moose-based little Higgs
models is outside of the scope of these lectures. In addition to the reviews mentioned above [117,118],
see [170] for the self-described ‘bestest’ little Higgs model and [157, 171] for a discussion of the status
of composite Higgs models after the first run of the LHC.

*These diagrams are also called quiver diagrams by string theorists [165].
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SU(3)r

Fig. 14: Full symmetry structure of the minimal moose little Higgs model. Shaded blobs represent
gauged subgroups. We explicitly show that only the ‘diagonal’ subgroups are gauged.

4.7 A taxonomy of composite Higgs models

Having surveyed the main features of composite Higgs models, let us classify the landscape of such
theories. This section is meant to clarify the distinctions between what is colloquially called a ‘composite
Higgs’ versus a ‘little Higgs’ or a ‘holographic composite Higgs’ versus a ‘dilatonic Higgs.” We closely
follow the discussion in Sections 2 — 3 of [116], to which we refer the reader for further details and
references.

As a warm up and review, recall the Standard Model Higgs potential

A

1
V(h) = —p?|H? + AH* — —§u2h2 + Zh4. (4.82)
Minimizing the potential and matching to experiment yields
12
v=(h) = - = 246 Gev m2 = 2u% = (125 Gev)?, (4.83)

where v has long been known from the masses and couplings of the electroweak gauge bosons, but m,%
is new data from 2012. This new information tells us that = 89 GeV and, from the expression for v,
that A = 0.13.

Let us now map this onto a convenient parameterization of the Higgs potential in composite Higgs
models.

2 2
_ gsuM 2 b .y

One can compare this to (4.63). Here gsyv is a characteristic Standard Model coupling, such as ggM =
N.y?. Implicit in this parameterization is the expectation that the Higgs potential is radiatively generated,
giving a ggM /1672 prefactor. With this normalization, tree-level contributions appear as coefficients a, b
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MODEL O(a) O(b) O(g+) , COMMENTS

Bona-fide composite Higgs 1 1 47 Requires tuning of both a and b.
Little Higgs 1 121;2 < 47 | Tree level quartic, h too heavy.
Holographic Higgs 1 1 < 4m | ~ little Higgs with loop-level quartic.
Twin Higgs 1 1- 137; gsm | Zso rather than collective breaking.
Dilatonic Higgs SEE TEXT Related to RS radion Higgs.

Table 2: Taxonomy of composite Higgs models according to the couplings in (4.84) and (4.85); based
on [116]. Models must be tuned when phenomenology requires values of the couplings that are very
different from the expected magnitudes shown here.

that go like 1672/ ggM. The mass scale M is typically that of the new states (e.g. top partners) that
cut off the quadratic divergence introduced by the explicit breaking of the Goldstone shift symmetry, as
discussed in Section 4.4.3. It is useful to parameterize this in terms of the coupling of these new states
to the strong sector g,

M = g.f. (4.85)

These states are typically lighter than the cutoff, 47 f, to help with the little hierarchy problem. We
expect the lighter mass comes from a weaker coupling to the strong sector, g,, motivating the definition
(4.85). The experimental information that the SM quartic is A = 0.13 is strongly suggestive of a loop
induced coupling. Using the NDA scaling of a strong sector quartic (4.35) and a proportionality factor
from an explicit global symmetry breaking SM loop, ggM /1672, we estimate

1 gsm \2 /g2
Mooy & 2——— g2 a2 = 0.15 (—) . 4.86
loop 1672 IsMIx . <\/ﬁcyt> 2 (4.86)

Here the factor of 2 comes from two top partner polarizations and the scaling with respect to g, = M/ f
comes from NDA [135]. Thus the coupling of the new state is g. < 47 and is expected to be weakly
coupled. This is a more quantitative version of the statement that the discovery of the 125 Gev Higgs
signaled the death of technicolor, as we explained qualitatively in Section 4.2. The other implication of
this weak coupling is that the new particles that cancel the quadratic sensitivity of the Higgs potential
have masses well below the strong coupling scale, M < A = 4w f; where we recall the NDA cutoff from
Section 4.3.7.

Comparing (4.84) to (4.82 — 4.83) gives

b= (125 Gev)?. (4.87)

v2 = 2f2 = (246 Gev)? m? = 2.9 2, g2 95T
b b 1672 1672
In the remainder of this section we examine five classes of composite Higgs models and classify
them according to their natural expectations for a, b, and g.. These are summarized in Table 2.

4.7.1 Bona-Fide Composite Higgs

The ‘bona-fide composite Higgs’ models in the first row of Table 2 are the simplest realizations of the
Higgs as pseudo-Nambu—Goldstone boson idea: a strongly coupled sector has a global symmetry which
is spontaneously broken and yields a Goldstone with the quantum numbers of the Higgs. The Higgs
potential is assumed to be radiatively generated by explicit breaking terms so that in the parameterization
(4.84), a ~ b ~ O(1). From the left-side equation of (4.87), a parametric separation between v and f
requires a to be tuned small by an amount ¢ in (4.36).
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Even with this, however, this is a second tuning required on b since the new states are expected to
couple to the strong sector with strong couplings, g. ~ 4. Thus one finds that the quartic coupling is
too large in (4.86) compared to A = 0.13. In other words, one predicts a Higgs mass that is heavier than
observed in (4.87). This is mapped onto a tuning of b.

4.7.2 Little Higgs

In little Higgs models, collective symmetry breaking naturally gives a hierarchy

¢ = v g
12 1672

< 1. (4.88)

The quartic coupling appears at tree-level, A ~ gsym. This is shown as b ~ 1672 /g2 in Table 2. Prior to
the Higgs discovery, this set up was seen to be a feature: one explains the separation between v and f.
However, (4.87) shows that this predicts a Higgs mass that is on the order of 500 GeV for gsm ~ 1.

4.7.3 Holographic Higgs

These models are motivated by AdS/CFT duals of warped extra dimensional models, as we discussed in
Section 3.9. Like the ‘bona-fide composite Higgs,” the entire potential for these models are radiatively
generated. This thus suffers the same O(¢ = v?/ £?) to obtain the correct electroweak symmetry break-
ing scale. Unlike the ‘bona-fide composite Higgs,” however, g, is still weak and thus no additional tuning
is required to keep the Higgs light.

The holographic Higgs also has a version of collective symmetry breaking that is a result of locality
in 5D [162]. Unlike the little Higgs models above, however, holographic Higgs models have radiative
quartics. These models have the minimal amount of tuning: just &, which is a tuning of a few percent.

4.7.4 Twin Higgs and neutral naturalness

Twin Higgs models [172, 173] have received a lot of interest after the non-discovery of any top-partners
at Run I of the LHC. Rather than protecting the pseudo-Goldstone Higgs from quadratic corrections with
collective symmetry breaking, these models impose a Zo symmetry that protects the Higgs potential. The
key phenomenological feature of this framework is that the partner particles that enact this protection are
uncharged under the Standard Model. Since the top partners aren’t colored, one no longer expects a
large production cross section at the LHC and one avoids the Run 1 bounds. These models are thus often
referred to under the banner of ‘neutral naturalness’ and are considered a last bastion for naturalness
against collider bounds.

We illustrate the twin mechanism with the toy example presented in [172]; the interested reader is

encouraged to read the succinct paper in its entirety. Suppose a theory has a global G =SU(4) symmetry
and a field H in the fundamental representation with a symmetry-breaking potential,

V(H) = - |H|* + A|H[". (4.89)

The field develops a VEV (|H|) = m/v/2)X = f and breaks SU(4) — SU(3). Now let us gauge a
subgroup SU(2)a xSU(2)p of the global symmetry. We decompose H into a doublet under each gauge
group, H4 and Hp. We may identify A with the Standard Model SU(2).. As we saw in Section 4.4.3,
this gauging generates mass terms for the would-be Goldstone bosons,

9A?
Vo o (Gl Ha* + g5 Hpl?) (4.90)

Next impose a Zo ‘twin’ symmetry which swaps A <> B. This imposes g4 = gp so that the quadratic
potential becomes,
9g%A?

Vo 6472

|H]? +---, (4.91)
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which respects the original SU(4) symmetry of the theory and thus does not contribute to the mass of the
Goldstone bosons. The higher order terms still introduce logarithmically divergent terms that break this
SU(4) symmetry.

We can see the ‘twin’ cancellation in the top couplings:

Lo —y HalW ) — oy HptPD), (4.92)

The SU(4)—SU(3) breaking imposes (hy)? + (hy)? = f2. Expanding the SU(4) fundamental H analo-
gously to (4.40), one may expand to O(h?/f?),
h2
Hy— h, HB—>f—ﬁ. (4.93)
Inserting this into (4.92) yields a cancellation that is diagramatically identical to (4.79) with the important
difference that the t(B) and £B) are charged under a ‘twin’ QCD, but not ordinary QCD.

Having demonstrated the basic principle, we refer the reader to the original literature for a demon-
stration of a complete model. In our phenomenological taxonomy of composite Higgs models, we have
written b ~ O(1 — 1672 /g?) reflecting that the original twin Higgs models included a tree-level quartic
put in by hand to generate the v < f hierarchy. As we have discussed, the observed A\ = 0.13 disfavors
the inclusion of this tree-level term.

4.7.5 Dilatonic Higgs

Rather than being a pseudo-Goldstone of an internal global symmetry, this scenario assumes that the
Higgs is a dilaton coming from the spontaneous breaking of scale invariance [91, 174—179]. We have
already explored this scenario in Section 3.10, where we identified the radion in a warped extra dimen-
sion as a state which is holographically dual to the dilaton. This is distinct from the ‘holographic Higgs’
scenario where the Higgs is the Goldstone of an internal global symmetry.

In this scenario the dilaton VEV, f, sets the scale of the potential and is unrelated to the electroweak
VEV. Thus the parameterization in (4.84) is not relevant for comparison with the other composite Higgs
models discussed: the dilaton is a completely different type of beast. The explicit breaking terms in
the dilaton potential come from the explicit breaking from the running of the couplings. The scale f is
naturally separated from the UV scale only when gsm ~ 47 at the condensation scale, implying that the
symmetry-breaking potential is driven by either the top Yukawa or new physics.

Unlike the other composite Higgs scenarios where phenomenology prefers f > v, the dilaton
resembles the SM Higgs when f ~ v. Calculations using AdS/CFT, however, imply that f > v in the
large N limit where these calculations are valid.

4.8 Parameterization of phenomenology

We see that the composite Higgs can be probed through its deviations from the SM Higgs couplings. A
phenomenological parameterization of the space of light, composite Higgs models is presented in [180]
as the ‘strongly interacting light Higgs’ (SILH, pronounced “silch”) effective Lagrangian and revised
in [181]. We briefly review the main results and refer to [180, 181] for a detailed discussion including
matching to specific composite Higgs models. We now examine a convenient parameterization of the
phenomenological Lagrangian,

_psM, CH i cr “.\2  Ce 3
Lo =C3 + S04 HH)O,(HH) + 2 (HTDH) - S H)

n (%yuHTHQLﬁuR ¥ ) + Xwg (H%“ﬁ) (D*Wy) 4+ (4.94)
2v 2MW
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—
where H' D uwH=H TDMH -D,H TH and the - - - represent similar terms for the other fermions and
gauge bosons. The expected sizes of these coefficients are

v? MI%V
CH,CT,Cg,Cyp ~ —5 CW,B ~ —5,5- (4.95)
E a2

Here g, parameterizes the size of the non-Goldstone composite states, for example in chiral perturbation
theory the first such state is the spin-1 p meson where g, is defined to be

m, = gpf. (4.96)

In this sense g, is a ratio of mass scales, but when one includes this state in chiral perturbation theory
(using the ccwz formalism introduced in Appendix B), this ratio is manifestly the value of the prm
coupling. Following [181], the operators in (4.94) are normalized with respect to the Higgs VEV v rather
than the scale f in [180]; this is why the expected values of the barred couplings ¢; differ by factors of
v/ f from the couplings ¢; ~ 1 in equation (15) of [180].

The phenomenological Lagrangian (4.94) can be constructed systematically from the non-linear
sigma model including symmetry breaking terms which we assume are parameterized by the SM cou-
plings that break those symmetries: the Higgs quartic coupling A (breaking the pseudo-Goldstone Higgs
shift symmetry) and the Yukawas (breaking shift and flavor symmetries). See Appendix B of [182] for a
detailed discussion in terms of naive dimensional analysis. The general strategy is to write

mt 0
ACSILH = 72/)5 ( 7) ) (4-97)
gp mp

where U is the dimensionless linear field containing the Goldstones, analogous to (4.11) and the partial
derivative carries a factor of m;l to make it dimensionless. Note that the expansion of U in Goldstones
7 automatically comes with factors of f~! to keep each term dimensionless. In this way the prefactor
mig=2 = m% f? carries the dimension of the Lagrangian. Note that this is analogous to the prefactor
Affg in naive dimensional analysis [133—135] except that we replace A with a scale which exists in
the effective theory, m, < A. This inequality is equivalent to g, < 47 and parameterizes the regime
in which the NLxM is weakly coupled. We then take the dimensionless function L to be a derivative
expansion analogous to (4.18); the SILH interactions appear at higher order from the term

m 1 m(x) 5 m(x) ’
E]LH:J - — 498
S gg + 3 < 7 ™, 7 + ( )

where 7(x) is identified with the Higgs doublet H (x) and the partial derivatives 0,, are promoted to
SM gauge covariant derivatives. Gauge field strengths are included with factors of m;Q since Fy,, ~
[D,, D,). The ¢y and ér terms encode the O(H*, %) interactions after shifting the Higgs by a factor
proportional to (HTH)H/ f? (see [180]). The ¢, ¢y, ¢ (and analogous terms) break the shift symme-
tries of the NLxM and carry explicit factors of the SM couplings that break those symmetries: the Higgs
quartic interaction, the Yukawas, or SM gauge couplings, respectively. Electroweak precision observ-
ables?” set bounds on composite Higgs models [181, 188]; at 20

—15x10 3 <ep<22x1073 (4.99)
—14x10 3 <éw+ep < 1.9x 1073, (4.100)

coming from the T and S parameters respectively. The former condition reflects the requirement of
custodial symmetry [189] (see [190] for an introduction) which is assumed in the latter bound. The

?7See [183,184] for pedagogical reviews and [185-187] for details.
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observation of the 125 Gev Higgs and the opportunity to measure its couplings offers additional data to
fit the phenomenological Lagrangian. For example, the ¢y and ¢y (f running over the SM fermions) are
related to each other via the couplings of the Higgs to W bosons [191]. The Higgs mass sets (at 30)

cyg <0.16. (4.101)

This and other bounds on composite Higgs models coming from Higgs observables are reviewed in [192,
193] using a slightly different effective theory parameterization introduced in [138]. In that notation,
(4.101) comes from a? > 0.84. Further phenomenological bounds and their relations to specific models
can be found in [116, 180, 181, 194]. At 20, Higgs data constraints the minimal composite Higgs model
to satisfy [195]

< 0.5. (4.102)

| <

The bounds on composite Higgs models coming from Higgs observables are reviewed in [181,192,193].
Further phenomenological bounds and their relations to specific models can be found in [116, 180, 194].

5 Closing Thoughts

We briefly review interconnections between some of the salient ideas in these lectures, acknowledge
topics omitted, and point to directions of further study. One of the themes in the latter part of these
lectures were weakly coupled descriptions of strong dynamics and we close by highlighting this common
thread.

5.1 Covariant Derivatives

Each of the scenarios that we explored carries its own sense of covariant derivative. The most ex-
plicit example is in a warped extra dimension, where spacetime is explicitly curved. The holographic
principle made use of this geometry: the isometries of AdS match the conformal symmetries of the
strongly coupled theory near a fixed point. The system is so constrained by these symmetries that the
behavior of 5D fields could be identified with the renormalization group flow of 4D operators. Even in
supersymmetry—where superspace can be thought of a ‘fermionic’ extra dimension—we introduced a
SUSY covariant derivative. Even though superspace is flat, there is a covariant derivative came from it
being torsion-free [?]. Finally, the nonlinear realizations we used for composite Higgs models also has a
geometric structure coming from the coset space. This is seen in the CCWZ formalism reviewed in Ap-
pendix B, where one identifies covariant derivative and gauge field for the coset space that are necessary
to construct invariant Lagrangians.

5.2 Nonlinear realizations

The simplest handle on strong dynamics is to work in an effective theory of pseudo-Goldstone bosons
given by the pattern of global symmetry breaking in the strong sector. In composite Higgs models, one
addresses the Hierarchy problem by assuming that the Higgs is a pseudo-Goldstone boson associated
with the dynamics of a strongly coupled sector that break global symmetries at a scale f. We saw that
generically the SM interactions required for a Higgs boson tend to push its mass back up towards the
compositeness scale, A ~ 47 f. One way to push the Higgs mass back down is to invoke collective
symmetry breaking, which can often be described succinctly using ‘moose’ diagrams.

5.3 Holographic and deconstructed extra dimensions

We saw that the holographic principle is an alternative way to describe the dynamics of a strongly cou-
pled sector through the use of a higher dimensional theory with a non-trivial geometry. From the extra
dimensional perspective, the Higgs mass is natural because it is localized towards the IR brane where
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Fig. 15: Schematic moose diagram for natural SUSY.

the Planck scale is warped down to TeV scale. Holographically, this is interpreted as the Higgs being a
composite state. Indeed, the minimal composite Higgs model [136] was constructed using holography
as a guiding principle.

Further, the little Higgs models that first highlighted collective symmetry breaking were motivated
by deconstructions of an extra dimension. This picture allowed us to clearly see that the Goldstone modes
of the spontaneously broken global symmetries can be identified with the scalar component of a 5D gauge
field. In the deconstruction, the gauge bosons from each copy of the gauge group eat these Goldstone
modes to become the spectrum of heavy KK modes. In this sense, little Higgs and holographic composite
Higgs constructions are similar to gauge-Higgs unification scenarios in 5D where the Higgs is the zero
mode of a bulk gauge field, see [196] and references therein. One way to interpret the lightness of the
Higgs mass is via locality in the deconstructed extra dimension: the symmetries are only broken on the
boundaries and one needs a loop that stretches between the boundaries to generate a Higgs potential.
This implies that the loop cannot be shrunk to zero and that the Higgs potential is finite since it can have
no short-distance divergences. The natural cutoff is set by the size of the extra dimension.

Deconstruction itself, however, is rooted in the idea of a hidden local symmetry in nonlinear
models. See [113] for a comprehensive review. A 5D version of the little Higgs in AdS was presented
in [197]. Shortly after, [162] connected the holographic composite Higgs to a little Higgs theory, relating
the cCwzZ formalism of Appendix B to the hidden local symmetry construction.

5.4 Natural SUSY and partial compositeness

We began these lectures with what appeared to be a completely different subject: supersymmetry. We
saw that the natural setting for SUSY is superspace, which is superficially an ‘extra quantum dimension’
that is both Grassmannian and spinorial. One way to see how SUSY solves the Hierarchy problem is to
observe that it requires the existence of superpartners (differing by half integer spin) that cancel the loop
contributions of particles to superpotential parameters such as the Higgs mass. We saw a similar cancel-
lation when invoking collective symmetry breaking (or the twin Higgs mechanism) in composite Higgs
theories with the notable difference that the partner particles had the same spin as their SM counterparts.

SUSY, however, must be broken. These effects feed into the large parameter space of the minimal
supersymmetric Standard Model and are required (in the MSSM) for electroweak symmetry breaking.
The LHC puts tight bounds on the simplest MSSM spectra and leads us to consider ways to hide SUSY.
One of these solutions is ‘natural SUSY’ where one only maintains the minimal spectrum of superpart-
ners required for the naturalness of the Higgs mass. Among the predictions of natural SUSY is a light
stop and heavy first and second generation quarks. This type of spectrum, however, is automatic when
supersymmetrizing the RS model with anarchic flavor’®. When sUSY is broken on the UV brane*®, 5D
superfields which are localized near the UV brane are more sensitive to the splitting between the SM and

%80ne should note that because 5D spinors are Dirac, N = 1 SUSY in 5D corresponds to ' = 2 SUSY in 4D. N’ = 2 was
used in [198] to generate Dirac gaugino masses, which can help soften the two-loop quadratic corrections to the Higgs mass.
See [199] for a recent analysis of prospects.

®This is of the ways to interpret anomaly mediation of SUSY breaking [200].

243



C. CSAKI AND P. TANEDO

FIELD 5D LOCALIZATION 4D INTERPRETATION SUPERPARTNER

Higgs IR localized Composite state ~ degenerate, mixes with B, W
Top Peaked toward IR Mostly composite Slightly heavier than top

Light quarks Peaked toward Uv Mostly elementary Large SUSY breaking masses

Table 3: Holographic picture of natural SUSY spectra. Superfields localized near the IR brane have a large
overlap with the Higgs so that the SM component of the superfield picks up a large mass. Superfields
localized near the UV brane have a large overlap with SUSY breaking so that the ‘superpartner’ component
of the superfield picks up a large mass. Thus light SM fermions have heavy superpartners and vice versa.

superpartner masses. Invoking what we know about the anarchic flavor 5D mass spectrum (i.e. localiza-
tion of the fermion profiles), we come to the conclusions in Table 3. Holographically this is interpreted
as supersymmetry being an accidental symmetry in the IR. That is, the strong sector flows to a fixed point
that is supersymmetric, even though the theory at the UV is not manifestly supersymmetric. As a par-
ticle becomes more composite, it becomes more degenerate in mass with its superpartner. A schematic
moose diagram is shown in Fig. 15; note that one of the sacrifices of this realization of natural SUSY is
conventional unification, see e.g. [201].

5.5 Naturalness and top partners

The three classes of physics beyond the Standard Model that we have explored all generically predict new
particles accessible at high energy colliders. For supersymmetry and extra dimensions, these particles
were a manifestation of the extended spacetime symmetry under which the SM particles must transform.
For a composite Higgs, this reflected a larger global symmetry breaking pattern and included additional
fermions that appear necessary to generate an SM-like Higgs potential. At a technical level, we needed
new particles to run in Higgs loops to soften the quadratic sensitivity to the cutoff. Since the top quark
has the largest coupling to the Higgs, a generic prediction for naturalness are light (i.e. accessible at the
LHC) states to cancel the top loop. While these particles may have different spin, the examples we’ve
explored focused on the case where they have the same SM quantum numbers as the top. The color charge
of these new particles make them easy to produce at the LHC so that their non-observation is particularly
disconcerting. One model building direction out of this puzzle is to consider models where the top
partner is not color charged. We saw this in the twin Higgs model in Section 4.7.4. A supersymmetric
cousin on these models go under the name of folded SUSY [202], where the top partners are uncolored
but still carry electroweak charges.

5.6 Seiberg duality

In the composite Higgs models, same-spin partners cancelled the leading SM particle contributions to
the quadratic cutoff contributions to the Higgs mass. We saw that this was not coincidental, but rather
imposed by the structure of collective symmetry breaking. In the same way, the protection of the Higgs
mass in SUSY is most clearly understood from the tremendous constraints put on the theory by supersym-
metry. Among other things, these constraints imposed that the holomorphy of the superpotential which,
in turn, prevents the perturbative renormalization of any of the superpotential terms—the Higgs mass
being just one example. A derivation of this important result is beyond the scope of these lectures, but is
explored—along with further implications of SUSY—in the reviews already mentioned.

Supersymmetry turns out to also be a powerful constraint on the behavior of gauge theories. In
fact, they allow one to map out the entire phase structure of the supersymmetric generalization of QCD,
SQCD. This, in itself, is a topic of depth and elegance which is covered very well in [?,2,5-7]. One
key outcome of this exploration in the 1990s was the observation that two distinct supersymmetric non-
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(a) Supersymmetric QCD (b) SUSY QCD + meson

Fig. 16: Moose diagrams for a pair of Seiberg duals. Green nodes are gauged symmetries while white
notes are global symmetries. Note that the lines now represent superfields.

Abelian gauge theories, shown in Fig. 16, flow to the same IR fixed point. One theory, SQCD, is a standard
SU(N) supersymmetric gauge theory with F’ flavors such that

F>N+1. (5.1)

In the case where N +1 < F' < %N , this theory is asymptotically free and confines in the IR. The other
theory is an SU(F' — N) gauge theory with F' flavors and an additional color singlet ‘meson’ which is a
bifundamental under the SU(F') x SU(F’) flavor symmetry. This theory has a superpotential,

W ~QMQ, (5.2)

which can be understood as a loop in the moose diagram since all indices are contracted. In the case
where N +1 < F' < %N , the dual theory is IR free and is perturbative at the fixed point.

The fact that these two a priori unrelated theories flow to the same fixed point suggest a compelling
interpretation: the asymptotically free theory confines at low energies and is replaced by the effective
description of the IR free theory. This is an ‘electromagnetic’ duality in the sense of exchanging strongly
and weakly coupled descriptions of the same physics, similar to the AdS/CFT correspondence.

This Seiberg duality is a powerful handle on strongly coupled physics via a weakly coupled 4D
dual description. One popular application was to simplify the construction of models with dynamical
SUSY breaking, see [7,203] for reviews. In some sense this is completely analogous to using chiral
perturbation theory to describe low-energy QCD. However, unlike QCD, the low energy (‘magnetic’)
theory is not composed of gauge singlets. In fact, there is an emergent SU(F' — N) gauge symmetry
that appears to have nothing to do with the original SU(/N) gauge symmetry of the ‘electric’ theory. One
recent interpretation, however, is that this magnetic gauge group can be identified with the ‘hidden local
symmetry’ in nonlinear models [204], which we previously mentioned in the context of deconstruction
and moose models. In this construction, the p meson in QCD (the lightest spin-1 meson) is identified as
the massive gauge boson of a spontaneously broken gauge symmetry present in the nonlinear Lagrangian.

One can also relate Seiberg duality to the AdS/CFT correspondence through explicit string realiza-
tions. Note that (5.1) is typically a different regime from the large N limit invoked in AdS/CFT. From a
purely field theoretical point of view, the AdS/CFT correspondence can be understood as a duality cas-
cade where a SUSY gauge theory has a renormalization trajectory that zig-zags between a series of fixed
points. This is reviewed pedagogically for a field theory audience in [85].
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5.7 Multiple guises of strong dynamics

In this final section we have touched on multiple ways in which we can address strong dynamics in field
theory: nonlinear realizations based on the symmetry breaking structure, holographic extra dimensions,
and Seiberg duality in SUSY. The lesson to take away from this overview is that one should be flexible to
think about strong dynamics in different languages. Often the intuition from one understanding of strong
dynamics can shed light on constructions based on a different description.

One example is the use of Seiberg duality to describe a [partially-]composite electroweak sector
based on the ‘fat Higgs’ model [205]. The idea is to take super-QCD with F' = N 4 2 flavors so that
the magnetic gauge group can be linked with SU(2)r.. The realization of this idea in [142] described this
in terms of moose diagrams where the magnetic gauge group is ‘color-flavor locked’” with an externally
gauged SU(2)L. This mixes the magnetic gauge bosons with the external gauge bosons so that the
observed W and Z are partially composite. Independently, a similar model was presented in [143] where
the nature of this mixing was explained in terms of the intuition from a warped extra dimension. In
particular, one hope that one could directly identify the magnetic SU(2) with the electroweak SU(2)r.
This, however, is not possible since—as we know from composite model building—at the compositeness
scale the ndive dimensional analysis expectation is that the composite vector boson couples strongly:
g ~ 47/v/N. In other words, if the electroweak gauge bosons are strongly coupled bound states,
then one would expect a large residual interaction with other strongly coupled bound states. In the RS
language, a composite W and Z would have IR brane localized profiles and this would typically predict
very strong couplings. This would require a very large running to squeeze the profile on the IR brane.
In the Seiberg dual picture, this requires a very large number of flavors if one maintains that the I/ and
Z are purely composite but have the observed SM couplings, leading one to prefer partial compositeness
of these particles. This general framework was later used to construct a model of natural SUSY in which
follows the general deconstruction/moose in Fig. 15 [206].

5.8 Omissions

We have necessarily been limited in scope. Even among the topics discussed, we have omitted an explo-
ration of SUSY gauge theories (leading up to Seiberg duality), variants of the ‘realistic’ RS models (as
well as ‘universal extra dimension’ models), the virtues of different cosets for composite Higgs model
building, and an overview of product space (moose-y) little Higgs models. Many explicit calculations
were left out and are left to the dilligent reader as exercises, and we only made cursory nods to the
phenomenology of these models. In addition to the three major topics covered in these lectures, there
are various other extensions to the Standard Model that we have not discussed. Our preference fo-
cused on models that address the Higgs hierarchy problem, and as such we have omitted discussions of
many important topics such as grand unification, dark matter, flavor, strong CP, cosmology (of which the
cosmological constant is the most extreme fine tuning problem), or any of the phenomenology of inter-
preting possible experimental signals from colliders/telescopes/underground experiments/etc. We have
only presented very cursory comparisons to current data; we refer the reader to the appropriate experi-
ments’ results pages and conference proceedings for the latest bounds. See also [207] for an overview
of the Run I searches for new physics. All of these topics—and perhaps many others—are, in some
combination, key parts of a model builder’s toolbox in the LHC era.
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Appendices
A Appendix: Extra Dimensions
A.1 The RS gravitational background

We have assumed the metric (3.28). In this appendix we derive it from the assumption of a non-
factorizable metric of the form

ds? = e 4% (n#,,dx“dx” — dz2) (A.1)

and check the conditions for which a flat 4D background exists. This generic form of the metric is useful
since it is an overall rescaling of the flat metric, that is, it is conformally flat. We can thus use a convenient
relation between the Einstein tensors Gy = Ryn — % gu N R of two conformally equivalent metrics

JMN = e*A@)gMN in d dimensions [?],

d—2

~ 1~  ~ S S 3. -
Gyun =Gun + 5 |:2VMAVNA+VMVNA—§MN (VKVKA — d43VKAVKA>] .

(A.2)

When A = A(z) this is straightforward to calculate by hand for gy;ny = nasn. Alternately, one may
use a computer algebra system to geometric quantities for general metrics, e.g. [?]. We assume a bulk
cosmological constant A so that the 5D bulk Einstein action is

S=- / &z /g (MZR+A). (A.3)

The Einstein equation is G yrn = (M,) " 3Thn. The M N = 55 component gives

§A/2 1

_ —A
5 = 72M,§ Ae™ . (A.4)

This only has a solution for A < 0 so that we’re forced to consider Ads spaces. This equation is separable
with the general solution,

_AG) _ 1 _ A
= 5 k= 3
(kz 4+ constant) 12M;

e (A.5)

To recover (3.28) we identify R = 1/k and impose A = 0 at z = R, setting the constant to zero. The
latter choice simply sets the warp factor at the UV brane to be 1.

We must remember that the RS space is finite—and has branes at its endpoints—when we solve
the M N = pv Einstein equations. These equations depend on the second derivative of A(z) and one
should be concerned that this may be sensitive to the energy densities on the branes. This is analogous to
the Poisson equation in electrostatics where a second derivative picks up the d-function of a point charge.
In general the branes carry tensions which appear as 4D cosmological constants, Az yy. Recalling the
form of the induced metric /¢ = \/g/gss, these appear in the action as

/ 1 65 g
dx iAiuv6sz() = T, =— = (Ard(z — R + Awd(z — R)).
/ V gag R ) = g By (0T ) Atz = )

(A.6)
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A.2 RS as an orbifold
To better understand the physics of the brane cosmological constants, it is useful to represent the interval
with an orbifold S'/Zs. This is simply the circle y € [, 7] with the identification y = —y. While this
may sound somewhat exotic, such compactifications are common in string theory, and was the original
formulation of the RS scenario. Note that y can take any value due to the periodic identification of the
circle, while the fixed points at y = 0, m demarcate the physical RS space.

The orbifold identification forces us to modify (A.5) by replacing z — |z| to preserve the z <+ —z
symmetry.This absolute value, in turn, leads to § functions in A”(z) at the fixed points,

2k? L 4k (
(k|z| + const)? ' k|z| + const

A'(z) = — §(z—R)—6(z—R")). (A7)

The pv Einstein equation then implies

3 _4k(5(z—R)—5(z—R’)) N [Auwd(z— R) + Ard(z — R') (A8)
9 v k|z| + const - 2M3 k|z| + const '
From this we see that the brane cosmological constants must have opposite values,
Apy = —Ag = 12kM3. (A.9)

Recall, further, that k is related to the bulk cosmological constant by (A.5), so that this represents a tuning
of the bulk and brane cosmological constants. This is a necessary condition for a static, gravitational
solution. Physically, we see that the brane and the bulk cosmological constants are balanced against one
another to cause the brane to be flat.

A.3 Bulk Fermions in RS

The properties of fermions in a curved space can be subtle. In particular, it’s not clear how to generalize
the usual Dirac operator, Dirac operator iy*d,,. In this appendix we review properties of fermions in an
extra dimension and then derive the form of the fermion action in RS.

A.3.1 The fifth v matrix

Firstly, unlike in 4D where the fundamental fermion representation is a Weyl spinor, SD Lorentz invari-
ance requires that fermions appear as Dirac spinors. A simple heuristic way of seeing this is to note that
in 4D one can construct ay° ~ Y - .- 43 as a linearly independent chirality operator. In 5D, however, 7°,
is part of the 5D Clifford algebra and is just a normal v matrix in the z-direction. Note that the normal-
ization of 7° is fixed by {7°,v°} = 21° and has a factor of i compared to the usual definition in 4D. One
should immediately be concerned: if the 5D fermions are Dirac, then how does one generate the chiral
spectrum of the Standard Model matter? As we show below, this follows from a choice of boundary
conditions. An excellent reference for the properties of fermions in arbitrary dimension is [208].

A.3.2 Vielbeins

In order to write down the fermionic action, we first need to establish some differential geometry so that
we may write the appropriate covariant derivative for the spinor representation. We will be necessarily
brief here, but refer to [209—211] for the interested reader°.

The familiar v matrices which obey the Clifford algebra are only defined for flat spaces. That is
to say that they live on the tangent space (locally inertial frame) of our spacetime manifold. In order

3Those with slightly less mathematical background can refer to [212] or their favorite ‘grown up’ general relativity textbook
as a starting point.
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to define curved-space generalizations of objects like the Dirac operator, we need a way to convert
spacetime indices M to tangent space indices a. Vielbeins, ef,(z), are the geometric objects which
do this. The completeness relations associated with vielbeins allow them to be interpreted as a sort of

“square root” of the metric in the sense that

gun (%) = ey (@)ely (), (A.10)
where 7., = diag(+,—,---,—) is the Minkowski metric on the tangent space. For our particular
purposes we need the inverse vielbein, e} (z), defined such that

e (@)ely(a) = 5V e (@) ehy(x) = 8, (A1)

Spacetime indices are raised and lowered using the spacetime metric g7 n () while tangent space indices
are raised and lowered using the flat (tangent space) metric 7q,(x).

Physically we may think of the vielbein in terms of reference frames. The equivalence principle
states that at any point one can always set up a coordinate system such that the metric is flat (Minkowski)
at that point. Thus for each point z in space there exists a family of coordinate systems that are flat at x.
For each point we may choose one such coordinate system, which we call a frame. By general covariance
one may define a map that transforms to this flat coordinate system at each point. This is the vielbein.
One can see that it is a kind of local gauge transformation, and indeed this is the basis for treating gravity
as a gauge theory built upon diffeomorphism invariance.

A.3.3 Spin covariant derivative

The covariant derivative is composed of a partial derivative term plus connection terms which depend on
the particular object being differentiated. For example, the covariant derivative on a spacetime vector V#
is

Dy VYN = oy VN 414, VL (A.12)

The vielbein allows us to work with objects with a tangent space index, a, instead of just spacetime
indices, p. The v matrices allow us to further convert tangent space indices to spinor indices. We would
then define a covariant derivative acting on the tangent space vector V¢,

Dy Ve =0y Ve + WiV, (A.13)
where the quantity wf,, is called the spin covariant derivative. Consistency of the two equations implies
Dy Ve = e% Dy VY, (A.14)

This is sufficient to determine the spin connection. It is a fact from differential geometry that the spin
connection is expressed in terms of the veilbeins via [213]

1 b 1 b
w%’ = §gRPe[§8[Mell} + ZgRPgTSeBgeT]@[Se%]eﬁ/mcd (A.15)
1 1 1
= §€NQ (aMe?V - 8Ne?\/[) - §€Nb (Orrex — Onesy) — ieP“eRb (Operc — OreRe) €4+ (A.16)

When acting on spinors one needs the appropriate structure to convert the a, b tangent space indices
into spinor indices. This is provided by

1
Oab = Z ['Yav ’Yb] (A.17)
so that the appropriate spin covariant derivative is
1
Dy = O + iw%}(fab. (A.18)
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A.3.4 Antisymmetrization and Hermiticity

The fermionic action on a d-dimensional curved background is
S = /ddx 94l © (ieywm - m) v, (A.19)

where the antisymmetrized covariant derivative is defined by a difference of right- and left-acting deriva-
tives

P = 1Dy - 1D (A.20)

2 2

This is somewhat subtle. The canonical form of the fermionic action must be antisymmetric in this
derivative in order for the operator to be Hermitian and thus for the action to be real. In flat space we are
free to integrate by parts in order to write the action exclusively in terms of a right-acting Dirac operator.
Hermiticity is defined with respect to an inner product. The inner product in this case is given by

(U1|0OW,) = /d% Vg U10V,. (A21)
A manifestly Hermitian operator is Oy = % ((’) + (’)T), where we recall that
(T1]0TT,) = (0T |Wy) = /d%@ OV, U,. (A.22)

The definition of an inner product on the phase space of a quantum field theory can be nontrivial on
curved spacetimes. However, since our spacetime is not warped in the time direction there is no ambigu-
ity in picking a canonical Cauchy surface to quantize our fields and we may follow the usual procedure
of Minkowski space quantization with the usual Minkowski spinor inner product.

As a sanity-check, consider the case of the partial derivative operator 9,, on flat space time. The
Hermitian conjugate of the operator is the left-acting derivative, gﬂ, by which we really mean

/d%%@*% = (U1]0],W2) = (9, 01| V) = /ddwﬂ\pl% = /d%qf@xpz = /d‘%%(—@u) 29

In the last step we’ve integrated by parts and dropped the boundary term. We see that the Hermitian
conjugate of the partial derivative is negative itself. Thus the partial derivative is not a Hermitian operator.
This is why the momentum operator is given by P, = i0,,, since the above analysis then yields ]5,1 = ]5“,
where we again drop the boundary term and recall that the ¢ flips sign under the bar.

Now we can be explicit in what we mean by the left-acting derivative in (A.19). The operator
ieM~® Dy is not Hermitian and needs to be made Hermitian by writing it in the form O = % ((9 + OT) .
Thus we may write a manifestly Hermitian Dirac operator as,

_ _T1 1
¥ (Dirac) ¥ =¥ | - (ie}v*Dar) + 3 (ieMy*Dy)' | w (A.23)
_ @%ey A DT — %e;” Dy O, (A.24)

where we’ve used the fact that e} is a real function with no spinor indices. The second term on the
right-hand side can be massaged further,

YDA = WDy 100 = W (5 + w0t )10y 0 = TD " = Ty "Dyl (A25)
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Note that we have used that Y™ T = 49440 and, in the last line, that [ch, ~v*] = 0. Putting this all
together, we can write down our manifestly real fermion action as in (A.19),

S = /dda: Vgl T (iefl”fy“m —m) (A.26)
= /ddx g1 (;\I/ef‘ffyaDM\I/ — %DM\D@%%I/ — m\Il\I/> : (A.27)

All of this may seem overly pedantic since integration by parts allows one to go back and forth
between the ‘canonical’ form and the usual ‘right-acting only’ form of the fermion kinetic operator.
Our interest, however, is to apply this to the Randall-Sundrum background where integration by parts
introduces boundary terms and so it is crucial to take the canonical form of the Dirac operator as the
starting point.

A.3.5 Application to the RS background

We now apply this machinery to the RS background. The vielbein and inverse vielbein are

R
ehr(z) = 0y eM(z) = an : (A.28)

We may write out the spin connection term of the covariant derivative as

a 1 1 a
w]\f} = 2gR e%G[Mell] + gRPgTSeB{e:,],G[SeP] eﬁl\/mcd . (A.29)
wip(1) wif (2)

This can be simplified using the fact that the vielbein only depends on z. The first part is

1
wh(1) = ot 5% (A.30)
2z
where we’ve used Ojre, = —1e%,6%, and the completeness relation gV e%, ef, = 7. Similarly, with
some effort the second part is given by
ab L o b

These vanish identically for M = 5. We can now write out the spin-connection part of the covariant
derivative,

L L (1 o) 1 1 5
aby — = (= = as ] = : A32
@00 = 5 <25M65>M7£5 1 D0l = 2 (s + 0) (A.32)

where we’ve inserted a factor of 83, to cancel the (v5)% when M = 5. Finally, the spin connection part
of the covariant derivative is
1w 1

a —
SWATab = 1z

5 (Y5 + 03) (A.33)

so that the spin covariant derivative is

1 i M —
Dy = {8“ T M =p (A34)

s if M = 5.
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For all of the geometric heavy lifting we’ve done, we are led to an anticlimactic result: the spin
connection drops out of the action,

i (R\* [~ 1 1
S= / x5 <Z> <\IWM%\IJ + 5 Vs - 4Zm5w\1n11) , (A.35)

The two spin connection terms cancel since 7, /?v*¥W¥ = W,y57v" WP, so that upon including a bulk
mass term,

. 4 . 5 . 4
S = /d5w; <R> Ty MOy — /d%l <R> mU¥ = /d%z <R> W(VMTM - 5) v,
z 2\ z 2\ z z

(A.36)

where ¢ = mR = m/k is a dimensionless parameter that is the ratio of the bulk mass to the curvature
and

Before we can dimensionally reduce the action straightforwardly, we must write the Dirac operator
to be right-acting, i.e. acting on ¥, so that we can vary with respect to ¥ to get an operator equation
for U. Obtaining this is from (A.36) is now a straightforward matter of integration by parts of the
left-acting derivative term. Note that it is crucially important that we pick up a derivative acting on the
metric/vielbein factor (R/z)*. We would have missed this term if we had mistakenly written our original
‘canonical action,’” (A.19), as being right-acting only.

The integration by parts for the M = p =0, - - - , 4 terms proceeds trivially since these directions
have no boundary and the metric/vielbein factor is independent of z*. Performing the M = 5 integration
by parts we find

R 4
— 2
S = /d4x/ dz <R> v (2@ +i7°05 —i=7° — c> ¥ + (boundary term)| %, . (A.37)
/ z z

z

The term in the parenthesis can be identified with the Dirac operator for the Randall-Sundrum model
with bulk fermions. The boundary term is

_ R
(boundary) = (R/z)* (x — X¥) o (A.38)

where we’ve written out the Dirac spinor W in terms of two-component Weyl spinors x and 1. This term
vanishes when we impose chiral boundary conditions, which we review in the next section. In terms of
Weyl spinors this gives

e[ (B0 0 (%57 L) Q) o

where we use the two-component slash convention 7 = v, ", = v,0*. From here one may perform a
straightforward dimensional reduction to obtain, among other things, the profile of a bulk fermion in RS,

1 2 —c 1-2
(0)

where W, (z) is a canonically normalized 4D field and Py, is the usual left-chiral projector. The term in
the square root is a flavor factor that is often written as f,.
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A.3.6 Chiral boundary conditions

The vector-like (Dirac) nature of 5D spinors is an immediate problem for model-building since the Stan-
dard Model is manifestly chiral and there appears to be no way to write down a chiral fermion without
immediately introducing a partner fermion of opposite chirality and the same couplings. To get around
this problem, we can require that only the zero modes of the 5D fermions—those which are identified
with Standard Model states—to be chiral. We show that one chirality of zero modes can indeed be
projected out, while the heavier Kaluza-Klein excitations are vector-like but massive.

We can project out the zero modes of the wrong-chirality components of a bulk Dirac 5D fermion
by imposing chiral boundary conditions that these states vanish on the branes. Since zero modes have
trivial profiles, these boundary conditions force the mode to be identically zero everywhere. For left-
chiral boundary conditions, 1) = 0 on the branes, while for right-chiral boundary conditions x = 0 on
the branes. Thus we are guaranteed that both terms in (A.38) vanish at z = R, R’ for either chirality.

Imposing these chiral boundary conditions is equivalent to the statement that the compactified
extra dimension is an orbifold. This treatment of boundary conditions for interval compact spaces was
first discussed from this viewpoint in [109].

A4 Gauge fields in RS

We now move on to the case of bulk gauge fields. We follow the approach of [214], though we adapt it
to follow the same type of derivation espoused above for the fermion propagator. The bulk action is

1
S5 = /d4xdz NG {—4FMNFMN + (brane) + (gauge ﬁxing)} (A41)

To derive the propagator, we would like to write the kinetic term in the form A, OMN Ay so
that we may invert the quadratic differential operator O™ This require judicious integration by parts
including the (R/z) factors from the metric and the measure, ,/g. The relevant integration is

1 1 1
B vy = B angn <8M) Ay + Bangm <aN) Ay + Bgm <AN8[MAN]> :
4z 2 z 2 z 2 z
(A42)

where the last term integrates to a boundary term. Observe that this boundary term vanishes for both

Dirichlet and Neumann boundary conditions so that it vanishes for 4 — v and 5th component scalar
propagators. It does not vanish, however, for the case of vector—scalar mixing. For simplicity, we will
drop the term here in anticipation that it will be removed by gauge fixing. With this caveat, the above
integration becomes

R
EFMNF]VIN = Ay

R R
2z 2 2z
(A.43)

P — Eaz CaZ) v — iaﬂaV] A, + A5§828“AH — As ul 0% As.

This is now in the desired form: we can read off the quadratic differential operators which encode the
propagation of the 5D gauge bosons. Observe that we have a term that connects the 4D vector A, to the
4D scalar As. In our mixed position-momentum space formalism, we prefer to leave these as separate
fields. This term is removed by a judicious choice of gauge fixing.

We must now gauge fix to remove the gauge redundancy which otherwise appears as unphysical
states in the propagator. Ideally we would like to pick a gauge where the scalar vanishes As; = 0
and the vector has a convenient gauge, say, Lorenz gauge 0,A" = 0. Unfortunately, these gauges are
incompatible. Intuitively this is because we only have a single gauge fixing functional to work with in
the path integral so that we are allowed to set at most one expression to vanish. Instead, motivated by the
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potential for vector—scalar mixing from the boundary term of (A.43), we choose a gauge fixing functional
which cancels this mixing term,

R\ 1 p 1 2
[/gauge fix — — ; 275 auA - fz@z ;ALL') (A44)
We have introduced a gauge fixing parameter { which will play the role of the ordinary I?¢ gauge fixing

parameter in 4D. We can integrate by parts to convert this to the form A Moé\ige ix AN,

1R R R 1
Logetix = A5z —0"0, A, — As—0.0" Ay, + Ag,%;(‘)z [zaz <ZA5>} . (A.45)

Observe that the second term here cancels the unwanted mixing term in (A.43). Summing this together
with the gauge kinetic term gives a clean separation for the kinetic terms for the gauge vector and scalar:

R.,.,. R./[(1 V N\ R, .,
ﬁgauge + 'Cgauge fix = Au [%32?7“ - 582 <Zaz> 77” - (1 - €> %aua ] Au
1 1
+ Ag,E —P ¢ = — -0+ 07| A; (A.46)
2z 22z
= AHOMVAV + A505A5. (AA4T)

As above, now that we have the action written in terms of right-acting operators on the gauge fields, we
may proceed to do a KK reduction to determine the KK mode properties, AEZL) (x,2) = Agl) (z)h(™)(2).
The general solution for the '™ KK mode profile of a bulk gauge field is

A = aJ, (M(”)z) + bYl(M(”)z), (A.48)

where J, and Y,, are Bessel functions. A SM gauge field must have a zero mode (which is identified with
the SM state) so that it must have Neumann boundary conditions (BC). Using the formulae for derivatives
of Bessel functions, we find

Yo(M™MR)Jo(MMR') = Jo(M™ R)Yy ("M R)), (A.49)

where M (™ is the mass of the n™ KK mode. We know that M (™ ~ n/R’ and that R < R’. Thus
M R ~ 0 for reasonable n. Now invoke two important properties of the Jy and Y, Bessel functions:

1. Jp(0) =1 and Jo(z > 0) is under control, i.e. |Jo(x)| < 1.
2. Y5(0) = —oo and Yj(x > 1) is similarly under control, where y; is the first zero of Yy(z).

From this we see that the left-hand side of (A.49) is very large and negative due to the Y{(M (”)R)
term while the right-hand side is a product of ‘under control’ terms that are (1) or less. This implies
that Jo(M™R') ~ 0. In other words, the KK masses are given by the zeros of .Jy. The first zero is
x1 = 2.405 so that the first KK gauge boson excitation has mass M) ~ 2.4 /R'. The solution for the
the n'™ KK mode profile of a SM gauge field is thus [215]

h™(2) = Nz {m(MWR)Jl(M(")z) - JO(MWR)Yl(M(")z)} . (A.50)

The normalization is fixed by performing the dz integral and requiring canonical normalization of the
zero mode 4D kinetic term,

2
/ d*z dz/gFyn FpogMT g™V e = / d*z dz EF<°>(gc)WF(‘”(x)W [h(0>(z)] +--. (AS5])

z
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This gives N ~/2 = Rlog R'/R.

Finally, we note that for the W and Z bosons, the Higgs VEV on the IR brane changes the boundary
conditions so that the zero mode profile is not flat. Heuristically it introduces a kink on the profile near
the IR brane. Since My < M1, we may treat this as a perturbation to M (?) = 0 so that the Z boson
profile is

1 M2 z
B0 :[1—2 2—2210}, A.52
PO = e |1 (2 e ) (A52)

and similarly for the .

A.5 Caution with finite loops

One should be careful when calculating loop diagrams in theories with extra dimensions. When one
calculates a finite loop, say a dipole operator, naive application of effective field theory suggests taking
only the lowest KK mode and letting the 4D loop momentum go to k¥ — oco. This, however, can lead to
erroneous results since the loop integral runs over all momenta, including those in the fifth dimension.
Only integrating over the 4D directions removes terms that scale like k2/M2, which would otherwise
make an O(1) finite contribution. This can appear as a dependence on the order in which one does the
4D loop integral versus KK sum; this discrepancy has appeared in the RS gg — h production calculations
[216]. One way to avoid this problem is to work in mixed position-momentum space [214]. This was used
to calculate RS constraints from f — f’v [217,218] and the muon magnetic moment in [219]. These
references include Feynman rules for performing mixed space calculations. For a recent explanation
of the subtleties of 5D dipoles and the resolution to puzzles in the previous literature, see [220]. In
particular, Section 3 of that paper shows how to quickly estimate the size of 4D couplings from overlap
integrals.

B Appendix: Compositeness; the CCWZ Construction

The general theory of Goldstone bosons is described in the papers by Callan, Coleman, Wess, and Zu-
mino (CCWZz) [110,111]. In this appendix we present relevant aspects for generalizations to the composite
Higgs models of interest, while making connections to the chiral Lagrangian above as an explicit exam-
ple of their abstract procedure. See §19.5 — 19.7 of [112] for a more pedagogical and explicit discussion,
the relevant sections of [113], or [?,221] for more depth on how this procedure is applied to the chiral
Lagrangian.

B.1 Preliminaries

Suppose a Lagrangian is invariant under a global symmetry (5, but that G is spontaneously broken to a
subgroup H C G by the VEV of a field (¢) = 9 that is in a linear representation of G. This means that
forany h € H, hyg = 1. The spontaneous symmetry breaking pattern G — H implies the existence of
dim G —dim H Goldstone bosons that take values on a vacuum manifold. This manifold can be identified
with the coset space G/H (‘G mod H’). In particular, the left coset space G/ H is an equivalence class
of elements g € G modulo elements h € H, g ~ gh. In other words, any element in g is equivalent to
another element ¢’ if there exists an & such that ¢’ = gh. Note that in general G/H is not a group.

B.2 Decomposition of the Algebra

The generators of G can be divided between two classes: 7" which generate the unbroken group H,
and X which do not. This is called the Cartan decomposition. The generators satisfy the following
commutation relations:

[T%, 79] = i fIhT* (B.1)
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[T%, X°] = ifi*PxP (B.2)

[Xa,Xﬁ] — jfaBkk | paBy X (B.3)

where the (B.2) comes from explicitly checking that (T¢|[T7, X]) = 0, where the inner product is
(A|B) = Tr(AB). Observe that this means that the X's furnish a linear representation of H. If, addi-

tionally, there exists a parity transformation P such that P? = 1 and P([g1, g2]) = [P(g1), P(g2)] and
further such that P(z) = —X and P(T") = +7T, then one can further restrict

(X, XP] = ifebkTk, (B.4)

In this case, the coset G/ H is a symmetric space.

B.3 Decomposition of the Group

Without loss of generality, we may write any g € G as
g(gvu) — eigaXaeiu’sz Eg(f)h(u) (BS)

Further, note that the distinct G elements gh1, gha, ghs, ... € G are all identified with the same element
of G/H. For each element of G/H, it is useful to pick a representative element of GG, which we can
choose to be §(&). This is simply the decomposition (4.16) when applied to chiral perturbation theory.

B.4 Decomposition of the Linear Representation

We may further write the linearly represented field ¢(z) with respect to any non-trivial reference value
such as v by defining y(x) € G to be the transformation from g — ¥ (z),

Yi(z) = vi5(z) (o), - (B.6)
By the invariance of 1y under H transformations, () is only defined up to right multiplication by any
h € H. In other words, we may identify -y(z) with the representative element 4(x) which is chosen to be
the exponentiation of only broken generators, analogously to g above. (For the moment we are ignoring
radial excitations.) We may now drop the hat on 4 for notational clarity. Let us suggestively call the
transformation parameter 7 (x),

¥ (m(@)) = ™ X" (B.7)
The 7% () are to be identified with the Goldstone bosons (pions). We leave it dimensionless, remember
that the pion field with canonical mass dimension can be restored with 7%(z) — 7*(2)can/ f-

Suppose the Lagrangian of the theory with respect to the linearly represented field ¢ (x) is written
in terms of ¢ (z) and 0y (x). The former don’t contain the Goldstone fields, while the latter can be
written in terms of ¢y and the Goldstone fields using (B.6) and (B.7),

Ou(z) = [0 + 71 ()] o, (B.8)

where we’ve suppressed the = dependence of . Without loss of generality, we can write 7_1@7 in
terms of the broken and unbroken generators,

v 0y = iDGX* + BT (B.9)
D% = D (m) 97" (B.10)
El, = E¥ ()0, (B.11)

The proof of this expression uses the trick
1
aﬂem'X = i@lﬂra/ ds eI —8)mX xagismX (B.12)
0

and then the Baker—Campbell-Hausdorff (BCH) relation to show that you end up with an expansion in
the X's and 7T's.
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B.5 Transformation of the Goldstones

We would like to see how the 7% transform under the global group G. We can derive this from the
transformation of the linear field ¢ (X) using (B.6) and (B.7). Let us define 7' and v such that

gi(z) = g™ Xapg = ™ X Ty, (B.13)

where the primed fields are nonlinear functions of g and (), that is 7’ = 7’(g, ). It is cleaner to write
this after peeling off the g,

gy(m) = y(7")h(u). (B.14)

The element h(u') € H leaves 1)y invariant. The non-linear dependence of 7/(x) on 7(z) for generic g
is the key result.

In the case when we transform v (x) by an element h € H,
hp(z) = T @) Xy = i Xy (B.15)
where we have used (B.2) and the BCH formula. In other words,
hry(m) = v(') TiX* — 7 X (B.16)

In this case, we see that 7(x) has transformed linearly, in contrast to (B.14) or (B.13). The main differ-
ence is that due to the general decomposition (B.5), we simply observed that g7y (7(x)) € G and so that
there must exist some 7' and v’ satisfies (B.13). The actual expression for 7’ as a function of 7 is messy.
On the other hand, in (B.15) we used BCH to derive the 7’ explicitly and one can see that this is a linear
transformation.

B.6 From Linear to Non-Linear

From our assumed linear UV theory, we have now identified the Goldstone fields and can integrate out
the massive ‘radial’ modes to obtain a low-energy Lagrangian. The radial modes can be identified with
excitations along the VEV direction 9. So let us define the radial field ,.(z) = r(z)1o with a VEV
(r(z)) = 1. From (B.13) with 19 — ¥, (z), we see that the radial field transforms as

Y — h (u/ (7)) Py (B.17)

Thus in order to build G invariants out of the radial fields /.., it is sufficient to construct H invariants.
Said differently, the decomposition ¢)(z) = (7)1, is a tool for converting G-linear representations
into H-linear representations ...

Effective field theory tells us that this UV theory wasn’t necessary to construct the low energy
theory of Goldstone bosons. So we can now integrate out the radial modes and remain agnostic about
the UV completion of the theory. Prior to the discovery of the Higgs boson—a linear UV completion of
the theory of the Goldstone bosons eaten by W and Z—the reason why experiments like LEP could
make precision measurements of the SM without knowing the details of the Higgs is that the precision
measurements asked precise questions about the non-linear sigma model (NLxM) of Goldstones that were
insensitive to the particular UV completion, linear or otherwise.

B.7 A Low-Energy Lagrangian without the UV

Let us now return to (B.8) since we know from the Goldstone shift symmetry that the Goldstones only
appear in derivative interactions. The object g~'0g, where g =  in (B.8), is called the Mauer-Cartan
form, it takes an element of the group g € G, differentiates it—pulling out the Lie algebra element based

257



C. CSAKI AND P. TANEDO

at g, and then pulls that generator back to the group identity so that one can compare elements of the
algebra on the same tangent space.

The expansion of the Maurer-Cartan form into broken and unbroken generators is given in (B.9).
Differntiate the transformation rule for -, (B.14),

90uy() = [0y (7)] b+ (7" ,h. (B.18)
Now multiply each side of this equation by the respective side in the inverse of (B.14),
yHm) () = Ky (7)) ([0py(7)] b+ v(7)uh) - (B.19)
Comparing this to (B.9), we find
iDY ()X 4Bl (m)T" = ih ' DY (x") X*h~" +ih [E}(x')T" +i0,]) h™". (B.20)
In other words, the objects D and FE definedin (B.9) transform under g € G as
D — hDGR ™! (B.21)
E,, — hE,h™" —ihd,h™", (B.22)

where here h = h (u/(m,g)) in (B.14). This should look very familiar: D transforms linearly and
FE transforms like a gauge field. Both transform under G with respect to the subgroup H rather than
the whole group G. This realizes the observation in Section B.6: to write Lagrangians for nonlinear
realizations of G/H, we need to construct H invariants. The linear object D can indeed be used to
construct a simple lowest-order Lagrangian,

f2
L= ZTr(D#D“), (B.23)

where we’ve introduced the compositeness scale f to preserve dimensionality.

What about the curious object £,,? This appears to transform as the gauge field of a local symme-
try. The locality of this symmetry is inherited from the z-dependence of the Goldstone fields 7(z) and
is unsurprising since the coset identification g ~ gh is local. £,, is thus a ‘gauge potential’ with respect
to the unbroken symmetry H. Indeed, differentiating (B.17)—recalling that h(u’) depends on z through
its implicit dependence on 7 (z)—shows that derivatives of the non-Goldstone fields transform inhomo-
geneously under GG. Promoting the partial derivative to a covariant derivative, D, = 9, — 0, + iE,,
ensures that D1, (x) transforms homogeneously under H.

When did H become gauged? The appearance of a covariant derivative and a gauge symmetry may seem surprising in
a system where global symmetry G is was spontaneously broken to a subgroup H. The appearance of a local symmetry,
however, is not surprising since the resulting coset space G/H precisely describes a gauge redundancy. Mathematically,
the description of a ‘gauged’ symmetry is identical to that of a spontaneously broken global symmetry. For the mathemat-
ically inclined, details of the geometric structure of these theories are presented in [222] and [223].

The punchline is that one can construct a Goldstone boson Lagrangian which is invariant under
the full, nonlinearly realized group G, by constructing an H-invariant Lagrangian out of D,,. One can
further introduce non-Goldstone fields 1), (not necessarily related to the linear field that gets a VEV)
so long as one uses the appropriate H covariant derivative. In this way one may include, for example,
‘nucleon’ excitations to the effective theory.

The description above is based on a ‘standard realization’ of the nonlinearly realized symmetry,
(B.13). One of the main results of the CCWZ papers was the observation that every non-linear realization
can be brought to this standard realization [110, 111]. Physically, this means that no matter how one im-
poses the G/ H restriction, the S-matrix elements for the low-energy dynamics will be identical. Explicit
examples of this are presented in chapter 1V of [?].

258



BEYOND THE STANDARD MODEL

References

[1] A.de Gouvea, D. Hernandez, and T. M. P. Tait, “Criteria for Natural Hierarchies,”
arXiv:1402.2658 [hep-ph].

[2] M. J. Strassler, “An Unorthodox Introduction to Supersymmetric Gauge Theory,”
arXiv:hep-th/0309149 [hep-th].

[3] M. A. Shifman, “The Many Faces of the Superworld: Yuri Golfand Memorial Volume,”.

[4] G. L. Kane and M. Shifman, “The Supersymmetric World: the Beginning of the Theory,”.

[5] M. E. Peskin, “Duality in Supersymmetric Yang-Mills Theory,” arXiv:hep-th/9702094
[hep-th].

[6] N. Seiberg, “Electric-magnetic Duality in Supersymmetric Nonabelian Gauge Theories,”
Nucl.Phys. B435 (1995) 129-146, arXiv:hep-th/9411149 [hep-th].

[7] K. A. Intriligator and N. Seiberg, ‘“Lectures on Supersymmetry Breaking,” Class.Quant.Grav. 24
(2007) S741-S772, arXiv:hep-ph/0702069 [hep-phl.

[8] S.R. Coleman and J. Mandula, “All Possible Symmetries of the S Matrix,” Phys.Rev. 159 (1967)
1251-1256.

[9] R. Haag, J. T. Lopuszanski, and M. Sohnius, “All Possible Generators of Supersymmetries of the
S Matrix,” Nucl.Phys. B88 (1975) 257.

[10] H. K. Dreiner, H. E. Haber, and S. P. Martin, “Two-Component Spinor Techniques and Feynman
Rules for Quantum Field Theory and Supersymmetry,” Phys.Rept. 494 (2010) 1-196,
arXiv:0812.1594 [hep-ph].

[11] F. Gieres, “Geometry of Supersymmetric Gauge Theories: Including an Introduction to Brs
Differential Algebras and Anomalies,” Lect.Notes Phys. 302 (1988) 1-189.

[12] K. A. Intriligator and N. Seiberg, “Lectures on Supersymmetric Gauge Theories and
Electric—magnetic Duality,” Nucl. Phys.Proc.Suppl. 45BC (1996) 1-28,
arXiv:hep-th/9509066 [hep-th].

[13] N. Arkani-Hamed, M. A. Luty, and J. Terning, “Composite Quarks and Leptons from Dynamical
Supersymmetry Breaking without Messengers,” Phys.Rev. D58 (1998) 015004,
arXiv:hep-ph/9712389 [hep-ph].

[14] M. A. Luty and J. Terning, “Improved Single Sector Supersymmetry Breaking,” Phys.Rev. D62
(2000) 075006, arXiv:hep-ph/9812290 [hep-phl].

[15] Z. Komargodski and D. Shih, “Notes on SUSY and R-Symmetry Breaking in Wess-Zumino
Models,” JHEP 0904 (2009) 093, arXiv:0902.0030 [hep-th].

[16] A.E. Nelson and N. Seiberg, “R Symmetry Breaking Versus Supersymmetry Breaking,”
Nucl.Phys. B416 (1994) 46-62, arXiv:hep-ph/9309299 [hep-ph].

[17] M. Drees, R. Godbole, and P. Roy, “Theory and phenomenology of sparticles: An account of
four-dimensional N=1 supersymmetry in high energy physics,”.

[18] A. Djouadi, “The Anatomy of electro-weak symmetry breaking. II. The Higgs bosons in the
minimal supersymmetric model,” Phys.Rept. 459 (2008) 1-241, arXiv:hep-ph/0503173
(hep-ph].

[19] H. E. Haber, “The Status of the Minimal Supersymmetric Standard Model and Beyond,”
Nucl.Phys.Proc.Suppl. 62 (1998) 469-484, arXiv:hep-ph/9709450 [hep-ph].

[20] M. Dine and W. Fischler, “A Supersymmetric GUT,” Nucl.Phys. B204 (1982) 346.

[21] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, “New Tools for Low-Energy Dynamical
Supersymmetry Breaking,” Phys.Rev. D53 (1996) 2658-2669, arXiv:hep-ph/9507378
(hep-ph].

[22] M. Dine, A. E. Nelson, and Y. Shirman, “Low-Energy Dynamical Supersymmetry Breaking
Simplified,” Phys.Rev. D51 (1995) 1362-1370, arXiv:hep-ph/9408384 [hep-ph].

259



C. CSAKI AND P. TANEDO

[23] M. Dine, Y. Nir, and Y. Shirman, “Variations on Minimal Gauge Mediated Supersymmetry
Breaking,” Phys.Rev. D55 (1997) 1501-1508, arXiv:hep-ph/9607397 [hep-ph].

[24] G. Giudice and R. Rattazzi, “Theories with Gauge Mediated Supersymmetry Breaking,”
Phys.Rept. 322 (1999) 419-499, arXiv:hep-ph/9801271 [hep-ph].

[25] G. Giudice and R. Rattazzi, “Extracting supersymmetry breaking effects from wave function
renormalization,” Nucl.Phys. B511 (1998) 2544, arXiv:hep-ph/9706540 [hep-phl].

[26] N. Arkani-Hamed, G. F. Giudice, M. A. Luty, and R. Rattazzi, “Supersymmetry breaking loops
from analytic continuation into superspace,” Phys.Rev. D58 (1998) 115005,
arXiv:hep-ph/9803290 [hep-ph].

[27] P. Meade, N. Seiberg, and D. Shih, “General Gauge Mediation,” Prog.Theor.Phys.Suppl. 177
(2009) 143-158, arXiv:0801.3278 [hep-phl].

[28] L. M. Carpenter, M. Dine, G. Festuccia, and J. D. Mason, “Implementing General Gauge
Mediation,” Phys.Rev. D79 (2009) 035002, arXiv:0805.2944 [hep-ph].

[29] G. Giudice and A. Masiero, “A Natural Solution to the Mu Problem in Supergravity Theories,”
Phys.Lett. B206 (1988) 480-484.

[30] N. Craig, “The State of Supersymmetry After Run I of the Lhc,” arXiv:1309.0528 [hep-phl].

[31] P. Batra, A. Delgado, D. E. Kaplan, and T. M. Tait, “The Higgs Mass Bound in Gauge Extensions
of the Minimal Supersymmetric Standard Model,” JHEP 0402 (2004) 043,
arXiv:hep-ph/0309149 [hep-ph].

[32] A. Maloney, A. Pierce, and J. G. Wacker, “D-Terms, Unification, and the Higgs Mass,” JHEP
0606 (2006) 034, arXiv:hep-ph/0409127 [hep-ph].

[33] A.D. Medina, N. R. Shah, and C. E. Wagner, “A Heavy Higgs and a Light Sneutrino NLSP in
the MSSM with Enhanced SU(2) D-terms,” Phys.Rev. D80 (2009) 015001, arXiv:0904.1625
(hep-ph].

[34] B. Bellazzini, C. Csaki, A. Delgado, and A. Weiler, “SUSY without the Little Hierarchy,”
Phys.Rev. D79 (2009) 095003, arXiv:0902.0015 [hep-ph].

[35] C. Cheung and H. L. Roberts, “Higgs Mass from D-Terms: a Litmus Test,” JHEP 1312 (2013)
018, arXiv:1207.0234 [hep-ph].

[36] K. Blum, R. T. D’Agnolo, and J. Fan, “Natural SUSY Predicts: Higgs Couplings,” JHEP 1301
(2013) 057, arXiv:1206.5303 [hep-ph].

[37] N. Craig and A. Katz, “A Supersymmetric Higgs Sector with Chiral D-terms,” JHEP 1305
(2013) 015, arXiv:1212.2635 [hep-ph].

[38] P. Fayet, “Supergauge Invariant Extension of the Higgs Mechanism and a Model for the Electron
and Its Neutrino,” Nucl. Phys. B90 (1975) 104-124.

[39] M. Dine, W. Fischler, and M. Srednicki, “A Simple Solution to the Strong CP Problem with a
Harmless Axion,” Phys.Lett. B104 (1981) 199.

[40] H. P. Nilles, M. Srednicki, and D. Wyler, “Weak Interaction Breakdown Induced by
Supergravity,” Phys.Lett. B120 (1983) 346.

[41] J. R. Ellis, J. Gunion, H. E. Haber, L. Roszkowski, and F. Zwirner, “Higgs Bosons in a
Nonminimal Supersymmetric Model,” Phys.Rev. D39 (1989) 844.

[42] U. Ellwanger, M. Rausch de Traubenberg, and C. A. Savoy, ‘“Particle Spectrum in
Supersymmetric Models with a Gauge Singlet,” Phys.Lett. B315 (1993) 331-337,
arXiv:hep-ph/9307322 [hep-ph].

[43] U. Ellwanger, C. Hugonie, and A. M. Teixeira, “The Next-To-Minimal Supersymmetric Standard
Model,” Phys.Rept. 496 (2010) 1-77, arXiv:0910.1785 [hep-ph].

[44] M. Maniatis, “The Next-To-Minimal Supersymmetric Extension of the Standard Model
Reviewed,” Int.J.Mod.Phys. A25 (2010) 3505-3602, arXiv:0906.0777 [hep-phl].

260



BEYOND THE STANDARD MODEL

[45] S. Dimopoulos and G. Giudice, “Naturalness Constraints in Supersymmetric Theories with
Nonuniversal Soft Terms,” Phys.Lett. B357 (1995) 573-578, arXiv:hep-ph/9507282
(hep-ph].

[46] A. G. Cohen, D. Kaplan, and A. Nelson, “The More Minimal Supersymmetric Standard Model,”
Phys.Lett. B388 (1996) 588598, arXiv:hep-ph/9607394 [hep-ph].

[47] Y. Kats, P. Meade, M. Reece, and D. Shih, “The Status of Gmsb After 1/Fb at the Lhc,” JHEP
1202 (2012) 115, arXiv:1110.6444 [hep-ph].

[48] C. Brust, A. Katz, S. Lawrence, and R. Sundrum, “Susy, the Third Generation and the Lhc,”
JHEP 1203 (2012) 103, arXiv:1110.6670 [hep-ph].

[49] M. Papucci, J. T. Ruderman, and A. Weiler, “Natural SUSY Endures,” JHEP 1209 (2012) 035,
arXiv:1110.6926 [hep-ph].

[50] L.J. Hall, D. Pinner, and J. T. Ruderman, “A Natural SUSY Higgs Near 126 GeV,” JHEP 1204
(2012) 131, arXiv:1112.2703 [hep-ph].

[51] L.J. Hall and M. Suzuki, “Explicit R-Parity Breaking in Supersymmetric Models,” Nucl.Phys.
B231 (1984) 419.

[52] G. G. Ross andJ. Valle, “Supersymmetric Models without R-Parity,” Phys.Lett. B151 (1985) 375.

[53] V. D. Barger, G. Giudice, and T. Han, “Some New Aspects of Supersymmetry R-Parity Violating
Interactions,” Phys.Rev. D40 (1989) 2987.

[54] G. Bhattacharyya, “A Brief Review of R-Parity Violating Couplings,” arXiv:hep-ph/9709395
[hep-ph].

[55] H. K. Dreiner, “An Introduction to Explicit R-Parity Violation,” arXiv:hep-ph/9707435
[hep-ph].

[56] R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. Deandrea, et al., “R-Parity Violating
Supersymmetry,” Phys.Rept. 420 (2005) 1-202, arXiv:hep-ph/0406039 [hep-ph].

[57] C. Csaki, Y. Grossman, and B. Heidenreich, “Mfv Susy: a Natural Theory for R-Parity
Violation,” Phys.Rev. D85 (2012) 095009, arXiv:1111.1239 [hep-ph].

[58] T. Kaluza, “On the Problem of Unity in Physics,” Sitzungsber. Preuss.Akad. Wiss.Berlin
(Math.Phys.) 1921 (1921) 966-972.

[59] O. Klein, “Quantum Theory and Five-Dimensional Theory of Relativity. (In German and
English),” Z.Phys. 37 (1926) 895-906.

[60] A. Einstein and P. Bergmann, “On a Generalization of Kaluza’s Theory of Electricity,” Annals
Math. 39 (1938) 683-701.

[61] J. Scherk and J. H. Schwarz, “Dual Field Theory of Quarks and Gluons,” Phys.Lett. BS7 (1975)
463-466.

[62] E. Cremmer and J. Scherk, “Dual Models in Four-Dimensions with Internal Symmetries,”
Nucl.Phys. B103 (1976) 399.

[63] E. Cremmer and J. Scherk, “Spontaneous Compactification of Space in an Einstein Yang-Mills
Higgs Model,” Nucl.Phys. B108 (1976) 409.

[64] C. Csaki, “Tasi Lectures on Extra Dimensions and Branes,” arXiv:hep-ph/0404096.

[65] C. Csaki, J. Hubisz, and P. Meade, “Tasi Lectures on Electroweak Symmetry Breaking from
Extra Dimensions,” arXiv:hep-ph/0510275 [hep-ph].

[66] R. Rattazzi, “Cargese Lectures on Extra-Dimensions,” arXiv:hep-ph/0607055 [hep-ph].

[67] E. Ponton, “Tasi 2011: Four Lectures on TeV Scale Extra Dimensions,” arXiv: 1207 .3827
[hep-ph].

[68] H.-C. Cheng, “2009 Tasi Lecture — Introduction to Extra Dimensions,” arXiv:1003.1162
[hep-ph].

261



C. CSAKI AND P. TANEDO

[69] T. Gherghetta, “Tasi Lectures on a Holographic View of Beyond the Standard Model Physics,”
arXiv:1008.2570 [hep-ph].

[70] R. Sundrum, “From Fixed Points to the Fifth Dimension,” arXiv:1106.4501 [hep-th].

[71] R. Sundrum, “Tasi 2004 Lectures: to the Fifth Dimension and Back,” arXiv:hep-th/0508134
[hep-th].

[72] V. Rubakov and M. Shaposhnikov, “Do We Live Inside a Domain Wall?,” Phys.Lett. B125 (1983)
136-138.

[73] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, “Phenomenology, Astrophysics and Cosmology
of Theories with Submillimeter Dimensions and TeV Scale Quantum Gravity,” Phys.Rev. D59
(1999) 086004, arXiv:hep-ph/9807344 [hep-ph].

[74] L. Randall and R. Sundrum, “A Large Mass Hierarchy from a Small Extra Dimension,”
Phys.Rev.Lett. 83 (1999) 3370-3373, arXiv:hep-ph/9905221 [hep-ph].

[75] F. Brummer, A. Hebecker, and E. Trincherini, “The Throat as a Randall-Sundrum Model with
Goldberger-Wise Stabilization,” Nucl. Phys. B738 (2006) 283-305, arXiv:hep-th/0510113
[hep-th].

[76] W. D. Goldberger and M. B. Wise, “Modulus Stabilization with Bulk Fields,” Phys.Rev.Lett. 83
(1999) 4922-4925, arXiv:hep-ph/9907447 [hep-ph].

[77] W. D. Goldberger and M. B. Wise, “Phenomenology of a Stabilized Modulus,” Phys.Lett. B475
(2000) 275-279, arXiv:hep-ph/9911457 [hep-ph].

[78] O. DeWolfe, D. Freedman, S. Gubser, and A. Karch, “Modeling the Fifth-Dimension with
Scalars and Gravity,” Phys.Rev. D62 (2000) 046008, arXiv:hep-th/9909134 [hep-th].

[79] N. Arkani-Hamed, M. Porrati, and L. Randall, “Holography and Phenomenology,” JHEP 08
(2001) 017, arXiv:hep-th/0012148.

[80] T. Gherghetta, “Warped Models and Holography,” arXiv:hep-ph/0601213.

[81] R. Rattazzi and A. Zaffaroni, “Comments on the Holographic Picture of the Randall-Sundrum
Model,” JHEP 04 (2001) 021, arXiv:hep-th/0012248.

[82] K. Skenderis, “Lecture Notes on Holographic Renormalization,” Class. Quant.Grav. 19 (2002)
5849-5876, arXiv:hep-th/0209067 [hep-th].

[83] J. McGreevy, “Holographic Duality with a View Toward Many-Body Physics,” Adv.High Energy
Phys. 2010 (2010) 723105, arXiv:0909.0518 [hep-th].

[84] H. Nastase, “Introduction to AdS-CFT,” arXiv:0712.0689 [hep-th].

[85] M. J. Strassler, “The Duality Cascade,” arXiv:hep-th/0505153 [hep-th].

[86] J. M. Maldacena, “The Large N Limit of Superconformal Field Theories and Supergravity,” Adv.
Theor. Math. Phys. 2 (1998) 231-252, arXiv:hep-th/9711200.

[87] S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge Theory Correlators from Noncritical
String Theory,” Phys.Lett. B428 (1998) 105-114, arXiv:hep-th/9802109 [hep-th].

[88] E. Witten, “Anti-de Sitter Space and Holography,” Adv.Theor.Math.Phys. 2 (1998) 253-291,
arXiv:hep-th/9802150 [hep-th].

[89] C. Csaki, M. Graesser, L. Randall, and J. Terning, “Cosmology of Brane Models with Radion
Stabilization,” Phys.Rev. D62 (2000) 045015, arXiv:hep-ph/9911406 [hep-ph].

[90] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, “The Higgs Hunter’s Guide,” Front. Phys.
80 (2000) 1-448.

[91] B. Bellazzini, C. Csaki, J. Hubisz, J. Serra, and J. Terning, “A Higgslike Dilaton,” Eur. Phys.J.
C73 (2013) no. 2, 2333, arXiv:1209.3299 [hep-ph].

[92] H. Davoudiasl, J. L. Hewett, and T. G. Rizzo, “Bulk Gauge Fields in the Randall-Sundrum
Model,” Phys. Lett. B473 (2000) 43—49, arXiv:hep-ph/9911262.

262



BEYOND THE STANDARD MODEL

[93] Y. Grossman and M. Neubert, “Neutrino Masses and Mixings in Non-Factorizable Geometry,”
Phys. Lett. B474 (2000) 361-371, arXiv:hep-ph/9912408.

[94] T. Gherghetta and A. Pomarol, “Bulk Fields and Supersymmetry in a Slice of AdS,” Nucl. Phys.
B586 (2000) 141-162, arXiv:hep-ph/0003129.

[95] S.J. Huber and Q. Shafi, “Fermion Masses, Mixings and Proton Decay in a Randall-Sundrum
Model,” Phys.Lett. B498 (2001) 256-262, arXiv:hep-ph/0010195 [hep-phl].

[96] S.J. Huber, “Flavor Violation and Warped Geometry,” Nucl.Phys. B666 (2003) 269-288,
arXiv:hep-ph/0303183 [hep-ph].

[97] G. Burdman, “Constraints on the Bulk Standard Model in the Randall-Sundrum Scenario,”
Phys.Rev. D66 (2002) 076003, arXiv:hep-ph/0205329 [hep-ph].

[98] K. Agashe, G. Perez, and A. Soni, “Flavor Structure of Warped Extra Dimension Models,”
Phys.Rev. D71 (2005) 016002, arXiv:hep-ph/0408134 [hep-ph].

[99] K. Agashe, G. Perez, and A. Soni, “B-Factory Signals for a Warped Extra Dimension,”
Phys.Rev.Lett. 93 (2004) 201804, arXiv:hep-ph/0406101 [hep-ph].

[100] N. Arkani-Hamed and M. Schmaltz, “Hierarchies without Symmetries from Extra Dimensions,”
Phys. Rev. D61 (2000) 033005, arXiv:hep-ph/9903417.

[101] D. E. Kaplan and T. M. Tait, “Supersymmetry Breaking, Fermion Masses and a Small Extra
Dimension,” JHEP 0006 (2000) 020, arXiv:hep-ph/0004200 [hep-ph].

[102] D. E. Kaplan and T. M. Tait, “New Tools for Fermion Masses from Extra Dimensions,” JHEP
0111 (2001) 051, arXiv:hep-ph/0110126 [hep-ph].

[103] Y. Grossman and G. Perez, “Realistic Construction of Split Fermion Models,” Phys.Rev. D67
(2003) 015011, arXiv:hep-ph/0210053 [hep-phl].

[104] A. Altheimer, S. Arora, L. Asquith, G. Brooijmans, J. Butterworth, et al., “Jet Substructure at the
Tevatron and Lhc: New Results, New Tools, New Benchmarks,” J. Phys. G39 (2012) 063001,
arXiv:1201.0008 [hep-ph].

[105] J. Shelton, “Tasi Lectures on Jet Substructure,” arXiv:1302.0260 [hep-ph].

[106] G. P. Salam, “Towards Jetography,” Eur.Phys.J. C67 (2010) 637-686, arXiv:0906.1833
[hep-ph].

[107] K. Agashe, A. Delgado, M. J. May, and R. Sundrum, “Rs1, Custodial Isospin and Precision
Tests,” JHEP 08 (2003) 050, arXiv:hep-ph/0308036.

[108] K. Agashe, R. Contino, L. Da Rold, and A. Pomarol, “A Custodial Symmetry for Z B Anti-B,”
Phys. Lett. B641 (2006) 6266, arXiv:hep-ph/0605341.

[109] C. Csaki, C. Grojean, J. Hubisz, Y. Shirman, and J. Terning, “Fermions on an Interval: Quark and
Lepton Masses without a Higgs,” Phys. Rev. D70 (2004) 015012, arXiv:hep-ph/0310355.

[110] S.R. Coleman, J. Wess, and B. Zumino, “Structure of Phenomenological Lagrangians. 1.,
Phys.Rev. 177 (1969) 2239-2247.

[111] J. Callan, Curtis G., S. R. Coleman, J. Wess, and B. Zumino, “Structure of Phenomenological
Lagrangians. 2.,” Phys.Rev. 177 (1969) 2247-2250.

[112] S. Weinberg, “The Quantum Theory of Fields. Vol. 2: Modern Applications,”.

[113] M. Bando, T. Kugo, and K. Yamawaki, “Nonlinear Realization and Hidden Local Symmetries,”
Phys.Rept. 164 (1988) 217-314.

[114] R. Contino, “The Higgs as a Composite Nambu-Goldstone Boson,” arXiv:1005.4269
(hep-ph].

[115] K. Agashe, C. Grojean, R. Rattazzi, and M. Serone (organizers), “School on Strongly Coupled
Physics Beyond the Standard Model.” ICTP SMR 2326. Lecture notes and videos available
online, http://indico.ictp.it/event/al1150/overview, January, 2012.

[116] B. Bellazzini, C. CsAaki, and J. Serra, “Composite Higgses,” arXiv:1401.2457 [hep-ph].

263



C. CSAKI AND P. TANEDO

[117] M. Perelstein, “Little Higgs Models and Their Phenomenology,” Prog.Part.Nucl. Phys. 58 (2007)
247-291, arXiv:hep-ph/0512128 [hep-ph].

[118] M. Schmaltz and D. Tucker-Smith, “Little Higgs Review,” Ann.Rev.Nucl.Part.Sci. 55 (2005)
229-270, arXiv:hep-ph/0502182 [hep-ph].

[119] J. B. Kogut and L. Susskind, “Quark Confinement and the Puzzle of the Ninth Axial Current,”
Phys.Rev. D10 (1974) 3468-3475.

[120] C. Quigg and R. Shrock, “Gedanken Worlds without Higgs: QCD-Induced Electroweak
Symmetry Breaking,” Phys.Rev. D79 (2009) 096002, arXiv:0901.3958 [hep-ph].

[121] R. Jackiw and K. Johnson, “Dynamical Model of Spontaneously Broken Gauge Symmetries,”
Phys.Rev. D8 (1973) 2386-2398.

[122] J. Cornwall and R. Norton, “Spontaneous Symmetry Breaking without Scalar Mesons,”
Phys.Rev. D8 (1973) 3338-3346.

[123] M. Weinstein, “Conserved Currents, Their Commutators and the Symmetry Structure of
Renormalizable Theories of Electromagnetic, Weak and Strong Interactions,” Phys.Rev. D8
(1973) 2511.

[124] S. Weinberg, “Implications of Dynamical Symmetry Breaking: an Addendum,” Phys.Rev. D19
(1979) 1277-1280.

[125] L. Susskind, “Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory,”
Phys.Rev. D20 (1979) 2619-2625.

[126] S. Dimopoulos and L. Susskind, “Mass without Scalars,” Nucl. Phys. B155 (1979) 237-252.

[127] E. Eichten and K. D. Lane, “Dynamical Breaking of Weak Interaction Symmetries,” Phys.Lett.
B90 (1980) 125-130.

[128] R.F. Dashen, “Chiral SU(3) x SU(3) as a Symmetry of the Strong Interactions,” Phys.Rev. 183
(1969) 1245-1260.

[129] R.F. Dashen, “Some Features of Chiral Symmetry Breaking,” Phys.Rev. D3 (1971) 1879-1889.
[130] E. Witten, “Baryons in the 1/N Expansion,” Nucl.Phys. B160 (1979) 57.

[131] D. B. Kaplan and H. Georgi, “SU(2) x U(1) Breaking by Vacuum Misalignment,” Phys.Lett.
B136 (1984) 183.

[132] H. Georgi, “The Higgs as a Pseudo-Goldstone Boson,” Comptes Rendus Physique 8 (2007)
1029-1047.

[133] H. Georgi and L. Randall, “Flavor Conserving CP Violation in Invisible Axion Models,”
Nucl.Phys. B276 (1986) 241.

[134] A. Manohar and H. Georgi, “Chiral Quarks and the Nonrelativistic Quark Model,” Nucl. Phys.
B234 (1984) 189.

[135] H. Georgi, “Generalized Dimensional Analysis,” Phys.Lett. B298 (1993) 187-189,
arXiv:hep-ph/9207278 [hep-ph].

[136] K. Agashe, R. Contino, and A. Pomarol, “The Minimal Composite Higgs Model,” Nucl. Phys.
B719 (2005) 165187, arXiv:hep-ph/0412089 [hep-ph].

[137] R. Contino, L. Da Rold, and A. Pomarol, “Light Custodians in Natural Composite Higgs
Models,” Phys.Rev. D75 (2007) 055014, arXiv:hep-ph/0612048 [hep-ph].

[138] R. Contino, C. Grojean, M. Moretti, F. Piccinini, and R. Rattazzi, “Strong Double Higgs
Production at the Lhe,” JHEP 1005 (2010) 089, arXiv:1002.1011 [hep-ph].

[139] J. R. Ellis, M. K. Gaillard, and D. V. Nanopoulos, “A Phenomenological Profile of the Higgs
Boson,” Nucl.Phys. B106 (1976) 292.

[140] M. A. Shifman, A. Vainshtein, and V. 1. Zakharov, “Remarks on Higgs Boson Interactions with
Nucleons,” Phys.Lett. B78 (1978) 443.

264



BEYOND THE STANDARD MODEL

[141] M. Gillioz, R. Grober, C. Grojean, M. Muhlleitner, and E. Salvioni, “Higgs Low-Energy
Theorem (And Its Corrections) in Composite Models,” JHEP 1210 (2012) 004,
arXiv:1206.7120 [hep-ph].

[142] N. Craig, D. Stolarski, and J. Thaler, “A Fat Higgs with a Magnetic Personality,” JHEP 1111
(2011) 145, arXiv:1106.2164 [hep-ph].

[143] C. Csaki, Y. Shirman, and J. Terning, “A Seiberg Dual for the Mssm: Partially Composite W and
Z.” Phys.Rev. D84 (2011) 095011, arXiv:1106.3074 [hep-ph].

[144] Y. Nambu and G. Jona-Lasinio, “Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. II,” Phys.Rev. 124 (1961) 246-254.

[145] Y. Nambu and G. Jona-Lasinio, “Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. 1.,” Phys.Rev. 122 (1961) 345-358.

[146] E. Witten, “Some Inequalities among Hadron Masses,” Phys.Rev.Lett. 51 (1983) 2351.

[147] C. Vafa and E. Witten, “Restrictions on Symmetry Breaking in Vector-Like Gauge Theories,”
Nucl.Phys. B234 (1984) 173.

[148] D. B. Kaplan, H. Georgi, and S. Dimopoulos, “Composite Higgs Scalars,” Phys.Lett. B136
(1984) 187.

[149] T. Banks, “Constraints on SU(2) x U(1) Breaking by Vacuum Misalignment,” Nucl.Phys. B243
(1984) 125.

[150] H. Georgi, D. B. Kaplan, and P. Galison, “Calculation of the Composite Higgs Mass,” Phys.Lett.
B143 (1984) 152.

[151] H. Georgi and D. B. Kaplan, “Composite Higgs and Custodial SU(2),” Phys.Lett. B145 (1984)
216.

[152] H. Georgi and A. Pais, “Calculability and Naturalness in Gauge Theories,” Phys.Rev. D10 (1974)
539.

[153] H. Georgi and A. Pais, “Vacuum Symmetry and the Pseudogoldstone Phenomenon,” Phys.Rev.
D12 (1975) 508.

[154] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, “Electroweak Symmetry Breaking from
Dimensional Deconstruction,” Phys.Lett. B513 (2001) 232-240, arXiv:hep-ph/0105239
[hep-phl].

[155] M. Perelstein, M. E. Peskin, and A. Pierce, “Top quarks and electroweak symmetry breaking in
little Higgs models,” Phys.Rev. D69 (2004) 075002, arXiv:hep-ph/0310039 [hep-phl].

[156] CMS Collaboration, S. Chatrchyan et al., “Inclusive search for a vector-like T quark with charge
% in pp collisions at \/s = 8 TeV,” Phys.Lett. B729 (2014) 149-171, arXiv:1311.7667
[hep-ex].

[157] A. De Simone, O. Matsedonskyi, R. Rattazzi, and A. Wulzer, “A First Top Partner Hunter’s
Guide,” JHEP 1304 (2013) 004, arXiv:1211.5663 [hep-ph].

[158] J. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer, and M. PAT'rez-Victoria, “Handbook of
Vectorlike Quarks: Mixing and Single Production,” Phys.Rev. D88 (2013) no. 9, 094010,
arXiv:1306.0572 [hep-ph].

[159] M. Buchkremer, G. Cacciapaglia, A. Deandrea, and L. Panizzi, “Model Independent Framework
for Searches of Top Partners,” Nucl.Phys. B876 (2013) 376417, arXiv:1305.4172 [hep-ph].

[160] C.T. Hill, S. Pokorski, and J. Wang, “Gauge Invariant Effective Lagrangian for Kaluza-Klein
Modes,” Phys.Rev. D64 (2001) 105005, arXiv:hep-th/0104035 [hep-th].

[161] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, “(De)Constructing Dimensions,” Phys.Rev.Lett.
86 (2001) 47574761, arXiv:hep-th/0104005 [hep-th].

[162] J. Thaler, “Little Technicolor,” JHEP 0507 (2005) 024, arXiv:hep-ph/0502175 [hep-ph].

[163] Y. Kahn and J. Thaler, “Locality in Theory Space,” JHEP 1207 (2012) 007, arXiv:1202.5491

265



C. CSAKI AND P. TANEDO

(hep-ph].

[164] H. Georgi, “Fun with Higgsless Theories,” Phys.Rev. D71 (2005) 015016,
arXiv:hep-ph/0408067 [hep-ph].

[165] M. R. Douglas and G. W. Moore, “D-Branes, Quivers, and ALE Instantons,”
arXiv:hep-th/9603167 [hep-th].

[166] H. Georgi, “A Tool Kit for Builders of Composite Models,” Nucl.Phys. B266 (1986) 274.

[167] H. Georgi, “SU(2) x U(1) Breaking, Compositeness, Flavor and Guts,” Conf.Proc. C850701
(1985) 339-418.

[168] T. Gregoire and J. G. Wacker, “Mooses, Topology and Higgs,” JHEP 0208 (2002) 019,
arXiv:hep-ph/0206023 [hep-ph].

[169] N. Arkani-Hamed, A. Cohen, E. Katz, A. Nelson, T. Gregoire, et al., “The Minimal Moose for a
Little Higgs,” JHEP 0208 (2002) 021, arXiv:hep-ph/0206020 [hep-ph].

[170] M. Schmaltz, D. Stolarski, and J. Thaler, “The Bestest Little Higgs,” JHEP 1009 (2010) 018,
arXiv:1006.1356 [hep-ph].

[171] L. Vecchi, “The Natural Composite Higgs,” arXiv:1304.4579 [hep-ph].

[172] Z. Chacko, H.-S. Goh, and R. Harnik, “The Twin Higgs: Natural Electroweak Breaking from
Mirror Symmetry,” Phys.Rev.Lett. 96 (2006) 231802, arXiv:hep-ph/0506256 [hep-phl].

[173] R. Barbieri, T. Gregoire, and L. J. Hall, “Mirror World at the Large Hadron Collider,”
arXiv:hep-ph/0509242 [hep-ph].

[174] W. D. Goldberger, B. Grinstein, and W. Skiba, “Distinguishing the Higgs boson from the dilaton
at the Large Hadron Collider,” Phys.Rev.Lett. 100 (2008) 111802, arXiv:0708.1463
(hep-ph].

[175] J. Fan, W. D. Goldberger, A. Ross, and W. Skiba, “Standard Model couplings and collider
signatures of a light scalar,” Phys.Rev. D79 (2009) 035017, arXiv:0803.2040 [hep-ph].

[176] L. Vecchi, “Phenomenology of a light scalar: the dilaton,” Phys.Rev. D82 (2010) 076009,
arXiv:1002.1721 [hep-ph].

[177] Z. Chacko and R. K. Mishra, “Effective Theory of a Light Dilaton,” Phys.Rev. D87 (2013) no. 11,
115006, arXiv:1209.3022 [hep-ph].

[178] B. Bellazzini, C. Csaki, J. Hubisz, J. Serra, and J. Terning, “A Naturally Light Dilaton and a
Small Cosmological Constant,” Eur.Phys.J. C74 (2014) 2790, arXiv:1305.3919 [hep-th].

[179] F. Coradeschi, P. Lodone, D. Pappadopulo, R. Rattazzi, and L. Vitale, “A naturally light dilaton,”
JHEP 1311 (2013) 057, arXiv:1306.4601 [hep-th].

[180] G. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi, “The Strongly-Interacting Light Higgs,”
JHEP 0706 (2007) 045, arXiv:hep-ph/0703164 [hep-ph].

[181] R. Contino, M. Ghezzi, C. Grojean, M. Muhlleitner, and M. Spira, “Effective Lagrangian for a
Light Higgs-Like Scalar,” JHEP 1307 (2013) 035, arXiv:1303.3876 [hep-ph].

[182] G. Panico and A. Wulzer, “The Discrete Composite Higgs Model,” JHEP 1109 (2011) 135,
arXiv:1106.2719 [hep-phl].

[183] W. Skiba, “Tasi Lectures on Effective Field Theory and Precision Electroweak Measurements,”
arXiv:1006.2142 [hep-ph].

[184] J. D. Wells, “Tasi Lecture Notes: Introduction to Precision Electroweak Analysis,”
arXiv:hep-ph/0512342 [hep-ph].

[185] G. Cacciapaglia, C. Csaki, G. Marandella, and A. Strumia, “The Minimal Set of Electroweak
Precision Parameters,” Phys.Rev. D74 (2006) 033011, arXiv:hep-ph/0604111 [hep-ph].

[186] Z. Han and W. Skiba, “Effective Theory Analysis of Precision Electroweak Data,” Phys.Rev. D71
(2005) 075009, arXiv:hep-ph/0412166 [hep-ph].

266



BEYOND THE STANDARD MODEL

[187] R. Barbieri, A. Pomarol, R. Rattazzi, and A. Strumia, “Electroweak Symmetry Breaking After
Lep-1 and Lep-2,” Nucl.Phys. B703 (2004) 127-146, arXiv:hep-ph/0405040 [hep-ph].

[188] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Kennedy, et al., “The Electroweak Fit of the
Standard Model After the Discovery of a New Boson at the Lhe,” Eur.Phys.J. C72 (2012) 2205,
arXiv:1209.2716 [hep-ph].

[189] P. Sikivie, L. Susskind, M. B. Voloshin, and V. I. Zakharov, “Isospin Breaking in Technicolor
Models,” Nucl.Phys. B173 (1980) 189.

[190] S. Willenbrock, “Symmetries of the Standard Model,” arXiv:hep-ph/0410370 [hep-ph].

[191] R. Barbieri, B. Bellazzini, V. S. Rychkov, and A. Varagnolo, “The Higgs Boson from an
Extended Symmetry,” Phys.Rev. D76 (2007) 115008, arXiv:0706.0432 [hep-ph].

[192] A. Azatov, R. Contino, and J. Galloway, “Model-Independent Bounds on a Light Higgs,” JHEP
1204 (2012) 127, arXiv:1202.3415 [hep-ph].

[193] A. Azatov and J. Galloway, “Electroweak Symmetry Breaking and the Higgs Boson:
Confronting Theories at Colliders,” Int.J.Mod.Phys. A28 (2013) 1330004, arXiv:1212.1380.

[194] B. Bellazzini, C. Csaki, J. Hubisz, J. Serra, and J. Terning, “Composite Higgs Sketch,” JHEP
1211 (2012) 003, arXiv:1205.4032 [hep-ph].

[195] A. Falkowski, F. Riva, and A. Urbano, “Higgs at Last,” JHEP 1311 (2013) 111,
arXiv:1303.1812 [hep-ph].

[196] I. Gogoladze, N. Okada, and Q. Shafi, “125 GeV Higgs Boson from Gauge-Higgs Unification: a
Snowmass White Paper,” arXiv:1307.5079 [hep-phl].

[197] J. Thaler and I. Yavin, “The Littlest Higgs in Anti-de Sitter Space,” JHEP 0508 (2005) 022,
arXiv:hep-ph/0501036 [hep-ph].

[198] P.J. Fox, A. E. Nelson, and N. Weiner, “Dirac Gaugino Masses and Supersoft Supersymmetry
Breaking,” JHEP 0208 (2002) 035, arXiv:hep-ph/0206096 [hep-ph].

[199] C. Csaki, J. Goodman, R. Pavesi, and Y. Shirman, “The M p-B); Problem of Dirac Gauginos and
Its Solutions,” Phys.Rev. D89 (2014) 055005, arXiv:1310.4504 [hep-phl].

[200] L. Randall and R. Sundrum, “Out of This World Supersymmetry Breaking,” Nucl. Phys. BS57
(1999) 79-118, arXiv:hep-th/9810155 [hep-th].

[201] N. Weiner, “Unification without Unification,” Phys.Rev.Lett. (2001) , arXiv:hep-ph/0106097
[hep-ph].

[202] G. Burdman, Z. Chacko, H.-S. Goh, and R. Harnik, “Folded Supersymmetry and the Lep
Paradox,” JHEP 0702 (2007) 009, arXiv:hep-ph/0609152 [hep-ph].

[203] Y. Shirman, “Tasi 2008 Lectures: Introduction to Supersymmetry and Supersymmetry Breaking,”
arXiv:0907.0039 [hep-ph].

[204] Z. Komargodski, “Vector Mesons and an Interpretation of Seiberg Duality,” JHEP 1102 (2011)
019, arXiv:1010.4105 [hep-th].

[205] R. Harnik, G. D. Kribs, D. T. Larson, and H. Murayama, “The Minimal Supersymmetric Fat
Higgs Model,” Phys.Rev. D70 (2004) 015002, arXiv:hep-ph/0311349 [hep-ph].

[206] C. Csaki, L. Randall, and J. Terning, “Light Stops from Seiberg Duality,” Phys.Rev. D86 (2012)
075009, arXiv:1201.1293 [hep-ph].

[207] E. Halkiadakis, G. Redlinger, and D. Shih, “Status and Implications of
Beyond-the-Standard-Model Searches at the LHC,” Ann.Rev.Nucl.Part.Sci. 64 (2014) 319-342,
arXiv:1411.1427 [hep-ex].

[208] J. Polchinski, String Theory: Volume 2, Superstring Theory and Beyond. Cambridge
Monographs on Mathematical Physics. Cambridge University Press, 1998.

[209] R. Bertlmann, Anomalies in Quantum Field Theory. International Series of Monographs on
Physics. Clarendon Press, 2000.

267



C. CSAKI AND P. TANEDO

[210] T. Frankel, The Geometry of Physics: An Introduction. Cambridge University Press, 2011.

[211] T. Schiicker, Differential Geometry, Gauge Theories, and Gravity. Cambridge Monographs on
Mathematical Physics. Cambridge University Press, 1989.

[212] A. Collinucci and A. Wijns, “Topology of Fibre Bundles and Global Aspects of Gauge Theories,”
arXiv:hep-th/0611201 [hep-th].

[213] R. Sundrum, “Effective Field Theory for a Three-Brane Universe,” Phys.Rev. D59 (1999)
085009, arXiv:hep-ph/9805471 [hep-ph].

[214] L. Randall and M. D. Schwartz, “Quantum Field Theory and Unification in AdS5,” JHEP 0111
(2001) 003, arXiv:hep-th/0108114 [hep-th].

[215] C. Csaki, J. Erlich, and J. Terning, “The Effective Lagrangian in the Randall-Sundrum Model and
Electroweak Physics,” Phys.Rev. D66 (2002) 064021, arXiv:hep-ph/0203034 [hep-phl].

[216] M. Carena, S. Casagrande, F. Goertz, U. Haisch, and M. Neubert, “Higgs Production in a Warped
Extra Dimension,” JHEP 1208 (2012) 156, arXiv:1204.0008 [hep-ph].

[217] C. Csaki, Y. Grossman, P. Tanedo, and Y. Tsai, “Warped Penguin Diagrams,” Phys.Rev. D83
(2011) 073002, arXiv:1004.2037 [hep-phl].

[218] M. Blanke, B. Shakya, P. Tanedo, and Y. Tsai, “The Birds and the Bs in Rs: the B to S Gamma
Penguin in a Warped Extra Dimension,” arXiv:1203.6650 [hep-ph].

[219] M. Beneke, P. Dey, and J. Rohrwild, “The Muon Anomalous Magnetic Moment in the
Randall-Sundrum Model,” JHEP 1308 (2013) 010, arXiv:1209.5897 [hep-ph].

[220] K. Agashe, A. Azatov, Y. Cui, L. Randall, and M. Son, “Warped Dipole Completed, with a Tower
of Higgs Bosons,” arXiv:1412.6468 [hep-ph].

[221] C. Burgess, “Goldstone and Pseudogoldstone Bosons in Nuclear, Particle and Condensed Matter
Physics,” Phys.Rept. 330 (2000) 193-261, arXiv:hep-th/9808176 [hep-th].

[222] R. Coquereaux, “Comments About the Geometry of Nonlinear Sigma Models,” Int.J.Mod. Phys.
A2 (1987) 1763.

[223] C. Yastremiz, “Nonlinear Realizations and Extended Objects,”. DAMTP-R-91-10, GTCRG-91-7.

268



Published by CERN in the Proceedings of the 2013 European School of High-Energy Physics, Paradfiirdd,
Hungary, 5 — 18 June 2013, edited by M. Mulders and G. Perez, CERN-2015-004 (CERN, Geneva, 2015)

Flavor Physics and CP Violation

Z. Ligeti
Ernest Orlando Lawrence Berkeley National Laboratory,
University of California, Berkeley, CA 94720

Abstract

These notes overlap with lectures given at the TASI summer schools in 2014
and 2011, as well as at the European School of High Energy Physics in 2013.
This is primarily an attempt at transcribing my hand-written notes, with em-
phasis on topics and ideas discussed in the lectures. It is not a comprehensive
introduction or review of the field, nor does it include a complete list of refer-
ences. I hope, however, that some may find it useful to better understand the
reasons for excitement about recent progress and future opportunities in flavor
physics.

Preface

There are many books and reviews on flavor physics (e.g., Refs. [1-9]). The main points I would like to
explain in these lectures are:
— C'P violation and flavor-changing neutral currents (FCNC) are sensitive probes of short-distance
physics, both in the standard model (SM) and in beyond standard model (BSM) scenarios.
— The data taught us a lot about not directly seen physics in the past, and are likely crucial to under-
stand LHC new physics (NP) signals.
— In most FCNC processes BSM/SM ~ O(20%) is still allowed today, the sensitivity will improve
to the few percent level in the future.
— Measurements are sensitive to very high scales, and might find unambiguous signals of BSM
physics, even outside the LHC reach.
— There is a healthy and fun interplay of theoretical and experimental progress, with many open
questions and important problems.
Flavor physics is interesting because there is a lot we do not understand yet. The “standard model flavor
puzzle" refers to our lack of understanding of why and how the 6 quark and 6 lepton flavors differ, why
masses and quark mixing are hierarchical, but lepton mixing is not. The “new physics flavor puzzle" is
the tension between the relatively low scale required to solve the fine tuning problem (also suggested by
the WIMP paradigm), and the high scale that is seemingly required to suppress the non-SM contributions
to flavor changing processes. If there is NP at the TeV scale, we need to understand why and in what
way its flavor structure is non-generic.
The key questions and prospects that make the future interesting are [7]
— What is the achievable experimental precision?
The LHCb, Belle II, NA62, KOTO, 1 — ey, p2e, etc., experiments will improve the sensitivity in
many modes by orders of magnitude.
— What are the theoretical uncertainties?
In many key measurements, the theory uncertainty is well below future experimental sensitivity;
while in some cases theoretical improvements are needed (so you can make an impact!).
— How large deviations from SM can we expect due to TeV-scale NP?
New physics with generic flavor structure is ruled out; observable effects near current bounds are
possible, many models predict some.

0531-4283 — (©) CERN, 2015. Published under the Creative Common Attribution CC BY 4.0 Licence. 269
http://dx.doi.org/10.5170/CERN-2015-004.269


http://dx.doi.org/10.5170/CERN-2015-004.269

Z. LIGETI

— What will the measurements teach us?
In all scenarios there is complementarity with high-pr measurements, and synergy in understand-
ing the structure of any NP seen.

Another simple way to get a sense of (a lower bound on) the next 10-15 years of B physics
progress is to consider the expected increase in data,

(LHCb upgrade)  (Belle II data set) (2009 BaBar data set)
(LHCb 1fb~ 1) (Belle data set) (1999 CLEO data set)

This will yield a v/50 ~ 2.5 increase in sensitivity to higher mass scales, even just by redoing existing
measurements. More data has always motivated new theory ideas, yielding even faster progress. This is
a comparable increase in reach as going from LHC7-8 — LHC13-14.

Outline

The topics these lectures will cover include a brief introduction to flavor physics in the SM, testing the
flavor structure in neutral meson mixing and C'P violation, and examples of how to get theoretically
clean information on short-distance physics. After a glimpse at the ingredients of the SM CKM fit, we
discuss how sizable new physics contributions are still allowed in neutral meson mixing, and how this
will improve in the future. Then we explain some implications of the heavy quark limit, tidbits of heavy
quark symmetry, the operator product expansion and inclusive decays, to try to give an impression of
what makes some hadronic physics tractable. The last lecture discusses some topics in TeV-scale flavor
physics, top quark physics, Higgs flavor physics, bits of the interplay between searches for supersymme-
try and flavor, and comments on minimal flavor violation. Some questions one may enjoy thinking about
are in the footnotes.

1 Introduction to Flavor Physics and C' P Violation

Most of the experimentally observed particle physics phenomena are consistent with the standard model
(SM). Evidence that the minimal SM is incomplete comes from the lack of a dark matter candidate, the
baryon asymmetry of the Universe, its accelerating expansion, and nonzero neutrino masses. The baryon
asymmetry and neutrino mixing are certainly connected to C'P violation and flavor physics, and so may
be dark matter. The hierarchy problem and seeking to identify the particle nature of dark matter strongly
motivate TeV-scale new physics.

Studying flavor physics and C'P violation provides a rich program to probe the SM and search for
NP, with sensitivity to the 1—10° TeV scales, depending on details of the models. As we shall see, the
sensitivity to BSM contributions to the dimension-6 four-quark operators mediating K, D, B, and B,
mixing, when parametrized by coefficients 1/A2, corresponds to scales A ~ 102 — 10° TeV (see Table 1
and the related discussion below).

Understanding the origin of this sensitivity and how it can be improved, requires going into the
details of a variety of flavor physics measurements.

1.1 Baryon asymmetry requires C' P violation beyond SM

The baryon asymmetry of the Universe is the measurement of

REEB 107, (1)
S

where n g (n ) is the number density of (anti-)baryons and s is the entropy density. This means that 106
seconds after the Big Bang, when the temperature was 1" > 1 GeV, and quarks and antiquarks were in
thermal equilibrium, there was a corresponding asymmetry between quarks and antiquarks. Sakharov
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pointed out [10] that for a theory to generate such an asymmetry in the course of its evolution from a hot
Big Bang (assuming inflation washed out any possible prior asymmetry), it must contain:

1. baryon number violating interactions;
2. C and CP violation;
3. deviation from thermal equilibrium.

Interestingly, the SM contains 1-2-3, but (i) C'P violation is too small, and (ii) the deviation from
thermal equilibrium is too small at the electroweak phase transition. The SM expectation is many orders
of magnitude below the observation, due to the suppression of C'P violation by

and myy indicates a typical weak interaction scale here.!

Therefore, C P violation beyond the SM must exist. While this argument does not tell us the scale
of the corresponding new physics, it motivates searching for new sources of C'P violation. (It may occur
only in flavor-diagonal processes, such as EDMs, or only in the lepton sector, as in leptogenesis.) In any
case, we want to understand the microscopic origin of C'P violation, and how precisely we can test those
C P-violating processes that we can measure.

Equally important is that almost all TeV-scale new physics models contain new sources of C'P vi-
olation. Baryogenesis at the electroweak scale may still be viable, and the LHC will probe the remaining
parameter space.

1.2 The SM and flavor
The SM is defined by the gauge interactions,
SU(3)e x SU2)L x U(1)y , 3)

the particle content, i.e., three generations of the fermion representations,

Qr(3:2)1/6, ur(3,1)93, dr(3,1)_1/3, Lr(1,2)_1y2, Lr(1,1)-1, 4)

and electroweak symmetry breaking. A condensate (¢) = (U /(i/§> breaks SU(2)r, x U(l)y —
U(1)gm, the dynamics of which we now know is well approximated by a seemingly elementary SM-
like scalar Higgs field.

The kinetic terms in the SM Lagrangian are

Lin=—7 S (FLP+ 0D, 5)

groups rep’s

These are always C'P conserving, as long as we neglect a possible FF term. The “strong C'P prob-
lem" [11] is the issue of why the coefficient of the F'F' term for QCD is tiny. Its solution is an open
question; however, we know that it is negligible for flavor-changing processes. The Higgs terms,

Lhiggs = |Dpo|* + 12 ¢'¢ — A(9T9)?, (6)

are C'P conserving in the SM, but can be C' P violating with an extended Higgs sector (already with two
Higgs doublets; three are needed if natural flavor conservation is imposed [12]). Finally, the Yukawa
couplings are, L L L

Ly =-Y5QL, ¢dp; — Y4 QL dpup; — Y5 LL, ¢ L5 +hec. (7)

"Why is this suppression a product of all up and down quark mass differences, while fewer factors of mass splittings suppress
C P violation in hadron decays and meson mixings?
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The Yui];j are 3 x 3 complex matrices, ¢, j are generation indices, 5 = i090".
After electroweak symmetry breaking, Eq. (7) gives quark mass terms,
Limass = — dfiz (Md)ij dﬁj - E (Mu)z] U{%j + h.c.
=~ (AL Vi) (VarMaVp) (Var df)
- (U£VJL) (VuLMuVJR) (VuR ufz) + h.c., (8)

where My = (v/+/2) Y/. The last two lines show the diagonalization of the mass matrices necessary to
obtain the physical mass eigenstates,

M = Vi, My Vi, fLi=ViHy,  fri=Vikfh ©)

where f = u,d denote up- and down-type quarks. The diagonalization is different for uy; and d;,
which are in the same SU (2), doublet,

I
Ui} = (v < e > (10)
(di) Vi) (VuLV;L)jk drk
The “misalignment” between these two transformations,
Vorn = VarVjp (11)

is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix. By virtue of Eq. (11), it is unitary.

Eq. (10) shows that the charged current weak interactions, which arise from the 1) iIp 1) terms in
Eq. (5), become non-diagonal in the mass basis

_ dr,
- gQﬁi VFWET QL + hoe. = —% (uz, ez, t)Y"W,5 Vekw | so | +hee., (12)
br,

where Wj = (Wﬁ F WE) /V/2. Thus, charged-current weak interactions change flavor, and this is the
only flavor-changing interaction in the SM.

In the absence of Yukawa couplings, the SM has a global [U(3)]® symmetry ([U(3)]? in the quark
and [U(3)]? in the lepton sector), rotating the 3 generations of the 5 fields in Eq. (4). This is broken by
the Yukawa interactions in Eq. (7). In the quark sector the breaking is

UB)ogxU@B)uxUB)g — U1)B, (13)

In the lepton sector, we do not yet know if U (3), x U(3) is fully broken.

1.3 Flavor and C P violation in the SM

Since the Z couples flavor diagonally,” there are no tree-level flavor-changing neutral currents, such as
K; — putp~. This led GIM [13] to predict the existence of the charm quark. Similarly, K°— K°
mixing vanishes at tree-level, which allowed the prediction of m,. [14, 15] before the discovery of the
charm quark. In the previous examples, because of the unitarity of the CKM matrix,

Vaud Vs + Vea Vi + Via Vis = 0. (14)
Expanding the loop functions, e.g., in a FCNC kaon decay amplitude,

Vud Vigs f(mu) + Vea Vi f(me) + Vig Vi f(my) (15)

2Show that there are no tree-level flavor-changing Z couplings in the SM. What if, besides doublets, there were a left-handed
SU(2) singlet quark field as well?
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the result is always proportional to the up-quark mass-squared differences,

2 2

W . (16)

So FCNCs probe directly the differences between the generations.

One can also see that C'P violation is related to irremovable phases of Yukawa couplings. Starting
from a term in Eq. (7),

Yij i o s + Y 0r; & i S Yijhr; &' bri + Vi Ori b g, 17

The two expressions are identical if and only if a basis for the quark fields can be chosen such that
Yij = Y;, i.e., that Y;; are real.

1.4 Counting flavor parameters

Most parameters of the SM (and also of many of its extensions) are related to flavor. In the CKM matrix,
due to unitarity, 9 complex elements depend on 9 real parameters. Of these 5 phases can be absorbed by
redefining the quark fields, leaving 4 physical parameters, 3 mixing angles and 1 C' P violating phase.
This is the only source of C'P violation in flavor-changing transitions in the SM.

A more general way to account for all flavor parameters is to consider that the two Yukawa ma-
trices, Yilfj’d in Eq. (7), contain 18 real and 18 imaginary parameters. They break the global [U(3)]3 —
U(1)p, see Eq. (13), so there are 26 broken generators (9 real and 17 imaginary). This leaves 10 phys-
ical quark flavor parameters: 9 real ones (the 6 quark masses and 3 mixing angles) and 1 complex C' P
violating phase.’

1.5 Neutrino masses

How does lepton flavor differ? With the particle content in Eq. (4), it is not possible to write down a
renormalizable mass term for neutrinos. It would require introducing a vz(1, 1) field, a singlet under all
SM gauge groups, to be light, which is unexpected. Such a particle is sometimes called a sterile neutrino,
as it has no SM interactions. Whether there are such fields can only be decided experimentally.

Viewing the SM as a low energy effective theory, there is a single type of dimension-5 gauge
invariant term made of SM fields,
v,/

EY - ANP LLz LL] ¢¢ (18)

This term gives rise to neutrino masses and also violates lepton number. Its suppression cannot be the
electroweak scale, 1/v (instead of 1/Anp), because such a term in the Lagrangian cannot be generated
from SM fields at arbitrary loop level, or even nonperturbatively. [Eq. (18) violates B — L, which is
an accidental symmetry of the SM that is not anomalous.] The above mass term is called a Majorana
mass, as it couples 7, to (v, )¢ instead of v [the latter occurs for Dirac mass terms, see Eq. (8)]. The key
distinction is whether lepton number is violated or conserved. In the presence of Eq. (18) and the charged
lepton Yukawa coupling in the last term in Eq. (7), the global U(3); x U(3), symmetry is completely
broken, and the counting of lepton flavor parameters is*

(12 + 18 couplings) — (18 broken sym.) = 12 physical parameters . (19)

*Show that for N generations, the CKM matrix depends on N (N — 1)/2 mixing angles and (N — 1)(N — 2)/2 CP
violating phases. So the 2-generation SM conserves C P.

“Show that the Yukawa matrix in Eq. (18) is symmetric, Y;¥ = Y. Derive that for N such generations there are N(N —
1)/2 C'P violating phases.
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Vi Vi
‘/(J(l ‘/L}")

0,0 (1,0)

Fig. 1: The unitarity triangle.

These are the 6 masses, 3 mixing angles, and 3 C'P violating phases, of which one is the analog of
the CKM phase measurable in oscillation experiments, while two additional “Majorana phases" only
contribute to lepton number violating processes, such as neutrinoless double beta decay.’

1.6 The CKM matrix

Quark mixing is observed to be approximately flavor diagonal. The Wolfenstein parametrization conve-
niently exhibits this,

Vud Vus Vb 1—3A2 A AN (p —in)
Vekm = | Vea Ves Vo | = -2 — %)\2 AN? +..., (20)
Viae Vis Vi AN(1 —p—in) —AN? 1

where A ~ (.23 may be viewed as an “expansion parameter”. It is a useful book-keeping of the mag-
nitudes of the CKM matrix elements, but it hides which combination of CKM elements are phase-
convention independent. Sometimes it can be useful to think of V,,;, and V4 as the ones with O(1)
C P violating phases, but it is important that any C'P violating observable in the SM must depend on at
least four CKM elements.®

In any case, the interesting question is not primarily measuring CKM elements, but testing how
precisely the SM description of flavor and C' P violation holds. This can be done by “redundant” mea-
surements, which in the SM relate to some combination of flavor parameters, but are sensitive to different
BSM physics, thus testing for (in)consistency. Since there are many experimental constraints, a simple
way to compare different measurements can be very useful. Recall that CKM unitarity implies

Z VieVii, = Z ViiVi; = 0ij 2D
k k
and the 6 vanishing relations can be represented as triangles in a complex plane. The most often used
such “unitarity triangle" (shown in Fig. 1) arises from the scalar product of the 1st and 3rd columns,
Viud Vap + Vea Ve + Via Vip = 0. (22)

(Unitarity triangles constructed from neighboring columns or rows are “squashed".) We define the «, 3,
~ angles of this triangle, and two more,

a = ar —L;d t B = ar —VCdV‘;’ =ar —LLdVJb
= ag| -y e )y Bl oy s ) ysas (o o),

VisVi, VsV
153 arg (—ti’) , Bi = arg (— Cf) . (23)
’ VesVy, VusViy

3Can you think of ways to get sensitivity to another linear combination of the two C'P violating Majorana phases, besides
the one that enters neutrinoless double beta decay?
SProve this statement. Are there constraints on which four?
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Fig. 2: The SM CKM fit, and individual constraints (colored regions show 95% CL).

On different continents the ¢ = 3, ¢p2 = «, ¢3 = -, and/or the ¢p; = —2; notations are used. Here S
(Bk), of order A2 (\%), is the small angle of a “squashed" unitarity triangle obtained by multiplying the
2nd column of the CKM matrix with the 3rd (1st) column.

The magnitudes of CKM elements determine the sides of the unitarity triangle. They are mainly
extracted from semileptonic and leptonic K and B decays, and B, ¢ mixing. Any constraint which
renders the area of the unitarity triangle nonzero, such as angles, has to measure C'P violation. Some
of the most important constraints are shown in Fig. 2, together with the CKM fit in the SM. (Using
p, 7 instead of p, 17 simply corresponds to a small modification of the parametrization, to keep unitarity
exact.)

1.7 The low energy effective field theory (EFT) viewpoint

At the few GeV scale, relevant for B, D, and some K decays, all flavor changing processes (both tree
and loop level) are mediated by dozens of higher dimension local operators. They arise from integrating
out heavy particles, W and Z bosons and the ¢ quark in the SM, or not yet observed heavy states (see
Fig. 3). Since the coefficients of a large number of operators depend on just a few parameters in the SM,
there are many correlations between decays of hadrons containing s, ¢, b quarks, which NP may violate.
From this point of view there is no difference between flavor-changing neutral currents and AF = 1
processes, as all flavor-changing processes are due to heavy particles with masses > m .. Thus, one
can test the SM in many ways by asking (i) does NP modify the coefficients of dimension-6 operators?
(i1) does NP generate operators absent in the SM (e.g., right-handed couplings)?
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= > (10.,@0)..,
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-_— NS @b, (2,

Fig. 3: Diagrams at the electroweak scale (left) and operators at the scale my, (right).

Table 1: Bounds on some AF = 2 operators, (C/A?) O, with O given in the first column. The bounds on A

assume C' = 1, the bounds on C assume A = 1 TeV. (From Ref. [19].)

Operator Bound on A [TeV] (C' = 1) | Bound on C (A = 1 TeV) Observables
Re Im Re Im

(5py*dr)? [9.8x 102  1.6x10* [9.0x1077 34x107? Amp; €
(5rdp)(5.dr) | 1.8 x 10 3.2x10° [6.9x 1079 2.6 x 1071 Amp; e

(v up)? [12x10° 29x10° [5.6x 1077 1.0x 10~7 | Amp; |¢/p|, ép
(Crur)(CLur) | 6.2 x 103 1.5 x10* |57x107% 1.1x107% | Amp;|q/pl, ¢p

(bryHdr)? 6.6 x10° 9.3 x 102 [23x107° 1.1x107 | Amp,; Syxs
(brdr)(brdr) |25 x 103 3.6 x 103  |3.9x 1077 1.9x 1077 | Amp,; Syx

(bpy#sp)? [1.4x 102 25x102 [5.0x107° 1.7x107° | Amp,; Sye
(brsp)(brsg) |48 x 10> 83 x 10> [88x107% 29x107% | Amp,; Sye

1.8 Neutral meson mixing
Let us first sketch a back-of-an-envelope estimate of the mass difference in K — K mixing. In the SM,

2 2

2 My — My, 42

’ Cm4 umeK'
w

Amg ~ a2 |VesVeg (24)

The result is suppressed by CKM angles, a loop factor, the weak coupling, and the GIM mechanism. If
a heavy particle, X, contributes O(1) to Amg,

A (X) 2 A3 M
‘ m(K) N’ J Q(ED s|o= ZX > 2% 10°TeV. (25)
AmI?Xp M)Q( Am[?(p g

So even TeV-scale particles with loop-suppressed couplings [g ~ O(1073)] can give observable effects.
This illustrates that flavor physics measurements indeed probe the TeV scale if NP has SM-like flavor
structure, and much higher scales if the NP flavor structure is generic.

A more careful evaluation of the bounds in all four neutral meson systems is shown in Table 1.
(See Sec. 2 for the definitions of the observables in the B meson systems.) If A = O(1TeV) then
C < 1,andif C = O(1) then A > 1TeV. The bounds are weakest for B, mesons, as mixing is the
least suppressed in the SM in that case. The bounds on many NP models are the strongest from Am
and e, since so are the SM suppressions. These are built into NP models since the 1970s, otherwise the
models are immediately excluded. In the SM, larger FCNCs and C'P violating effects occur in B mesons,
which can be measured precisely. In many BSM models the 3rd generation is significantly different than
the first two, motivated by the large top Yukawa, and may give larger signals in the B sector.

1.9 A few more words on kaons

With recent lattice QCD progress on By and fx [16], ex has become a fairly precise constraint on the
SM. Howeyver, e’K is notoriously hard to calculate, involving cancellation between two comparable terms,
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each with sizable uncertainties. (Lattice QCD calculations of the hadronic matrix elements for €}, may
be reliably computed in the future.) At present, we cannot prove nor rule out that a large part of the
observed value of e’K is due to BSM. Thus, to test C'P violation, one had to consider other systems; it
was realized in the 1980s that many precise measurements of C'P violation are possible in B decays.

In the kaon sector, precise calculations of rare decays involving neutrinos (see Fig. 4) are possible,
and the SM predictions are [17]

B(Kt— ntvp) = (84+1.0) x 1071, B(K? - 7n%p) = (3.440.6) x 1071, (26)

The Kg decay is C'P violating, and therefore it is under especially good theoretical control, since it
is determined by the top quark loop contribution, and the C' P conserving charm quark contribution is
absent (which enters K™ — 7 v, and is subject to some hadronic uncertainty).

The E787/E949 measurement is B(K — 7vp) = (17.3715:2) x 1071 [18], whereas in the K7,
mode the experimental upper bound is still many times the SM rate. NA62 at CERN aims to measure
the K" rate with 10% uncertainty, and will start to have dozens of events in 2015. The K; mode will
probably be first observed by the KOTO experiment at J-PARC.

2 Theory of Some Important B Decays
Studying FCNC and C P violation is particularly interesting in B meson decays, because many measure-
ments are possible with clean interpretations.

The main theoretical reasons are: (i) ¢ quark loops are neither GIM nor CKM suppressed; (ii)
large C'P violating effects are possible; (iii) some of the hadronic physics is understandable model
independently (1my, > Aqcp).

The main experimental reasons are: (i) the long B lifetime (small |V3|); (ii) the T(4S) is a clean
source of B mesons at e*e™ colliders; (iii) for By, the ratio Am /T = O(1).

2.1 Neutral meson mixing formalism

Similar to neutral kaons, there are two neutral B® meson flavor eigenstates,
|B%) = [bd),  |B%) = |bd). 27

They mix in the SM due to weak interactions (see Fig. 5). The time evolutions of the two states are
described by the Schrédinger equation,

- d (1B(t)) i |B°(t))
— (= =(M--= r) = , 28
R (\B°<t>> (7= 57) (o @9
where the mass (M) and the decay (I') mixing matrices are 2 X 2 Hermitian matrices. C'PT invariance
implies M1 = Mo and I'1; = I'9. The heavier and lighter mass eigenstates are the eigenvectors of
M —il'/2,
|Bu,r) =p|B%) Fq|B°), (29)

Fig. 4: Diagrams contributing to k' — wvv decay.
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Fig. 5: Left: box diagrams that give rise to the BY — B° mass difference; Right: operator in the effective theory
below my whose B meson matrix element determines Ampg.

and their time dependence is
|Br,p(t)) = e~ et ta 2By ). (30)

Here Am = mpyg — my, and AI' = I';, — I'y are the mass and width differences. This defines Am to be
positive, but the sign of AT is physical. Note that m, ;, (I'f7,7) are not the eigenvalues of M (T).” The
off-diagonal elements, Mo and I'15, arise from virtual and on-shell intermediate states, respectively.
In the SM, M5 is dominated by the top-quark box diagrams in Fig. 5. Thus, M5 is determined by
short-distance physics, it is calculable with good accuracy, and is sensitive to high scales. (This is the
complication for D mixing: the W can always be shrunk to a point, but the d and s quarks in the box
diagrams cannot, so long-distance effects are important.) The width difference I'12 is determined by
on-shell states to which both B and B can decay, corresponding to ¢ and « quarks in the box diagrams.

The solution of the eigenvalue equation is

A 2 (AD)° 4 Ma* — T1o)? Am AT = —4Re(MoT';
(Am) T = AMif -l m Al = —4Re(Miol',) ,
q _ Am+iAL'/2  2M{, —il'7, (33)
P B 2M19 — 1119 - Am—i—zAF/Q
The physical observables that are measurable in neutral meson mixing are
Am Al q
S ’J_1. (34)

The orders of magnitudes of the SM predictions are shown in Table 2. That = # 0 is established in the
K, B, and B, mixing; y # 0 in the K, D, and B, mixing; |¢/p| # 1 in K mixing. The significance of
xp # 01is ~ 20, and in B, ; mixing there is an unconfirmed D@ signal for |¢/p| # 1; more below.

Simpler approximate solutions can be obtained expanding about the limit |T";2| < |Mj2|. Thisis a
good approximation in both By and B, systems. |I'12| < I" always holds, because I'1 arises from decays
to final states common to B® and BY. For B, mixing the world average is AI's /T'; = 0.138+0.012 [20],
while AT, is expected to be ~ 20 times smaller and is not yet measured. Up to higher order terms in
|T'12/Mi2|, Egs. (33) become

Re(Mi2I%
Am = 2‘M12’, AF:*27( 12 12),
| Mo
"Derive that the time evolutions of mesons that are B® and B° at t = 0 are given by
q = = p =
|BY(t)) = g+(1) | B®) + ];9—(75) [BY. |B"(t)) = 69—@) |BY) + g+ (t) |B°), 3D
where, denoting m = (mg +mr)/2and ' = Ty +T'1)/2,
g+(t) e (cosh 1 ST i sinh — sin—— ),
g_(t) = e MM/ ( — sinh % cos % + i cosh % sin %) . (32)
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Table 2: Orders of magnitudes of the SM predictions for mixing parameters. The uncertainty of (|q¢/p| — 1)p is
especially large.

meson x=Am/T y=AT'/(2I") lg/p| — 1
K 1 1 1073
D 1072 1072 1073
By 1 1072 1074
B, 10* 101 107°
*
a _ My <1—11mF12>, (35)
D | M2 2 M

where we kept the second term in ¢/p, as it will be needed later.

2.2 C'P violation in decay

This is any form of C'P violation that cannot be absorbed in a neutral meson mixing amplitude (also
called direct C'P violation). It can occur in any hadron decay, as opposed to those specific to neutral
mesons discussed below. For a given final state, f, the B — f and B — f decay amplitudes can, in
general, receive several contributions

Ay = (f|H|B) = ZAke“s’“ ion = (f|H|B) = ZAke“s’“e ok (36)

There are two types of complex phases. Complex parameters in the Lagrangian which enter a decay
amplitude also enter the C'P conjugate amplitude but in complex conjugate form. In the SM such “weak
phases", ¢, only occur in the CKM matrix. Another type of phase is due to absorptive parts of decay
amplitudes, and gives rise to C'P conserving “strong phases", d;. These phases arise from on-shell
intermediate states rescattering into the desired final state, and they are the same for an amplitude and
its C'P conjugate. The individual phases d; and ¢;, are convention dependent, but the phase differences,
d; — ¢; and ¢; — ¢;, and therefore ]Z?\ and |Ay|, are physical. Clearly, if \Z?] # |Ay| then CP is
violated; this is called C'P violation in decay, or direct C'P violation.?

There are many measurements of direct C'P violation. While some give strong constraints on
NP models which evade the SM suppressions (e.g., €, the first direct C'P violation measured with
high significance), at present no single direct C'P violation measurement gives a precise test of the
SM, due to the lack of reliable calculations of relevant strong phases. For all observations of direct
CP violation in a single decay mode, viewed in isolation [see the caveat near Eq. (42)], it is possible
that, say, half of the measured value is from BSM. For €, lattice QCD may yield progress in the
future. In certain B decays we may better understand the implications of the heavy quark limit; so far
Ag+70 — Ag+-— = 0.12 £ 0.02 [20], the “K 7 puzzle", is poorly understood.

2.3 C'P violation in mixing

If C P were conserved, the mass and C' P eigenstates would coincide, and the mass eigenstates would be
proportional to | B®) 4+ | B), up to phases; i.e., = 1and arg(M;2/T'12) = 0. If |¢/p| # 1, then CP
is violated. This is called C'P violation in mixing. It follows from Eq. (29) that (By|Br) = |p|® — |q|?,
so if C'P is violated in mixing, the physical states are not orthogonal. (This illustrates again that C'P
violation is a quantum mechanical effect, impossible in a classical system.) The simplest example is the

8Derile that direct C'P violation requires interference of at least two contributing amplitudes with different strong and weak
phases, ‘A|2 — |A‘2 = 4A1A2 sin(61 — 62) Sin(¢1 — (;52)
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Fig. 6: Status of Agy, measurements (from M. Artuso, talk at FPCP 2014). The D@ result is in a 3.60 tension with
the SM expectation.

C P asymmetry in semileptonic decay of neutral mesons to “wrong sign" leptons (Fig. 6 summarizes the
data),

D(B(t) —» ¢*X) —T(B(t) > ~X) _1—|g/pl* | T
T(BO(t) = (+X) + T(B(t) = -X)  1+lg/pf* " My
To obtain the right-hand side, use Eqgs. (31) and (32) for the time evolution, and Eq. (35) for |¢/p|. In
kaon decays this asymmetry is measured [21], in agreement with the SM prediction, 4 Re e . In B; and
B decays the asymmetry is expected to be [22]

Asp(t) = (37

Al ~ —4x 1074, S~ 2x 107, (38)

The calculation of Im(I';2/M;2) requires calculating inclusive nonleptonic decay rates, which can be
addressed using an operator product expansion in the m; > Aqcp limit. Such a calculation has sizable
hadronic uncertainties, the details of which would lead to a long discussion. The constraints on new
physics are significant nevertheless [23], as the m?/ mg suppression of Agr, in the SM can be avoided in
the presence of new physics.

2.4 (CP violation in the interference of decay with and without mixing

A third type of C'P violation is possible when both BY and B can decay to a final state, f. In the
simplest cases, when f is a C'P eigenstate, define

_ a4y

Ap ==L (39)
1= 0 A,

If there is no direct C'P violation in a given mode, then Zf = ny A+, where ny = %1 is the CP
eigenvalue of f [+1 (—1) for C'P-even (-odd) states]. This is useful, because Ay and Z? are related by
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Fig. 7: Time dependence of tagged B — K decays (top); C'P asymmetry (below) [24].

a C'P transformation. If C'P were conserved, then not only |¢/p| = 1 and |Z?/A #| = 1, but the relative
phase between ¢/p and Ay/Ay also vanishes, hence Ay = +1.
The experimentally measurable C'P violating observable is’
L[B(t) = f] - T[B°(t) — f]
L[BO(t) = f]+ L[BO(t) — f]
(1 — |Af[?) cos(Amt) — 2Im A g sin(Am t)
L+ [Aff?
= Sysin(Amt) — Cycos(Amt), (40)

ar

where we have neglected AL (it is important in the B, system). The last line defines the S and C
coefficients, which are fit to the experimental data (see Fig. 7). If ImA; # 0, then C' P violation arises in
the interference between the decay B — f, and mixing followed by decay, B — B° — f.

This asymmetry can be nonzero if any type of C'P violation occurs. In particular, in both the B,
and By systems ||¢/p| — 1| < O(1072) model independently, and it is much smaller in the SM [see,
Eq. (38)]. If, in addition, amplitudes with a single weak phase dominate a decay, then |As/A¢| ~ 1, and
arg (Zf /Ay) is just (twice) the weak phase, determined by short-distance physics. It is then possible
that ImA; # 0, [Af| ~ 1, and although we cannot compute the decay amplitude, we can extract the
weak phase difference between B — f and B — B — f in a theoretically clean way from the
measurement of

ar =ImA;sin(Amt). 41)

There is an interesting subtlety. Consider two final states, fio. It is possible that direct C'P
violation in each channel, |Af | — 1 and |Ag,| — 1, is unmeasurably small, but direct C'P violation is
detectable nevertheless. If

npIm(y, ) # npIm(Ayp,), 42)

then C'P violation must occur outside the mixing amplitude, even though it may be invisible in the data
on any one final state.

25 sin28from B — ¥ Kg 1,

This is one of the cleanest examples of C'P violation in the interference between decay with and without
mixing, and one of the theoretically cleanest measurements of a CKM parameter.

“Derive the C'P asymmetry in Eq. (40) using Eq. (31)). For extra credit, keep AT" # 0.
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Fig. 8: “Tree" (left) and “penguin” (right) contributions to B — ¥ Kg (from Ref. [25]).

There are “tree” and “penguin” contributions to B — 1 Kg 1, with different weak and strong
phases (see Fig. 8). The tree contribution is dominated by the b — ccs transition, while there are
penguin contributions with three different combinations of CKM elements,

Ap = VaViTees,  Ap = VaVii P+ Vi Vi Po+ Vi Vi, Pu 43)

(P, can be defined to absorb the V,,; V), T 45 “tree” contribution.) We can rewrite the decay amplitude
using Vip Vi + Va Vi + ViV, = 0 to obtain

Z = ‘/cb‘/c));(TcEs‘{'Pc—Pt)+VubVJs(Pu—Pt)
= VaVe T+ ViV P, (44)

where the second line defines 7" and P. Since |(Vi, V.5 )/ (Vs V)| = 0.02, the T" amplitude with V, V.
weak phase dominates. Thus,

Via\ [V VN [ VasV* |
A¢K5L=¢( > ’l‘f)( o >< o “‘) =Fe 2, (45)
’ ViVig) \VapVes ) \ Vs Vea
and so ImAy ., , = £sin2p. The first term is the SM value of ¢/p in By mixing, the second is A/A,
the last one is p/q in the K system, and 7y, = F1. Note that without K° — K mixing there would
be no interference between B’ — ¢ K and BY — K. The accuracy of the relation between Ay kg

and sin 23 depends on model dependent estimates of | P/T’|, which are below unity, so one expects it to
be of order

VarVisy P
VaVis T
The absence of detectable direct C'P violation does not in itself bound this. To fully utilize future LHCb
and Belle II data, better estimates are needed.

<1072, (46)

The first evidence for C' P violation outside the kaon sector was the BaBar and Belle measurements
of Sy . The current world average is [20]

sin 283 = 0.682 4+ 0.019. 47

This is consistent with other constraints, and shows that C'P violation in quark mixing is an O(1) effect,
which is simply suppressed in K decays by small flavor violation suppressing the third generation’s
contributions.

26 ¢s = —208,;from B, — Yo

The analogous C' P asymmetry in B, decay, sensitive to BSM contributions to Bs — B mixing, is Bs —
1¢. Since the final state consists of two vector mesons, it is a combination of C'P-even (L = 0,2)
and C'P-odd (L = 1) partial waves. What is actually measured is the time-dependent C'P asymmetry
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Fig. 9: Measurements of C'P violation in By — ¢ and AT'; (from Ref. [20]).

for each CP component of the ¥y K™K~ and 177~ final states. The SM prediction is suppressed
compared to 3 by A2, and is rather precise, 8; = 0.0182f8:8882 [26]. The latest LHCb result using
3fb—! datais [27] (Fig. 9 shows all measurements)

¢y = =28, = —0.010 & 0.039 (43)

which has an uncertainty approaching that of 23, suggesting that the “room for new physics" in B
mixing is no longer larger than in By (more below).

2.7 “Penguin-dominated" measurements of 3,

Time dependent C'P violation in b — s dominated decays is a sensitive probe of new physics. Tree-
level contributions to b — s3s transitions are expected to be small, and the penguin contributions to
B — ¢Kg (left diagram in Fig. 10) are

Ap =V Vi (P — B) + ViV (P — ). (49)

Due to |(Vip Vo)) / (Ve V)| = 0.02 and expecting | P. — P;| /| Py — P:| = O(1), the B — ¢Kg amplitude
is also dominated by a single weak phase, V,;, V. Therefore, the theory uncertainty relating Syx to
sin 23 is small, although larger than in B — 1 Kg. There is also a “tree" contribution from b — uus
followed by uu — s§ rescattering (right diagram in Fig. 10). This amplitude is proportional to the
suppressed CKM combination, V,,;V,J, and it is actually not separable from P, — P;. Unless its matrix
element is largely enhanced, it should not upset the ImM\ s, = sin23 + O(\?) expectation in the SM.
Similar reasons make many other modes, such as B — ) Kg, B, — ¢, etc., interesting and promising

to study.

2.8 The determinations of v and o

By virtue of Eq. (23), v does not depend on CKM elements involving the top quark, so it can be measured
in tree-level B decays. This is an important distinction from « and /3, and implies that - is less likely to
be affected by BSM physics.

Most measurements of ~ utilize the fact that interference of B~ — DYK~ (b — cus) and B~ —
DK~ (b — wués) transitions can be studied in final states accessible in both D® and D decays [28].
(A notable exception is the measurement from the four time-dependent Bs and B; — D;tK ¥ rates,

283



Z. LIGETI

Fig. 10: “Penguin" (left) and “tree" (right) contributions to B — ¢Kg (from Ref. [25]).

which is possible at LHCb.) It is possible to measure the B and D decay amplitudes, their relative
strong phases, and the weak phase ~y from the data. There are many variants, based on different D decay
channels [29-34]. The best current measurement comes from D°, D° — K¢ 7ntn~ [33,34], in which
case both amplitudes are Cabibbo allowed, and the analysis can be optimized by studying the Dalitz plot
dependence of the interference. The world average of all v measurements is [26]

v = (73.2153)°. (50)

Most importantly, the theory uncertainty in the SM measurement is smaller than the accuracy of any
planned or imaginable future experiment.

The measurements usually referred to as determining «, measure m — 3 — =, the third angle of
the unitarity triangle in any model in which the unitarity of the 3 x 3 CKM matrix is maintained. These
measurements are in time-dependent C'P asymmetries in B — 77, pp, and pm decays. In these decays
the b — wud “tree" amplitudes are not much larger than the b — Zq qqd “penguin" contributions,
which have different weak phases.!? The tree contributions change isospin by AI = 3/2 or 1/2, while
the penguin contribution is Al = 1/2 only. It is possible to use isospin symmetry of the strong inter-
action to isolate C'P violation in the AI = 3/2 channel, eliminating the penguin contributions [35-37],
yielding [26]

a= (87.7135)°. (51)

Thus, the measurements of « are sensitive to new physics in B® — BY mixing and via possible Al = 3/2
(or AT = 5/2) contributions [38].

2.9 New physics in B; and B mixing

Although the SM CKM fit in Fig. 2 shows impressive and nontrivial consistency, the implications of the
level of agreement are often overstated. Allowing new physics contributions, there are a larger number
of parameters related to C'P and flavor violation, and the fits become less constraining. This is shown in
the left plot in Fig. 11 where the allowed region is indeed significantly larger than in Fig. 2 (the 95% CL
combined fit regions are indicated on both plots).

It has been known for decades that the mixing of neutral mesons is particularly sensitive to new
physics, and probes some of the highest scales. In a large class of models, NP has a negligible impact on
tree-level SM transitions, and the 3 x 3 CKM matrix remains unitary. (In such models « + 8 +v = 7 is
maintained, and independent measurements of 7 — 5 — « and -y can be averaged.) We can parametrize
the NP contributions to neutral meson mixing as

My = MPM(1 + hye?oe),  q=d,s. (52)

The constraints on h, and o4 in the Bg and BY systems are shown in the top and bottom rows of Fig. 12,
respectively.

(tree) _  2ia
T = e .

10Show that if the “tree” amplitudes dominated these decays then X
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For example, if NP modifies the SM operator describing B mixing, by

c? _
25 (0r7"ar)?, (53)
then one finds

h (54)

ey (4.5TeV>2
TV ViglP A '

We can then translate the plots in Fig. 12 to the scale of new physics probed. The summary of expected
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Table 3: The scale of the operator in Eq. (53) probed by BY and B? mixings with 50ab~! Belle II and 50 fb~!
LHCD data. The differences due to CKM-like hierarchy of couplings and/or loop suppression is indicated. (From
Ref. [39].)

) NP loo Scales (TeV) probed b
Couplings orderp By mixin(g & B; mix?ng
|Cal = Vo Vig| | treelevel | AU N

(CKM-like) one loop 1.4 1.5
1Cyl =1 tree level 2 x 103 5 x 102
(no hierarchy) I E)ﬁeil(;oi)i o2x102 | 40

sensitivities are shown in Table 3. The sensitivities, even with SM-like loop- and CKM-suppressed
coefficients, are comparable to the scales probed by the LHC.

3 Some Implications of the Heavy Quark Limit

We have not directly discussed so far that most quark flavor physics processes (other than top quark
decays) involve strong interactions in a regime where perturbation theory is not (or not necessarily)
reliable. The running of the QCD coupling at lowest order is

Qs (:u) = % ) (55)

1+ % ﬁo In K

where 5y = 11—2ny/3 and ny is the number of light quark flavors. Even in B decays, the typical energy
scale of certain processes can be a fraction of my, possibly around or below a GeV. The ways I know how
to deal with this in a tractable way are (i) symmetries of QCD, exact, or approximate in some limits (CP
invariance, heavy quark symmetry, chiral symmetry); (ii) the operator product expansion (for inclusive
decays); (iii) lattice QCD (for certain hadronic matrix elements). An example of (i) is the determination
of sin 24 from B — ¥ Kg, see Eq. (46). So is the determination of |V,| from B — D*{p, see Eq. (73)
below. An example of (ii) is the analysis of inclusive B — X v decay rates discussed below, which
provides some of the strongest constraints on many TeV-scale BSM scenarios.

The role of (strong interaction) model-independent measurements cannot be overstated. To es-
tablish that a discrepancy between experiment and theory is a sign of new physics, model-independent
predictions are crucial. Results that rely on modeling nonperturbative strong interaction effects will not
disprove the SM. Most model-independent predictions are of the form,

Observable = (calculable terms) x {1 + Z [(small parameters)i} k} 7 (56)
ik
where the small parameters can be Aqcp /M, ms/AysB, os(my), etc. For the purpose of these lectures,
strong-interaction model-independent means that the theoretical uncertainty is suppressed by small pa-
rameters, so that theorists argue about O(1) x (small numbers) instead of O(1) effects. There are always
theoretical uncertainties suppressed by some (small parameter)™, which cannot be calculated from first
principles. If the goal is to test the SM, one must assign O(1) uncertainties in such terms.

In addition, besides formal suppressions of certain corrections in some limits, experimental guid-
ance is always needed to establish how well an expansion works; for example, f, m,, and m%( /mg are
all of order Aqcp, but their numerical values span an order of magnitude.

3.1 Heavy quark symmetry (HQS)

In hadrons composed of heavy quarks the dynamics of QCD simplifies. Mesons containing a heavy
quark — heavy antiquark pair, QQ, form positronium-type bound states, which become perturbative in
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Fig. 13: Spectroscopy of B and D mesons. For each doublet level, the spin-parity of the light degrees of freedom,
s;', and the names of the physical states are indicated.

the limit mg > Aqcp [40]. In mesons composed of a heavy quark, (), and a light antiquark, ¢ (and
gluons and ¢q pairs), the heavy quark acts as a static color source with fixed four-velocity, v#, and the
wave function of the light degrees of freedom (the “brown muck") become insensitive to the spin and
mass (flavor) of the heavy quark, resulting in heavy quark spin-flavor symmetries [41].

The physical picture is similar to atomic physics, where simplifications occur due to the fact that
the electron mass, m., is much smaller than the nucleon mass, my. The analog of flavor symmetry is
that isotopes have similar chemistry, because the electrons’ wave functions become independent of m y
in the my > m, limit. The analog of spin symmetry is that hyperfine levels are almost degenerate,
because the interaction of the electron and nucleon spin diminishes in the my > m. limit.

3.2 Spectroscopy of heavy-light mesons

The spectroscopy of heavy hadrons simplifies due to heavy quark symmetry. We can write the angular
momentum of a heavy-light meson as J = 5g + 5;, where 3] is the total angular momentum of the
light degrees of freedom. Angular momentum conservation, [f, H] = 0, and heavy quark symmetry,
[50,H] = 0, imply [5;,H] = 0. In the mg > Aqcp limit, the spin of the heavy quark and the total
angular momentum of light degrees of freedom are separately conserved, modified only by subleading
interactions suppressed by Aqcp/mg.

Thus, hadrons containing a single heavy quark can be labeled with s;, and for any value of s; there
are two (almost) degenerate states with total angular momentum Ji = s; & % (An exception occurs for
the lightest baryons containing a heavy quark, when s; = 0, and there is a single state with J = %, the
Ay and A..) The ground state mesons with Qg flavor quantum numbers contain light degrees of freedom
with spin-parity s, = %_, giving a doublet containing a spin zero and spin one meson. For ) = ¢ these

are the D and D*, while () = b gives the B and B* mesons.

The mass splittings between the doublets, A;, are of order Aqcp, and are the same in the B and D

sectors at leading order in Aqcp/my, as illustrated in Fig. 13. The mass splittings within each doublet

are of order AéCD /mq. This is supported by experimental data; e.g., for the s’ = %7 ground state
doublets mp+ — mp ~ 140MeV while mpg+ — mp ~ 45MeV, and their ratio, 0.3, is consistent with

Me/Mp.

Let us mention a puzzle. The mass splitting of the lightest vector and pseudoscalar mesons being
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(’)(A(QQCD /m¢) implies that m?, —m? is approximately constant. This argument relies on mq > Aqcp.

The data are

mQB*—mQB = 0.49GeV?, mQB*—mQBS = 0.50GeV?,
m2,. —m?% = 054GeV?, M. —mp, = 0.58 GeV?, (57)
m2—mZ = 057GeV?, mi.—mj} = 055GeV>.

It is not understood why the light meson mass splittings in the last line are so close numerically. (It is
expected in the nonrelativistic constituent quark model, which fails to account for several properties of
these mesons.) There must be something more going on than heavy quark symmetry, and if this were
its only prediction, we could not say that there is strong evidence that it is useful. So in general, to
understand a theory, it is not only important how well it works, but also how it breaks down outside its
range of validity.

3.3 Heavy quark effective theory (HQET)

The consequences of heavy quark symmetry and the corrections to the symmetry limit can be studied
by constructing an effective theory which makes the consequences of heavy quark symmetry explicit.
The heavy quark in a heavy-light meson is almost on-shell, so we can expand its momentum as p’é =
mqou* + kH, where |k| = O(Aqep) and v? = 1. Expanding the heavy quark propagator,

7 _i(pf+mQ)_i(mQ1/+ljé+mQ)_ i 1+

pf—mQ_pQ—mé 2mou-k+k vk 2

T (58)

it becomes independent of the heavy quark mass, a manifestation of heavy quark flavor symmetry. Hence
the Feynamn rules simplify,

. . -
S r)

where Py = (1+414/)/2 are projection operators, and the double line denotes the heavy quark propagator.
In the rest frame of the heavy quark, Py = (1 + 7")/2 projects onto the heavy quark (rather than
anti-quark) components. The coupling of a heavy quark to gluons simplifies due to

PPy = PLotPy = ot Py (60)
hence we can replace
—
(61)
A® A¢
igy" 5 igvt -

The lack of any v matrix is a manifestation of heavy quark spin symmetry.

To derive the effective Lagrangian of HQET, it is convenient to decompose the four-component
Dirac spinor as

Q(x) = eV [Qy(x) + Qu(w)] (62)
where

Qu(@) = €™ PL(0) Q),  Qu(x) = 6™ P_(v) Q(a). (63)

The €@V factor subtracts mgqu from the heavy quark momentum. At leading order only (), con-
tributes, and the effects of Q, are suppressed by powers of Aqcp/mg. The heavy quark velocity, v, acts
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as a label of the heavy quark fields [42], because v cannot be changed by soft interactions. In terms of
these fields the QCD Lagrangian simplifies,

ﬁZQ(ilp_mQ)Q:Qvipov+...:Qv(iU'D)Qv‘F..., (64)

where the ellipses denote terms suppressed by powers of Aqcp/m¢. The absence of any Dirac matrix
is a consequence of heavy quark symmetry, which implies that the heavy quark’s propagator and its
coupling to gluons are independent of the heavy quark spin. This effective theory provides a framework
to calculate perturbative O(a) corrections and to parametrize nonperturbative O(Aqcp/mg) terms.

3.4 Semileptonic B — D)7 decays and | V|

Heavy quark symmetry is particularly predictive for these decays. In the my . > Aqcp limit, the
configuration of the brown muck only depends on the four-velocity of the heavy quark, but not on its
mass and spin. So when the weak current changes suddenly (on a time scale < Aé(ljD) the flavor b — ¢,
the momentum 5, — p., and possibly flips the spin, 5, — S, the brown muck only feels that the four-
velocity of the static color source changed, v, — v.. Therefore, the matrix elements that describe the
transition probabilities from the initial to the final state are independent of the Dirac structure of weak
current, and can only depend on a scalar quantity, w = vy - ve.

The ground-state pseudoscalar and vector mesons for each heavy quark flavor (the spin symmetry
doublets D) and B(*)) can be represented by a “superfield", combining fields with different spins, that
has the right transformation property under heavy quark and Lorentz symmetry,

_ 1ty

(@)
M, 5

[wM;@) (v,€) — i’y5M(Q)(U)} . (65)
The B®*) — D™ matrix element of any current can be parametrized as
(MO W) |2y Ty | MO (0)) = Tr [F(v, vy M FM$}’>] : (66)

Because of heavy quark symmetry, there cannot be other Dirac matrices between the M 1()?) and /\/lg,b)

fields. The most general form of F'is

F(v,v') = fi(w) + fa(w)yf + fs(w)y + fa(w)yy'. (67)
As stated above, w = v - v’ is the only possible scalar, simply related to ¢> = (pp — pD(*))Q =
m% + m%(*) — 2mpmpw. Using M = P+(U)M1()Q)P_ (v), we can write

F = P_(0)FP_()) = [fu(w) — fa(w) — f3(w) + fa(w)] P_(0)P_(t')
= &{(w) P-(v) P-(v) = {(w). (68)
This defines the Isgur-Wise function, {(w), and = denotes relations valid when evaluated inside the trace
in Eq. (66).

Since only weak interactions change b-quark number, the matrix element of byob, the b-quark
number current, is (B(v)|by0b|B(v)) = 2mpvy. Comparing it with the result obtained using Eq. (66),

(B(0)[by.b| B(v)) = 2mpv, £(1) (69)

implies that (1) = 1. That is, at w = 1, the “zero recoil" point, when the D™) is at rest in the rest-frame
of the decaying B meson, the configuration of the brown muck does not change at all, and heavy quark
symmetry determines the hadronic matrix element (see Fig. 14). Moreover, the six form factors that
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Fig. 14: Illustration of strong interactions parametrized by the Isgur-Wise function.

describe semileptonic B — D*)¢ decays are related to this universal function, which contains all the
low energy nonperturbative hadronic physics relevant for these decays.'!

The determination of |V,;| from B — D™ ¢ decays use fits to the decay distributions to measure
the rates near zero recoil, w = 1. The rates can be schematically written as

dI'(B — D™¢p)
dw

(w? — 1)'/2 F2(w), for B — D*,
(w? = 1)32 F*(w), for B — D.

= (calculable) |V,,|? { (72)

Both F(w) and F.(w) are equal to the Isgur-Wise function in the m¢ — oo limit, and F(,y(1) = 1is
the basis for a model-independent determination of |V_3|. There are calculable corrections in powers of
as(mep), as well as terms suppressed by Aqcp/me p, which can only be parametrized, and that is where
hadronic uncertainties enter. Schematically,

O(Luk (lattice or models)
Fe(l) = 1(Isgur—Wise) + calas) + (Luke) + 5 +...,
Meb mc,b

(lattice or models)

J:(l) = 1(Isgur-Wise) + CV(as) + (73)

Mep
The absence of the O(Aqcp/meyp) term for B — D*{v at zero recoil is a consequence of Luke’s
theorem [43]. Calculating corrections to the heavy quark limit in these decays is a vast subject. Heavy
quark symmetry also makes model-independent predictions for B decays to excited D mesons [44].
It is due to heavy quark symmetry that the SM predictions for the recently observed anomalies in the
B — DWrp branching ratios [45] are under good theoretical control.

"Using only Lorentz invariance, six form factors parametrize B — D) {i decay,

DOVl B@) = vimams [hs (0 4+ )0 + he (0 —)],
(D*(W")Vi|B()) = iy/memp-hv evapye v 07,

(D@)|AB(v)) = 0, (70)
(D) ANB@) = VEEms: [ha, @+ 16l — hay (€ - 0)v, — hag (€ - 0)o]],

where V,, = ¢év,b, A, = &7,7y5b, and h; are functions of w. Show that this is indeed the most general form of these matrix
elements, and that at leading order in Aqcp /mq,

B (w) = hy (W) = hay (W) = hay (W) =€), h-(w) = hay(w) = 0. a1
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3.5 Inclusive semileptonic decays and B — X~

Instead of identifying all final-state particles in a decay, sometimes it is useful to sum over final-state
hadrons that can be produced by the strong interaction, subject to constraints determined by short-
distance physics, e.g., the energy of a photon or a charged lepton. Although hadronization is nonper-
turbative, it occurs on much longer distance (and time) scales than the underlying weak decay. Typically
we are interested in a quark-level transition, such as b — ¢fv, b — s+, etc., and we would like to extract
from the data short distance parameters, |V,;|, C7(ms), etc. To do this, we need to relate the quark-level
operators to the measurable decay rates.

For example, consider inclusive semileptonic b — ¢ decay mediated by
4G
V2
where J;!, = ¢y*Prb and J, gj — (4P Prv. The decay rate is given by the square of the matrix element,
integrated over phase space, and summed over final states,

Osl = Vcb (ch)a (JZI/)a ; (74)

D(B — Xclv) ~ > / d[PS] |(X.t7|0q|B)|. (75)
Xe

Since leptons have no strong interaction, the squared matrix element and phase space factorize into
B — X W™ and a perturbatively calculable leptonic part, W* — (. The nontrivial part is the hadronic
tensor,

we =3 (@2m)? 54 o — q - px) (BT [Xe) (Xl T B)
Xc

= %Im / d*z e (B T{J! (2) JL(0)} |BY, (76)

where the second line is obtained using the optical theorem, and " denotes here the time-ordered product
of the operators. It is this time-ordered product that can be expanded in an operator product expansion
(OPE) [46-49]. In the mp > Aqcp limit, the time-ordered product is dominated by short distances,
T << A(S%JD’ and one can express the hadronic tensor W#" as a sum of matrix elements of local operators.

Schematically,
0 1
- ><+m><+m2 e 0D
b b " b bbb

This is analogous to the multipole expansion. At leading order in Aqcp/my, the lowest dimension
operator is bI' b, where T is some (process-dependent) Dirac matrix. Its matrix element is determined
by the b quark content of the initial state using Eqgs. (66) and (69); therefore, inclusive B decay rates
in the my > Aqcp limit are equal to the b quark decay rates. Subleading effects are parametrized by
matrix elements of operators with increasing number of derivatives, which are sensitive to the distribution
of chromomagnetic and chromoelectric fields. There are no O(Agcp/my) corrections, because the

M\ v

p, =myv+k

B meson matrix element of any dimension-4 operator vanishes, (B(v)] ng) iD,I Ql(,b)|B('u)> = 0.
The leading nonperturbative effects, suppressed by A(QQCD / mg, are parametrized by two HQET matrix
elements, denoted by \; 2. This is the basis of the model-independent determinations of m;, and |Vg|
from inclusive semileptonic B decays.
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Some important applications, such as B — Xg7v [50] or B — X, £v, are more complicated. Near
boundaries of phase space, the energy release to the hadronic final state may not be large. One can think
of the OPE as an expansion in the residual momentum of the b quark, k, shown in Eq. (77),

1 1
(oo + k— @) — 2~ [(myo — @) —m2] + 2k (myo — Q)] + k2 78

For the expansion in k to converge, the final state phase space can only be restricted in a way that allows
hadronic final states, X, to contribute with

m% —mg > ExAqep > Adep - (79)
In B — X, when an experimental lower cut is imposed on E., to reject backgrounds, the left-most
inequality can be violated. The same occurs in B — X,/ when experimental cuts are used to suppress
B — X v backgrounds. If the right-most inequality in Eq. (79) is satisfied, a more complicated OPE
in terms of nonlocal operators is still possible [51,52].

4 Top, Higgs, and New Physics Flavor
4.1 The scale of new physics

In the absence of direct observation of BSM particles so far, viewing the standard model as a low energy
effective theory, the search for new physics amounts to seeking evidence for higher dimension operators
invariant under the SM gauge symmetries.

Possible dimension-6 operators include baryon and lepton number violating operators, such as
ﬁQQQL. Limits on the proton lifetime imply A > 10'® GeV. Non-SM flavor and C P violation could
arise from %QQQQ. The bounds on the scale of such operators are A = 10*7 GeV, depending on
the generation index of the quark fields. Precision electroweak measurements constrain operators of the
form ﬁ(ngugb)z to have A = 1034 GeV. These constraints are remarkable, because flavor, C' P, and
custodial symmetry are broken by the SM itself, so it is unlikely for new physics to have a symmetry
reason to avoid introducing additional contributions.

As mentioned earlier, there is a single type of gauge invariant dimension-5 operators made of SM
fields, which give rise to neutrino masses, see Eq. (18). The observed neutrino mass square differences
hint at scales A > 10'° GeV for these %(Lgf))Q type operators (in many models A ~ 10'® GeV). Such
mass terms violate lepton number. It is an experimental question to determine the nature of neutrino
masses, which is what makes the search for neutrinoless double beta decay (and determining the neutrino
mass hierarchy) so important.

4.2 Charged lepton flavor violation (CLFV)

The SM with vanishing neutrino masses would have predicted lepton flavor conservation. We now know
that this is not the case, hence there is no reason to impose it on possible new physics scenarios. In
particular, if there are TeV-scale new particles that carry lepton number (e.g., sleptons), then they have
their own mixing matrices, which could give rise to CLFV signals. While the one-loop SM contributions
to processes such as ;1 — ey are suppressed by the neutrino mass-squared differences'?, the NP contri-
butions have a-priori no such suppressions, other than the somewhat heavier scales and being generated
at one-loop in most BSM scenarios.

Within the next decade, the CLFV sensitivity will improve by about 4 orders of magnitude, corre-
sponding to an increase in the new physics scale probed by an order of magnitude, possibly the largest
such gain in sensitivity achievable soon. If any CLFV signal is discovered, we would want to measure
many processes to map out the underlying patterns, including p — ey, p — 3e, 7 — ey, T — 3e,
T — Wy, T — 3u, etc.

2Estimate the ;1 — e~y rate in the SM.
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4.3 Electric dipole moments (EDM)

The experimental bound on the neutron EDM implies that a possible dimension-4 term in the SM
Lagrangian, 0qcpF F/(1672), has a coefficient fqcp S 10710, While there are plausible explana-
tions [11], we do not yet know the resolution with certainty. Neglecting this term, C'P violation in the
CKM matrix only gives rise to quark EDMs at three-loop order, and lepton EDMs at four-loop level,
resulting in EDMs below near future experimental sensitivities. On the other hand, new physics (e.g.,
supersymmetry) could generate both quark and lepton EDMs at the one-loop level, so even if the scale
of new physics is 10— 100 TeV, observable effects could arise.

4.4 Top quark flavor physics

Well before the LHC turned on, it was already certain that it was going to be a top quark factory; the
HL-LHC is expected to produce a few times 10° ¢ pairs. In the SM, top quarks almost exclusively decay
to Wb, as Hth| — 1‘ ~ 1073. The current bounds on FCNC top decays are at the 10~3 level, and the
ultimate LHC sensitivity is expected to reach the 10~° to 10~ level, depending on the decay mode. The
SM rates are much smaller'?, so observation of any FCNC top decay signal would be clear evidence for
new physics.

There is obvious complementarity between FCNC searches in the top sector and low energy flavor
physics bounds. Since ¢z, is in the same SU(2) doublet as by, several operators have correlated effects
in ¢ and b decays. For some operators, mainly those involving left-handed quark fields, the low energy
constraints already exclude a detectable LHC signal, whereas other operators may still have large enough
coefficients to yield detectable effects in top FCNCs at the LHC (see, e.g., Ref. [53]).

The ¢t forward-backward asymmetry provided a clear example recently of the interplay between
flavor physics and anomalies in the high energy collider data (even those that may seem little to do with
flavor at first). The CDF measurement in 2011, AtF{B (my > 450 GeV) = 0.475 £ 0.114 [54], was stated
to be 3.40 above the NLO SM prediction. At the LHC, the same underlying physics would produce a
rapidity asymmetry.'* It became quickly apparent that models that could account for this signal faced
severe flavor constraints. This provides an example (with hundreds of papers in the literature) that flavor
physics will likely be crucial to understand what the explanation of a high-pr LHC anomaly can be, and
also what it cannot be. By now this excitement has subsided, because the significance of the Tevatron
anomaly decreased and because the LHC has not seen any anomalies in the top production data predicted
by most models (see, e.g., Ref. [55]) built to explain the Tevatron signal.

4.5 Higgs flavor physics

With the discovery of a SM-like Higgs boson at the LHC, it is now clear that the LHC is also a Higgs
factory. Understanding the properties of this particle entails both the precision measurements of its
observed (and not yet seen) couplings predicted by the SM, and the search for possible decays forbidden
in the SM.

The source of Higgs flavor physics, obviously, is the same set of Yukawa couplings whose structure
and consequences we also seek to understand in low energy flavor physics measurements. While in terms
of SUSY model building m;, =~ 125 GeV is challenging to understand, this mass allows experimentally
probing many Higgs production and decay channels. The fact that ultimately the LHC will be able to
probe Higgs production via (i) gluon fusion (g9 — h), (ii) vector boson fusion (¢qq — qgh), (iii) W/Z
associated production (¢qg — hZ or hW), (iv) b/t associated production (gg — hbb or htt) sensitively
depend on the Yukawa couplings and my,.">

BEstimate the t — ¢Z and t — ¢y branching ratios in the SM.

4Show that if in ¢Z production at the Tevatron more ¢ goes in the p than in the p direction, then at the LHC the mean
magnitude of the ¢ quark rapidity is greater than that of the .

SHow would Higgs production and decay change if m; were, say, 50 GeV?
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If we allow new physics to contribute to Higgs-related processes, which is especially well moti-
vated for loop-induced production (e.g., the dominant gg — h) and decay (e.g., h — ~7y) channels, then
the first evidence for non-universal Higgs couplings to fermions was the bound on h — p™ ™ below
10 x (SM prediction), combined with the observations of & — 77~ at the SM level, implicitly bounding
B(h— utu™)/B(h — 7r77) < 0.03.

There is an obvious interplay between the search for flavor non-diagonal Higgs decays and indirect
bounds from flavor-changing quark transitions and bounds on CLFV in the lepton sector. For example,
Yeu 7 0 would generate a one-loop contribution to 1 — e, yye # 0 would generate D° — D° mixing,
etc. [56]. In some cases the flavor physics constraints imply that there is no chance to detect a particular
flavor-violating Higgs decay, while signals in some modes may be above future direct search sensitivities.
The interplay between measurements and constraints on flavor-diagonal and flavor-changing Higgs decay
modes can provide additional insight on which flavor models are viable (see, e.g., Ref. [57]).

4.6 Supersymmetry and flavor

While I hope the LHC will discover something unexpected, of the known BSM scenarios, supersym-
metry is particularly interesting, and its signals have been worked out in great detail. The minimal
supersymmetric standard model (MSSM) contains 44 C' P violating phases and 80 other C'P conserv-
ing flavor parameters [58].!6 It has long been known that flavor physics (neutral meson mixings, €
uw — ey, B — Xgv, etc.) imposes strong constraints on the SUSY parameter space. The MSSM also
contains flavor-diagonal C'P violation (in addition to 6qcp), and the constraints from the bounds on
electric dipole moments are fairly strong on these phases if the mass scale is near 1 Te'V.

As an example, consider the Ky — K g mass difference. The squark—gluino box contribution com-
pared to the data contains terms, roughly,

AmSUSY) 1TeV\? / Am2\? d 4
W ~ 104( e ) ( 2 ) Re[(K{)12(KR)i2], (80)
K

where K¢ (K%) are the mixing matrices in the gluino couplings to left-handed (right-handed) down
quarks and their scalar partners [3]. The constraint from e corresponds to replacing 10* Re[(K DY19(KE) 12]
with 106 Im [(K$)12(K$)12]. The simplest supersymmetric frameworks with parameters in the ballpark
of m = O(1TeV), Am?/m? = 0(0.1), and (Kg,R)ij = O(1) are excluded by orders of magnitude.

There are several ways to address the supersymmetric flavor problems. There are classes of models
that suppress each of the terms in Eq. (80): (i) heavy squarks, when m > 1 TeV (e.g., split SUSY); (ii)
universality, when Am%’ 5 < m? (e.g., gauge mediation); (jii) alignment, when (K Rz < 1(g.,
horizontal symmetry). All viable models incorporate some of these ingredients in order not to violate
the experimental bounds. Conversely, if SUSY is discovered, mapping out its flavor structure will help
to answer important questions about even higher scales, e.g., the mechanism of SUSY breaking, how it
18 communicated to the MSSM, etc.

A special role in constraining SUSY models is played by DY — D° mixing, which was the first
observed FCNC process in the up-quark sector. It is a special probe of BSM physics, because it is the
only neutral meson system in which mixing is generated by intermediate down-type quarks in the SM,
or intermediate up-type squarks in SUSY. The constraints are thus complementary to FCNC processes
involving K and B mesons. D° — D® mixing and FCNC in the up-quark sector are particularly important
in constraining scenarios utilizing quark-squark alignment [59, 60].

Another important implication for SUSY searches is that the LHC constraints on squark masses
are sensitive to the level of (non-)degeneracy of squarks required to satisfy flavor constraints. Most
SUSY searches assume that the first two generation squarks, ur, g, d L,R> SL,R»> CL,R, are all degenerate,

16Check this, using the counting of couplings and broken global symmetries.
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which increases signal cross sections. Relaxing this assumption consistent with flavor bounds [60, 61],
results in substantially weaker squark mass limits from Run 1, as low as around the 500 GeV scale [62].

It is apparent from the above discussion that there is a tight interplay between the implications of
the non-observation of new physics at the LHC so far, and the non-observation of deviations from the
SM in flavor physics. If there is new physics at the TeV scale, which we hope the LHC will discover
in its next run, then we know already that its flavor structure must be rather non-generic to suppress
FCNCs, and the combination of all data will contain plenty of additional information about the structure
of new physics. The higher the scale of new physics, the less severe the flavor constraints are. If NP is
beyond the reach of the LHC, flavor physics experiments may still observe robust deviations from the
SM predictions, which would point to an upper bound on the next scale to probe.

4.7 Minimal flavor violation (MFYV)

The standard model without Yukawa couplings has a global [U(3)]® symmetry ([U(3)]? in the quark and
[U(3)]? in the lepton sector), rotating the 3 generations of the 5 fields in Eq. (4). This is broken by the
Yukawa interactions in Eq. (7). One may view the Yukawa couplings as spurions, fields which transform
under [U(3)] in a way that makes the Lagrangian invariant, and then the global flavor symmetry is
broken by the background values of the Yukawas. BSM scenarios in which there are no new sources
of flavor violation beyond the Yukawa matrices are called minimal flavor violation [63-65]. Since
the SM breaks the [U(3)]® flavor symmetry already, MFV gives a framework to characterize “minimal
reasonable” deviations from the SM predictions.

Let us focus on the quark sector. Under U (3)¢g x U(3), x U(3)q the transformation properties are
Qr3,1,1), wugr(1,3,1), dgr(1,1,3), Y.(3,3,1), Yy(3,1,3). (81)
One can choose a basis in which

Yy = diag(ya, ¥s » vs) , Yo = Ve diag(u » ve , ve) - (82)

To generate a flavor-changing transition, requires constructing [U(3)]? singlet terms that connect the
required fields. For example, in the down-quark sector, the simplest terms are [65]

QuYY[Qr,  drYY.YiQu,  drY]Y.V[Yudg. (83)
A useful feature of this approach is that it allows EFT-like analyses.

Consider B — X,y as an example. We are interested in the magnitude of a possible NP contri-
bution to the Wilson coefficient of the operator %(E Louw D Rr)- A term Q 1,br 1s not invariant under
[U(3)]3. Aterm QY dg is [U(3)]? invariant, but it is diagonal, so it only connects same generation
fields. The first non-vanishing contribution comes from @ LYuY;f Y, dr, which has a V;, V% 42y, (51.bR)
component. We learn that in MFV models, in general, X oc y, Vi V%, as is the case in the SM.

Thus, in MFV models, most flavor-changing operators “automatically”" have their SM-like sup-
pressions, proportional to the same CKM elements, quark masses from chirality flips, etc. Therefore, the
scale of MFV models can be O(1TeV) without violating flavor physics bounds, thus solving the new
physics flavor puzzle. Originally introduced for technicolor models [63], gauge-mediated supersymmetry
breaking provides another well known scenario in which MFV is expected to be a good approximation.

MFV models have important implications for new particle searches, too. Since the only quark
flavor-changing parameters are the CKM elements, and the ones that couple the third generation to the
lighter ones are very small, in MFV models new particles that decay to a single final quark (and other
particles) decay to either a third generation quark or to quarks from the first two generations, but (to a
good approximation) not to both [66].

The MFV ansatz can be incorporated into models that do not contain explicitly flavor breaking
unrelated to Yukawa couplings. MFV is not expected to be an exact symmetry, but it may be a useful
organizing principle to understand details of the new physics we soon hope to get a glimpse of.
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5 Summary

An essential feature of flavor physics is its ability to probe very high scales, beyond the masses of
particles that can be produced on-shell in colliders. Flavor physics can also teach us about properties of
TeV-scale new physics, that cannot be learned from the direct production of new particles.

Some of the main points I tried to explain in these lectures were:

— Flavor-changing neutral currents and meson mixing probe scales well above the masses of particles
colliders can produce, and provide strong constraints on TeV-scale new physics.

— C'P violation is always the result of interference phenomena, without a classical analog.

— The KM phase has been established as the dominant source of C'P violation in flavor-changing
processes.

— Tremendous progress will continue: Until ~ 10 years ago, more than O(1) deviations from the
SM were possible; at present O(20%) corrections to most FCNC processes are still allowed; in
the future, sensitivities of a few percent will be reached.

— The future goal is not measuring SM parameters better, but to search for corrections to the SM,
and to learn about NP as much as possible.

— Direct information on new particles and their influence on flavor-changing processes will both be
crucial to understand the underlying physics.

— The sensitivity of future experiments in a number of important processes is only limited by statis-
tics, not theory.

— The interesting (and fun) interplay between theoretical and experimental developments in flavor
physics will continue.

At present, both direct production and flavor physics experiments only give bounds on new physics.
The constraints imply that if new physics is accessible at the LHC, it is likely to have flavor suppression
factors similar to the SM. In many models (e.g., the MSSM), measurements or bounds on FCNC tran-
sitions constrain the product of certain mass splittings times mixing parameters divided by the square
of the new physics scale. If the LHC discovers new physics, then in principle the mass splittings and
mixing parameters can be measured separately. If flavor physics experiments establish a deviation from
the SM in a related process, the combination of LHC and flavor data can be very powerful to discriminate
between models. The consistency of measurements could ultimately tell us that we understand the flavor
structure of new physics and how the new physics flavor puzzle is solved. The present situation and an
(optimistic) future scenario for supersymmetry are shown in Fig. 15. Let’s hope that we shall have the
privilege to think about such questions, motivated by data, in the coming years.
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Abstract

These lectures introduce the basic ideas and practices of statistical analysis for
particle physicists, using a real-world example to illustrate how the abstrac-
tions on which statistics is based are translated into practical application.

1 Introduction

The day-to-day task of particle physicists is to suggest, build, test, discard and, or, refine models of the
observed regularities in Nature with the ultimate goal of building a comprehensive model that answers
all the scientific questions we might think to ask. One goal of experimental particle physicists is to make
quantitative statements about the parameters 6 of a model given a set of experimental observations X.
However, in order to make such statements, the the connection between the observations and the model
parameters must itself be modeled, and herein lies a difficulty. While there is general agreement about
how to connect model parameters to data, there is long history [1] of disagreement about the best way
to solve the inverse problem, that is, to go from observations to model parameters. The solution of this
inverse problem requires a theory of inference.

These lectures introduce to two broad classes of theories of inference, the frequentist and Bayesian
approaches. While our focus is on the practical, we do not shy away from brief discussions of founda-
tions. We do so in order to make two points. The first is that when it comes to statistics, there is no such
thing as “the" answer; rather there are answers based on assumptions, or proposals, on which reasonable
people may disagree for purely intellectual reasons. Second, none of the current theories of inference
is perfect. It is worth appreciating these points, even superficially, if only to avoid fruitless arguments
that cannot be resolved because they are ultimately about intellectual taste rather than mathematical
correctness.

For more in-depth expositions of the topics here covered, and different points of view, we highly
recommend the excellent textbooks on statistics written for physicists, by physicists [2—4].

2 Lecture 1: Descriptive Statistics, Probability and Likelihood
2.1 Descriptive Statistics

Suppose we have a sample of IV data X = x1,x92,--- ,xyN. It is often useful to summarize these data
with a few numbers called statistics. A statistic is any number that can be calculated from the data
and known parameters. For example, t = (x1 + x)/2 is a statistic, but if the value of # is unknown
t = (1 — 6)? is not. However, a word of caution is in order: we particle physicists are prone to misuse
the jargon of professional statisticians. For example, we tend to refer to any function of the data as a
statistic including those that contain unknown parameters.

The two most important statistics are

N
_ 1
the sample mean (or average) T = N Z i, (D)
i=1
1 N
. 2 _ - Y
and the sample variance s =5 Z(xl z)%,
=1
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The sample average is a measure of the center of the distribution of the data, while the sample variance
is a measure of its spread. Statistics that merely characterize the data are called descriptive statistics,
of which the sample average and variance are the most important. If we order the data, say from the
smallest value to the largest, we can compute another interesting statistic ¢y = (), where 1 <k < N
and z ;) denotes the datum at the k™ position. The statistic ¢, is called the k" order statistic and is a
measure of the value of outlying data.

The average and variance, Egs. (1) and (2), are numbers that can always be calculated given a data
sample X. But now we consider numbers that cannot be calculated from the data alone. Imagine the
repetition, infinitely many times, of whatever data generating system yielded our data sample X thereby
creating an infinite sequence of data sets. We shall refer to the data generating system as an experiment
and the infinite sequence as an infinite ensemble. The latter, together with all the mathematical operations
we may wish to apply to it, are abstractions. After all, it is not possible to realize an infinite ensemble.
The ensemble and all the operations on it exist in the same sense that the number 7 exists along with all
valid mathematical operations on 7.

The most common operation to perform on an ensemble is to compute the average of the statistics.
This ensemble average suggests several potentially useful characteristics of the ensemble, which we list
below.

Ensemble average <z>

Mean "

Error E=T— b

Bias b=<z>-—pu

Variance V=<(z-<z>)*>

Standard deviation o=VV

Mean square error MSE =< (z — pu)? >

Root MSE RMS = vMSE 3)

Notice that none of these numbers can be calculated in practice because the data required to do so do not
concretely exist. Even in an experiment simulated on a computer, there are very few of these numbers
we can calculate. If we know the mean u, perhaps because we have chosen its value — for example, we
may have chosen the mass of the Higgs boson in our simulation, we can certainly calculate the error €
for any simulated datum z. But, we can only approximate the ensemble average < x >, bias b, variance
V', and MSE, since our virtual ensemble is always finite. The point is this: the numbers that characterize
the infinite ensemble are also abstractions, albeit useful ones. For example, the MSE is the most widely
used measure of the closeness of an ensemble of numbers to some parameter p. The square root of the
MSE is called the root mean square (RMS)'. The MSE can be written as

MSE = V + b “)

’ Exercise 1: Show this

The MSE is the sum of the variance and the square of the bias, a very important result with practical
consequences. For example, suppose that y represents the mass of the Higgs boson and x represents

'Sometimes, the RMS and standard deviation are using interchangeably. However, the RMS is computed with respect to i,
while the standard deviation is computed with respect to the ensemble average < x >. The RMS and standard deviations are
identical only if the bias is zero.
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some (typically very complicated) statistic that is considered an estimator of the mass. An estimator is
any function, which when data are entered into it, yields an estimate of the quantity of interest, which
we may take to be a measurement.

Words are important; “bias” is a case in point. It is an unfortunate choice for the difference
< x > —pu because the word “bias” biases attitudes towards bias! Something that, or someone who, is
biased is surely bad and needs to be corrected. Perhaps. But, it would be wasteful of data to make the
bias zero if the net effect is to make the MSE larger than an MSE in which the bias is non-zero. The
price for achieving b = 0 in our example would be not only throwing away expensive data — which is
bad enough — but also measuring a mass that is more likely to be further away from the Higgs boson
mass. This may, or may not, be what we want to achieve.

As noted, many of the numbers listed in Eq. (3) cannot be calculated because the information

needed is unknown. This is true, in particular, of the bias. However, sometimes it is possible to relate the
bias to another ensemble quantity. Consider the ensemble average of the sample variance, Eq. (2),

<$¥>=<a?>- <7 >,
|4
-V-

’ Exercise 2a: Show this

The sample variance has a bias of b = —V/N, which many argue should be corrected. Unfortunately, we
cannot calculate the bias because it depends on an unknown parameter, namely, the variance V. However,
if we replace the sample variance by s”2 = cs2,where the correction factor ¢ = N/(N — 1), we find that
for the corrected variance estimator s the bias is zero. Surely the world is now a better place? Well, not
necessarily. Consider the ratio of MSE’ to MSE, where MSE' =< (5”2 — V)2 >, MSE =< 6% > with
§=s>-V,andb= —V/N,
MSE'/MSE =< (cs? = V)2 > / < 6% >,

A< (s2=V/e)r> )< 6% >,

=< (6-b?%>/<8 >,

=21 -0 < 6% >),

=21 -0+ < s* > —(V+b)?)].
From this we deduce that if < s* > /[(V + b)? + b?/(c® — 1)] > 1, the unbiased estimate will be

further away on average from V' than the biased estimate. This is the case, for example, for a uniform
distribution.

Exercise 2b: Use the method Rndm() of the Root
class TRandom3 to verify that MSE' > MSE.

2.2 Probability

When the weather forecast specifies that there is a 80% chance of rain tomorrow, most people have
an intuitive sense of what this means. Likewise, most people have an intuitive understanding of what
it means to say that there is a 50-50 chance for a tossed coin to land heads up. Probabilistic ideas are
thousands of years old, but, starting in the sixteenth century these ideas were formalized into increasingly
rigorous mathematical theories of probability. In the theory formulated by Kolmogorov in 1933, Q is
some fixed mathematical space, F1, Es,--- C () are subsets (called events) defined in some reasonable
way?, and P (E;) is a number associated with subset £;. These numbers satisfy the

Kolmogorov Axioms

21If FEh, E5, - - - are meaningful subsets of €2, so to is the complement Ehfz, ... of each, as are countable unions and
intersections of these subsets.
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1. P(E;)>0
2. P(Ey1+Ey+---)=P(E)+ P(E3) +--- for disjoint subsets
3. P(Q)=1.

Consider two subsets A = Ey and B = FE,. The quantity AB means A and B, while A + B means
A or B, with associated probabilities P(AB) and P(A + B), respectively. Kolmogorov assumed, not
unreasonably given the intuitive origins of probability, that probabilities sum to unity; hence the axiom
P(Q2) = 1. However, this assumption can be dropped so that probabilities remain meaningful even if
P(Q2) = oo [5].

Figure 1 suggests another probability, namely, the number P(A|B) = P(AB)/P(B), called the
conditional probability of A given B. This permits statements such as: “the probability that this track
was created by an electron given the measured track parameters" or “the probability to observe 17 events
given that the mean background is 3.8 events". Conditional probability is a very powerful idea, but the
term itself is misleading. It implies that there are two kinds of probability: conditional and unconditional.
In fact, all probabilities are conditional in that they always depend on a specific set of conditions, namely,
those that define the space €. It is entirely possible to embed a family of subsets of {2 into another space
) which assigns to each family member a different probability P’. A probability is defined only relative
to some space of possibilities (2.

A and B are said to be mutually exclusive if
P(AB) = 0, that is, if the truth of one denies the
truth of the other. They are said to be exhaustive if
P(A)+ P(B) = 1. Figure 1 suggests the theorem

P(A+ B) = P(A) + P(B) — P(AB), (5)

B
’ Exercise 3: Prove theorem ‘ A //

which can be deduced from the rules given

above. Another useful theorem is an immedi-

ate consequence of the commutativity of “anding"

P(AB) = P(BA) and the definition of P(A|B), Fig. 1: Venn diagram of the sets A, B, and AB. P(A)
namely, is the probability of A, while P(A|B) = P(AB)/P(B)
is the probability of AB relative to that of B, i.e., the
probability of A given the condition B.

; (6)

Bayes Theorem
P(A|B)P(B)

P(BIA) = =50

which provides a way to convert the probability

P(A|B) to the probability P(B|A). Using Bayes

theorem, we can, for example, deduce the probability P(e|z) that a particle is an electron, e, given a set
of measurements, x, from the probability P(z|e) of a set of measurements given that the particle is an
electron.

2.2.1 Probability Distributions

In this section, we illustrate the use of these rules to derive more complicated probabilities. First we start
with a definition:

A Bernoulli trial, named after the Swiss mathematician Jacob Bernoulli (1654 — 1705), is
an experiment with only two possible outcomes: .S = success or F' = failure.
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Example

Each collision between protons at the Large Hadron Collider (LHC) is a Bernoulli trial in
which something interesting happens (S) or does not (F'). Let p be the probability of a
success, which is assumed to be the same for each trial. Since S and F’ are exhaustive, the
probability of a failure is 1 —p. For a given order O of n proton-proton collisions and exactly
k successes, and therefore exactly n — k failures, the probability P(k, O, n, p) is given by

P(k707n7p) :pk(l _p)nik

If the order O of successes and failures is judged to be irrelevant, we can eliminate the order

from the problem by summing over all possible orders,

P(k,n,p) = ZP(k‘,O,n,p) = Zpk(l 7p)n—k.
(@] o

This procedure is called marginalization. It is one of the most important operations in
probability calculations. Every term in the sum in Eq. (8) is identical and there are (Z) of

them. This yields the binomial distribution,

Binomial(k, n, p) = (Z) pk(l - P)nik-

By definition, the mean number of successes a is given by

n
a= Z k Binomial(k, n, p),
k=0

= pn.

’ Exercise 4: Show this ‘

At the LHC n is a number in the trillions, while for successes of interest such as the creation
of a Higgs boson the probability p << 1. In this case, it proves convenient to consider the

limit p — 0,7 — oo in such a way that a remains constant. In this limit

Binomial(k, n, p) — e~ %a”* /k!,

= Poisson(k, a).

| Exercise 5: Show this |

Below we list the most common probability distributions.

Discrete distributions

Binomial(k, n, p) <Z> PP —pt
Poisson(k, a) a* exp(—a)/k!
ol K K K
Multinomial(k, n, p) T pr@ Zpi =1, Z ki =n
i=1 i=1 i=1
Continuous densities
Uniform(z, a) 1/a
Gaussian(z, u, o) exp[—(z — p)?/(202)]/(oV27)
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(also known as the Normal density)

LogNormal(z, p1, o) exp[—(Inz — u)?/(202)]/(xoV/27)
Chisq(z, n) 2"? L exp(—x/2)/[2"/*T (n/2)]
Gamma(z, a, b) 2% ta® exp(—ax) /T(b)
Exp(z,a) aexp(—ax)

Lntm) , m—
Beta(x,n,m) Wm Y1 —az)m! (12)

Particle physicists tend to use the term probability distribution for both discrete and continuous func-
tions, such as the Poisson and Gaussian distributions, respectively. But, strictly speaking, the continuous
functions are probability densities, not probability distributions. In order to compute a probability from
a density we need to integrate the density over a finite set in x.

Discussion

Probability is the foundation for models of non-deterministic data generating mechanisms, such as par-
ticle collisions at the LHC. A probability model is the probability distribution together with all the
assumptions on which the distribution is based. For example, suppose we wish to count, during a given
period of time, the number of entries NV in a given transverse momentum (pt) bin due to particles created
in proton-proton collisions at the LHC; that is, suppose we wish to perform a counting experiment. If
we assume that the probability to obtain a count in this bin is very small and that the number of proton-
proton collisions is very large, then it is common practice to use a Poisson distribution to model the data
generating mechanism, which yields the bin count N. If we have multiple independent bins, we may
choose to model the data generating mechanism as a product of Poisson distributions. Or, perhaps, we
may prefer to model the possible counts conditional on a fixed total count in which case a multinomial
distribution would be appropriate.

So far, we have assumed the meaning of the word probability to be self-evident. However, the
meaning of probability [6] has been the subject of debate for more than two centuries and there is no sign
that the debate will end anytime soon. Probability, in spite of its intuitive beginnings, is an abstraction.
Therefore, for it to be of practical use it must be interpreted. The two most widely used interpretations
of probability are:

1. degree of belief in, or plausibility of, a proposition, for example, “It will snow at CERN on
December 18th", and the

2. relative frequency of outcomes in an infinite ensemble of trials, for example, the relative fre-
quency of Higgs boson creation in an infinite number of proton-proton collisions.

The first interpretation is the older, while the second was championed by influential mathematicians and
logicians starting in the mid-nineteenth century and became the dominant interpretation. Of the two
interpretations, however, the older is the more general in that it encompasses the latter and can be used
in contexts in which the latter makes no sense. The relative frequency, or frequentist, interpretation
is useful for situations in which one can contemplate counting the number of times k£ a given outcome
is realized in n trials, as in the example of a counting experiment. The relative frequency r = k/n is
expected to converge, in a subtle but well-defined sense, to some number p that satisfies the rules of
probability. It should noted, however, that the numbers k/n and p are conceptually distinct. The former
is something we can actually calculate, while there is no finite operational way to calculate the latter from
data. The probability p, even when interpreted as a relative frequency, remains an abstraction.

On the other hand, the degrees of belief, which is the basis of the Bayesian approach to statistics
(see Lecture 2), are just that: the degree to which a rational being ought to believe in the veracity of a
given statement. The word “ought” in the last sentence is important: probability theory, with probabilities
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interpreted as degrees of belief, is not a model of how human beings actually reason in situations of
uncertainty; rather probability theory when interpreted this way is a normative theory in that it specifies
how an idealized reasoning being, or system, ought to reason when faced with uncertainty.

There is a school of thought that argues that degrees of belief should be an individual’s own
assessment of her or his degree of belief in a statement, which are then to be updated using the probability
rules. The problem with this position is that it presupposes probability theory to be a model of human
reasoning, which we argue it is not — a position confirmed by numerous psychological experiments.
It is perhaps better to think of degrees of belief as numbers that inform one’s reasoning rather than as
numbers that describe it, and relative frequencies as numbers that characterize stochastic data generation
mechanisms. Both are probabilities and both are useful.

2.3 Likelihood

Let us assume that p(x|0) is a probability density function (pdf) such that P(A|0) = [, p(x|0) dx
is the probability of the statement A = x € R,, where = denotes possible data, § the parameters that
characterize the probability model, and R, is a finite set. If z is discrete, then both p(x|f) and P(A|0)
are probabilities. The likelihood function is simply the probability model p(z|0) evaluated at the data
xo actually obtained, i.e., the function p(x|@). The following are examples of likelihoods.

Example 1

In 1995, CDF and D@ discovered the top quark [7, 8] at Fermilab. The D@ Collaboration
found x = D events (D = 17). For a counting experiment, the datum can be modeled using

p(z|d) = Poisson(x, d) probability to get x events
p(D|d) = Poisson(D, d) likelihood of observation D events
= dP exp(—d)/D!

We shall analyze this example in detail in Lectures 2 and 3.

Example 2

Figure 2 shows the transverse momentum spectrum of jets in pp — jet+ X events measured
by the CMS Collaboration [9]. The spectrum has K = 20 bins with total count N that was
modeled using the likelihood

p(D|p) :Multinomial(D7N7p)7 D= Dl:"' 7DK7 p=Dp1,,PK

K
Z D; = N.
=1

This is an example of a binned likelihood.

Exercise 6a: Show that a multi-Poisson likelihood can be written as the
product of a multinomial and a Poisson with count N

Example 3

Figure 3 shows a plot of the distance modulus versus redshift for N = 580 Type la super-
novae [10]. These heteroscedastic data’ {zi, x; £ 0;} are modeled using the likelihood

N
p(D|QM7 QA7 Q) = H Ga’USSian(‘Tiv Hi, Ui)7
i=1

3Data in which each item, x;, or group of items has a different uncertainty.

307



CcMS L=5f" {s=7TeV
L
10°
s 10F E
S ]
a” E E
kS : g
Z - ]
T 10'E E
£ Pr(KS)= 0.6617 5
a[  x?*NDF =235/19 ]
e, 0, T

1000 1500

JetpT(GeV)

2000

H. B. PROSPER

Fig. 2: Transverse momentum spectrum of jets in pp — jet + X events measured by CMS compared with the

QCD prediction at next-to-leading order. This spectrum was used to search for evidence of contact interactions [9]

(Courtesy CMS Collaboration).
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Fig. 3: Plot of the data points (z;, z; & o;) for 580 Type la supernovae [10] showing a fit of the standard cosmo-
logical model (with a cosmological constant) to these data (curve).

which is an example of an un-binned likelihood. The cosmological model is encoded in the
distance modulus function p;, which depends on the redshift z; and the matter density and
cosmological constant parameters §25; and €25, respectively. (See Ref. [11] for an accessible
introduction to the analysis of these data.)
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Example 4

The discovery of a neutral Higgs boson in 2012 by ATLAS [12] and CMS [13] in the di-
photon final state (pp — H — 77y) made use of an un-binned likelihood of the form,

N
p(a|s, m,w,b) = exp[—(s + b)] | [[sfs(wilm, w) + bfy(x:)]
i=1
where x = di-photon masses
m = mass of boson
w = width of resonance
s = expected (i.e., mean) signal count
b = expected background count
fs = signal probability density
f» = background probability density

Exercise 6b: Show that a binned multi-Poisson
likelihood yields an un-binned likelihood of this
form as the bin widths go to zero

The likelihood function is arguably the most important quantity in a statistical analysis Because it
can be used to answer questions such as the following.

1. How do I estimate a parameter?

2. How do I quantify its accuracy?

3. How do I test an hypothesis?

4. How do I quantify the significance of a result?

Writing down the likelihood function requires:

1. identifying all that is known, e.g., the observations,
2. identifying all that is unknown, e.g., the parameters,
3. constructing a probability model for both.

Many analyses in particle physics do not use likelihood functions explicitly. However, it is worth spend-
ing time to think about them because doing so encourages a deeper reflection on what is being done, a
more systematic approach to the statistical analysis, and ultimately leads to better answers.

Being explicit about what is and is not known in an analysis problem may seem a pointless ex-
ercise; surely these things are obvious. Consider the D@ top quark discovery data [8], D = 17 events
observed with a background estimate of B = 3.8 £ 0.6 events. The uncertainty in 17 is invariably said
to be v/17 = 4.1. Not so! The count 17 is perfectly known: it is 17. What we are uncertain about is the
mean count d, that is, the parameter of the probability model, which we take to be a Poisson distribution.
The +4.1 must somehow be a statement not about 17 but rather about the unknown parameter d. We
shall explain what the +4.1 means in Lecture 2.

3 Lecture 2: The Frequentist and Bayesian Approaches

In this lecture, we consider the two most important approaches to statistical inference, frequentist and
Bayesian. Both are needed to make sense of statistical inference, though this is not the dominant opinion
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in particle physics. Most particle physicists, if pressed, will say they are frequentist in their approach. The
typical reason given is that this approach is objective, whereas the Bayesian approach is not. Moreover,
they would argue, the frequentist approach is less arbitrary whereas the Bayesian approach is plagued
with arbitrariness that renders its results suspect. We wish, however, to focus on the practical, therefore,
we shall sidestep this debate and assume a pragmatic attitude to both approaches. We begin with a
description of salient features of the frequentist approach, followed by a description of the Bayesian
approach.

3.1 The Frequentist Approach

The most important principle in this approach is that enunciated by the Polish statistician Jerzy Neyman
in the 1930s, namely,

The Frequentist Principle

The goal of a frequentist analysis is to construct statements so that a fraction f > p of them
are guaranteed to be true over an infinite ensemble of statements.

The fraction f is called the coverage probability, or coverage for short, and p is called the confidence
level (C.L.). A procedure which satisfies the frequentist principle is said to cover. The confidence level
as well as the coverage is a property of the ensemble of statements. Consequently, the confidence level
may change if the ensemble changes. Here is an example of the frequentist principle in action.

Example

Over the course of a long career, a doctor sees thousands of patients. For each patient he
issues one of two conclusions: “you are sick" or “you are well" depending on the results
of diagnostic measurements. Because he is a frequentist, he has devised an approach to
medicine in which although he does not know which of his conclusions were correct, he can
at least retire happy in the knowledge that he was correct at least 75% of the time!

In a seminal paper published in 1937, Neyman [14] invented the concept of the confidence interval,
a way to quantify uncertainty, that respects the frequentist principle. The confidence interval is such an
important idea, and its meaning so different from the superficially similar Bayesian concept of a credible
interval, that it is worth working through the concept in detail.

3.1.1 Confidence Intervals

The confidence interval is a concept best explained by example. Consider an experiment that observes
D events with expected (that is, mean) signal s and no background. Neyman devised a way to make
statements of the form

s € [I(D), u(D)], (13)

with the a priori guarantee that at least a fraction p of them will be true, as required by the frequentist
principle. A procedure for constructing such intervals is called a Neyman construction. The frequentist
principle must hold for any ensemble of experiments, not necessarily all making the same kind of obser-
vations and statements. For simplicity, however, we shall presume the experiments to be of the same kind
and to be completely specified by a single unknown parameter s. The Neyman construction is illustrated
in Fig. 4.

The construction proceeds as follows. Choose a value of s and use some rule to find an interval
in the space of observations (or, more generally, a region), for example, the interval defined by the two
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Parameter space

Observation space D

Fig. 4: The Neyman construction. Plotted is the Cartesian product of the parameter space, with parameter s, and
the space of observations with potential observations D. For a given value of s, the observation space is partitioned
into three disjoint intervals, such that the probability to observe a count D within the interval demarcated by the
two vertical lines is f > p, where p = C.L. is the desired confidence level. The inequality is needed because, for
discrete data, it may not be possible to find an interval with f = p exactly.

vertical lines in the center of the figure, such that the probability to obtain a count in this interval is
f > p, where p is the desired confidence level. We move to another value of s and repeat the procedure.
The procedure is repeated for a sufficiently dense set of points in the parameter space over a sufficiently
large range. When this is done, as illustrated in Fig. 4, the intervals of probability content f will form a
band in the Cartesian product of the parameter space and the observation space. The upper edge of this
band defines the curve u(D), while the lower edge defines the curve /(D). These curves are the product
of the Neyman construction.

For a given value of the parameter of interest s, the interval with probability content f in the space
of observations is not unique; different rules for choosing the interval will, in general, yield different
intervals. Neyman suggested choosing the interval so that the probability to obtain an observation below
or above the interval are the same. The Neyman rule yields the so-called central intervals. One virtue
of central intervals is that their boundaries can be more efficiently calculated by solving the equations,

P(x < Dlu) = ayr,
P(z > D|l) = ag, (14)

a mathematical fact that becomes clear after staring at Fig. 4 long enough.

Another rule was suggested by Feldman and Cousins [15]. For our example, the Feldman-Cousins
rule requires that the potential observations { D} be ordered in descending order, D1y, D), - - -, of the
likelihood ratio p(D|s)/p(D|$), where § is the maximum likelihood estimator (see Sec. 3.1.2) of the
parameter s. Once ordered, we compute the running sum f = Zj p(D(j)|s) until f equals or just
exceeds the desired confidence level p. This rules does not guarantee that the potential observations D
are contiguous, but this does not matter because we simply take the minimum element of the set {D(j)}
to be the lower bound of the interval and its maximum element to be the upper bound.

Another simple rule is the mode-centered rule: order D in descending order of p(D|s) and proceed
as with the Feldman-Cousins rule. In principle, absent criteria for choosing a rule, there is nothing to
prevent the use of ordering rules randomly chosen for different values of s! Figure 5 compares the widths
of the intervals [I(D),u(D)] for three different ordering rules, central, Feldman-Cousins, and mode-
centered as a function of the count D. It is instructive to compare these widths with those provided
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by the well-known root(N) interval, /(D) = D — v/D and u(D) = D + v/D. Of the three sets of
intervals, the ones suggested by Neyman are the widest, the Feldman-Cousins and mode-centered ones
are of similar width, while the root(N) intervals are the shortest. So why are we going through all the
trouble of the Neyman construction? We shall return to this question shortly.

Having completed the Neyman construc-
tion and found the curves u(D) and (D) we Width of tervals
can use the latter to make statements of the form
s € [I(D), u(D)]: for a given observation D,
we simply read off the interval [[(D), u(D)] from
the curves. For example, suppose in Fig. 4 that
the true value of s is represented by the horizon-
tal line that intersects the curves u(D) and (D) p:vp

Interval Width

and which therefore defines the interval demar- K R N TR VR T T
cated by the two vertical lines. If the observa- — Contral et
tion D happens to fall in the interval to the left A

Root(N)

of the left vertical line, or to the right of the right
vertical line, then the interval [I(D), u(D)] will ' Fig, 5: Interval widths as a function of count D for four
not bracket s. However, if D falls between the ga(s of intervals.

two vertical lines, the interval [[(D), u(D)] will

bracket s. Moreover, by virtue of the Neyman

construction, a fraction f of the intervals [I(D), u(D)] will bracket the value of s whatever its value
happens to be, which brings us back to the question about the root(N) intervals. Figure 6 shows the
coverage probability over the parameter space of s. As expected, the three rules, Neyman’s, that of
Feldman-Cousins, and the mode-centered, satisfy the condition coverage probability > confidence level
over all values of s that are possible a priori; that is, the intervals cover. However, the root(N) intervals
do not and indeed fail badly for s < 2.

However, notice that the coverage proba-

Coverage Probability bility of the root(N) intervals bounces around the
(68%) confidence level for vaues of s > 2. There-

" MMN@E fore, if we knew for sure that s > 2, it would seem

N that using the root(N) intervals may not be that

Probability

Root(N)
68.3%

04 bad after all. Whether it is or not depends entirely
‘ on one’s attitude towards the frequentist principle.
54D h Some will lift mountains and carry them to the
% 5 10 15 »  Moon in order to achieve exact coverage, while
— Sm'?nincin e others, including the author, is entirely happy with

— Mode coverage that bounces around a little.

Fig. 6: Interval widths as a function of count D for four Discussion

sets of intervals. We may summarize the content of the Neyman

construction with a statement of the form: there is

a probability of at least p that s € [[(D), u(D)].

But it would be a misreading of the statement to
presume it is about that particular interval. It is not because p, as noted, is a property of the ensem-
ble to which this statement belongs. The precise statement is this: s € [[(D), u(D)] is a member of
an (infinite) ensemble of statements a fraction f > p of which are true. This mathematical fact is the
principal reason why the frequentist approach is described as objective; the probability p is something
for which there seems, in principle, to be an operational definition: we just count how many statements
of the form s € [I(D), u(D)] are true and divide by the total number of statements. Unfortunately, in
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the real world this procedure cannot be realized because in general we are not privy to which statements
are true and, even if we came down from a mountain with the requisite knowledge, we would need to
examine an infinite number of statements, which is impossible. Nevertheless, the Neyman construction
is a remarkable procedure that always yields exact coverage for any problem that depends on a single
unknown parameter.

Matters quickly become less tidy, however, when a probability model contains more than one
unknown parameter. In almost every particle physics experiment there is background that is usually not
known precisely. Consequently, even for the simplest experiment we must contend with at least two
parameters, the expected signal s and the expected background b, neither of which is known. Neyman
required a procedure to cover whatever the value of all the parameters be they known or unknown. This
is a very tall order, which cannot be met in general. In practice, we resort to approximations, the most
widely used of which is the profile likelihood to which we now turn.

3.1.2 The Profile Likelihood

As noted in Sec. 2.3, likelihood functions can be used to estimate the parameters on which they depend.
The method of choice to do so, in a frequentist analysis, is called maximum likelihood, a method first
used by Karl Frederick Gauss, The Prince of Mathematics, but developed into a formidable statistical
tool in the 1930s by Sir Ronald A. Fisher [16], perhaps the most influential statistician of the twentieth
century.

Fisher showed that a good way to estimate the parameters of a likelihood function is to pick the
value that maximizes it. Such estimates are called maximum likelihood estimates (MLE). In general, a
function into which data can be inserted to yield an MLE of a parameter is called a maximum likelihood
estimator. For simplicity, we shall use the same abbreviation MLE to mean both the estimate and the
estimator and we shall not be too picky about distinguishing the two. The D@ top quark discovery
example illustrates the method.

Example: Top Quark Discovery Revisited
We start by listing

the knowns

D = N, B where

N = 17 observed events

B = 3.8 estimated background events with uncertainty 6 B = 0.6
and the unknowns

b mean background count

s mean signal count.

Next, we construct a probability model for the data D = N, B assuming that N and B are
statistically independent. Since this is a counting experiment, we shall assume that p(x|s, b)
is a Poisson distribution with mean count s + b. In the absence of details about how the
background B was arrived at, the standard assumption is that data of the form y £ dy can be
modeled with a Gaussian (or normal) density. However, we can do a bit better. Background
estimates are usually based on auxiliary experiments, either real or simulated, that define
control regions.

Suppose that the observed count in the control region is () and the mean count is bk, where
k (ideally) is the known scale factor between the control and signal regions. We can model
these data with a Poisson distribution with count () and mean bk. But, we are given B and

313



H. B. PROSPER

0 B rather than ) and k, so we need a model to relate the two pairs of numbers. The simplest
model is B = Q/k and § B = /Q/k from which we can infer an effective count @) using
Q = (B/§B)?. What of the scale factor k? Well, since it is not given, it must be estimated.
The obvious estimate is Q/B = B/§B?. With these assumptions, our likelihood function
is

p(D|s,b) = Poisson(N, s + b) Poisson(Q, bk), (15)
where
Q = (B/0B)?=4l1.11,
k = B/6B*=10.56.

The first term in Eq. (15) is the likelihood for the count N = 17, while the second term is
the likelihood for B = 3.8, or equivalently the count (). The fact that () is not an integer
causes no difficulty: we merely write the Poisson distribution as (bk)? exp(—bk)/T'(Q+1),
which permits continuation to non-integer counts Q).

The maximum likelihood estimators for s and b are found by maximizing Eq. (15), that is,
by solving the equations

Inp(D
8n%)mm201m®gm§:N—&
S
Inp(D|s,b )
anpébls,) =0 leadingtob = B,

as expected.

A more complete analysis would account for the uncertainty in k. One way is to intro-
duce two more control regions with observed counts V' and W and mean counts v and wk,
respectively, and extend Eq. (15) with two more Poisson distributions.

The maximum likelihood method is the most widely used method for estimating parameters be-
cause it generally leads to reasonable estimates. But the method has features, or encourages practices,
which, somewhat uncharitably, we label the good, the bad, and the ugly!

— The Good

— Maximum likelihood estimators are consistent: the RMS goes to zero as more and more data
are included in the likelihood. This is an extremely important property, which basically says
it makes sense to take more data because we shall get more accurate results. One would not
knowingly use an inconsistent estimator!

— If an unbiased estimator for a parameter exists the maximum likelihood method will find it.

— Given the MLE for s, the MLE for any function y = g(s) of s is, very conveniently, just
g = ¢g(8). This is a very nice practical feature which makes it possible to maximize the
likelihood using the most convenient parameterization of it and then transform back to the
parameter of interest at the end.

— The Bad (according to some!)

— In general, MLEs are biased.

Exercise 7: Show this
Hint: Taylor expand y = ¢(§ + h) about the MLE 3,
then consider its ensemble average.
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— The Ugly (according to some!)

— The fact that most MLEs are biased encourages the routine application of bias correction,
which can waste data and, sometimes, yield absurdities.

Here is an example of the seriously ugly.
Example

For a discrete probability distribution p(k), the moment generating function is the ensem-
ble average

For the binomial, with parameters p and n, this is

G(z) = (¢*p+1—p)", |Exercise 8a: Show this

which is useful for calculating moments

_d'G
o dar

=> K p(k),

x=0 k

fhr

e.g., 2 = (np)? + np — np? for the binomial distribution. Given that k events out n pass a
set of cuts, the MLE of the event selection efficiency is the obvious estimate p = k/n. The
equally obvious estimate of p? is (k/n)?. But,

< (k/n)?> >=p?+V/n, |Exercise 8b: Show this]|

so (k/n)? is a biased estimate of p? with positive bias V/n. The unbiased estimate of p? is

k(k—1)/[n(n —1)], ]Exercise 8c: Show this‘

which, for a single success, i.e., k& = 1, yields the sensible estimate p = 1/n, but the less
than helpful one p? = 0!

In order to infer a value for the parameter of interest, for example, the signal s in our 2-parameter
likelihood function in Eq. (15), the likelihood must be reduced to one involving the parameter of interest
only, here s, by somehow getting rid of all the nuisance parameters, here the background parameter b. A
nuisance parameter is simply a parameter that is not of current interest. In a strict frequentist calculation,
this reduction to the parameter of interest must be done in such a way as to respect the frequentist
principle: coverage probability > confidence level. In general, this is very difficult to do exactly.

In practice, we replace all nuisance parameters by their conditional maximum likelihood esti-
mates (CMLE). The CMLE is the maximum likelihood estimate conditional on a given value of the
current parameter (or parameters) of interest. In the top discovery example, we construct an estimator of
b as a function of s, b(s), and replace b in the likelihood p(D|s, b) by b(s) to yield a function ppr,(D|s)
called the profile likelihood.

Since the profile likelihood entails an approximation, namely, replacing unknown parame-

ters by their conditional estimates, it is not the likelihood but rather an approximation to it.
Consequently, the frequentist principle is not guaranteed to be satisfied exactly.
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Fig. 7: (a) Contours of the D@ top discovery likelihood and the graph of b(s). (b) Plot of —In A(17, s) versus the
expected signal s. The vertical lines show the boundaries of the approximate 68% interval.

This does not seem to be much progress. However, things are much better than they may appear because
of an important theorem proved by Wilks in 1938. If certain conditions are met, roughly that the MLEs
do not occur on the boundary of the parameter space and the likelihood becomes ever more Gaussian as
the data become more numerous — that is, in the so-called asymptotic limit, then if the true density of
x is p(z|s, b) the random number

t(z,s) = —2In A(z, s), (16)
where Az, 5) = PPE1S). 17)
prr((3)

has a probability density that converges to a x? density with one degree of freedom. More generally,
if the numerator of \ contains m free parameters the asymptotic density of ¢ is a x? density with m
degrees of freedom. Therefore, we may take ¢(D, s) to be a x? variate, at least approximately, and solve
t(D,s) = n? for s to get approximate n-standard deviation confidence intervals. In particular, if we
solve t(D,s) = 1, we obtain approximate 68% intervals. This calculation is what Minuit, and now
TMinuit, has done countless times since the 1970s! Wilks’ theorem provides the main justification for
using the profile likelihood. We again use the top discovery example to illustrate the procedure.

Example: Top Quark Discovery Revisited Again
The conditional MLE of b is found to be
- g+ VP2 +4(1+k)Qs
b(S) = )
2(1+ k)
where
g=N+Q—(1+k)s.

(18)

The likelihood p(D|s, b) is shown in Fig. 7(a) together with the graph of b(s). The mode
(i.e. the peak) occurs at s = § = N — B. By solving
ppL(17|S)

21 —1
N opL (1717 — 3.8)
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Fig. 8: Plots of the cumulative distribution function (cdf), P(x? < t,1), of the x? density for one degree of
freedom compared with the cdf P(¢' < ¢|s, b) for four different values of the mean signal and background, s and
b. The left plot shows that even for a mean signal or background count as low as 10, the density p(t|s, b) is already
close to p(x?, 1) and therefore largely independent of s and b. This is true, however, only if most of the time the
maximum of the likelihood occurs away from the boundary of the parameter space. In the left plot, the signal
is estimated using 5§ = N — B, which can, in principle, be arbitrarily negative. But, if we choose to set § = 0
whenever B > N in order to avoid negative signal estimates, we obtain the curves in the right plot. We see that
for small signals, p(t|s, b) still depends on the parameters.

for s we get two solutions s = 9.4 and s = 17.7. Therefore, we can make the statement
s € [9.4,17.7] at approximately 68% C.L. Figure 7(b) shows a plot of —In \(17, s) created
using the RooFit [17] and RooStats [18] packages.

’ Exercise 9: Verify this interval using the RooFit/RooStats package ‘

Intervals constructed this way are not guaranteed to satisfy the frequentist principle. In
practice, however, their coverage is very good for the typical probability models used in
particle physics, even for modest amounts of data. This is illustrated in Fig. 8, which shows
how rapidly the density of ¢(z, s) converges to a x? density for the probability distribution
p(z,y|s,b) = Poisson(z|s + b)Poisson(y|b)*. The figure also shows what happens if we
impose the restriction 5 > 0, that is, we forbid negative signal estimates.

3.1.3 Hpypothesis Tests

It is hardly possible in experimental particle physics to avoid the testing of hypotheses, testing that
invariably leads to decisions. For example, electron identification entails hypothesis testing; given data
D we ask: is this particle an isolated electron or is it not an isolated electron? Then we decide whether or
not it is and proceed on the basis of the decision that has been made. In the discovery of the Higgs boson,
we had to test whether, given the data available in early summer 2012, the Standard Model without
a Higgs boson, a somewhat ill-founded background-only model, or the Standard Model with a Higgs
boson, the background + signal model, was the preferred hypothesis. We decided that the latter model

It was the difficulty of extracting information from this distribution that compelled the author (against his will) to repair
his parlous knowledge of statistics [19]!
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was preferred and announced the discovery of a new boson. Given the ubiquity of hypothesis testing, it
is important to have a grasp of the methods that have been invented to implement it.

One method was due to Fisher [16], another was invented by Neyman, and a third (Bayesian)
method was proposed by Sir Harold Jeffreys, all around the same time. Today, we tend to merge the
approaches of Fisher and Neyman, and we hardly ever use the method of Jeffreys even though in several
respects the method of Jeffreys and their modern variants are arguably more natural. In particle physics,
we regard our Fisher/Neyman hybrid as sacrosanct, witness the near-religious adherence to the 5o dis-
covery rule. However, the pioneers disagreed strongly with each other about how to test hypotheses,
which suggests that the topic is considerably more subtle than it seems. We first describe the method
of Fisher, then follow with a description of the method of Neyman. For concreteness, we consider the
problem of deciding between a background-only model and a background + signal model.

3.1.3.1 Fisher’s Approach

In Fisher’s approach, we construct a null hypoth-
esis, often denoted by Hy, and reject it should
some measure be judged small enough to cast p(x1H,)
doubt on the validity of this hypothesis. In our
example, the null hypothesis is the background-

only model, for example, the SM without a Higgs X X,
boson. The measure is called a p-value and is de-
fined by Fig. 9: The p-value is the tail-probability, P(z >

xo|Hyp), calculated from the probability density under
the null hypothesis, Hy. Consequently, the probabil-
ity density of the p-value under the null hypothesis is
Uniform(z, 1).

p-value(zy) = P(x > zo|Hyp), (19)

where z is a statistic designed so that large values
indicate departure from the null hypothesis. This
is illustrated in Fig. 9, which shows the location
of the observed value zg of . The p-value is the probability that x could have been higher than the
x actually observed. It is argued that a small p-value implies that either the null hypothesis is false
or something rare has occurred. If the p-value is extremely small, say ~ 3 x 1077, then of the two
possibilities the most common response is to presume the null to be false. If we apply this method to the
D@ top quark discovery data, and neglect the uncertainty in null hypothesis, we find

oo
p-value = Z Poisson(D, 3.8) = 5.7 x 107",
D=17

In order to report a more intuitive number, the common practice is to map the p-value to the Z scale
defined by

Z = /2erf1(1 — 2p-value). (20)

This is the number of Gaussian standard deviations away from the mean>. A p-value of 5.7 x 1077
corresponds to a Z of 4.90. The Z-value can be calculated using the Root function

Z = -TMath: :NormQuantile(p-value).

3.1.3.2 Neyman’s Approach

Serf(x) = ﬁ IZ, exp(—t?) dt is the error funtion.
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In Neyman’s approach two hypotheses are consid-
ered, the null hypothesis H and an alternative hy- p(x|H,)  Altemative hypothesis
pothesis H;. This is illustrated in Fig. 10. In our p(x1H,))
example, the null is the same as before but the al-
ternative hypothesis is the SM with a Higgs boson.
Again, one generally chooses x so that large val-
ues would cast doubt on the validity of Hy. How-
ever, the Neyman test is specifically designed to
respect the frequentist principle, which is done as
follows. A fixed probability « is chosen, which
corresponds to some threshold value z, defined
by

x X,

Fig. 10: Distribution of a test statistic x for two hypothe-
ses, the null Hy and the alternative H;. In Neyman’s
approach to testing, « = P(x > x4 |Hp) is a fixed proba-
bility called the significance of the test, which for a given
class of experiments corresponds the threshold x,. The

a = Pz > za|H), @1) hypothesis Hy is rejected if z > z,.

called the significance (or size) of the test. Should the observed value zo > =z, or equivalently, p-
value(xg) < «, the hypothesis Hy is rejected in favor of the alternative. In particle physics, in addition
to applying the Neyman hypothesis test, we also report the p-value. This is sensible because there is a
more information in the p-value than merely reporting the fact that a null hypothesis was rejected at a
significance level of a.

The Neyman method satisfies the frequentist principle by construction. Since the significance of
the test is fixed, « is the relative frequency with which true null hypotheses would be rejected and is
called the Type I error rate.

However, since we have specified an alter-
native hypothesis there is more that can be said.
Figure 10 shows that we can also calculate

B = P(x < xz4|Hip), (22)

which is the relative frequency with which we
a would reject the hypothesis H if it is true. This
mistake is called a Type II error. The quantity
1 — f is called the power of the test and is the rel-
ative frequency with which we would accept the
hypothesis H; if it is true. Obviously, for a given
« we want to maximize the power. Indeed, this is
the basis of the Neyman-Pearson lemma (see for
example Ref. [2]), which asserts that given two
simple hypotheses — that is, hypotheses in which all parameters have well-defined values — the optimal
statistic ¢ to use in the hypothesis test is the likelihood ratio ¢t = p(z|H;)/p(x|Hp). Maximizing the
power seems sensible. Consider Fig. 11. The significance of the test in this figure is the same as that in
Fig. 10, so the Type I error rate is identical. However, the Type II error rate is much greater in Fig. 11
than in Fig. 10, that is, the power of the test is considerably weaker in the former. In that case, there may
be no compelling reason to reject the null since the alternative is not that much better. This insight was
one source of Neyman’s disagreement with Fisher. Neyman objected to possibility that one might reject a
null hypothesis regardless of whether it made sense to do so. Neyman insisted that the task is always one
of deciding between competing hypotheses. Fisher’s counter argument was that an alternative hypothesis
may not be available, but we may nonetheless wish to know whether the only hypothesis that is available
is worth keeping. As we shall see, the Bayesian approach also requires an alternative, in agreement with
Neyman, but in a way that neither he nor Fisher agreed with!

Fig. 11: See Fig. 10 for details. Unlike the case in Fig. 10,
the two hypotheses Hy and H; are not that different. It is
then not clear whether it makes practical sense to reject
Hy when © > x, only to replace it with an hypothesis
H; that is not much better.
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We have assumed that the hypotheses Hy and H; are simple, that is, fully specified. Unfortu-
nately, most of the hypotheses that arise in realistic particle physics analyses are not of this kind. In the
Higgs boson discovery analyses by ATLAS and CMS the probability models depend on many nuisance
parameters for which only estimates are available. Consequently, neither the background-only nor the
background + signal hypotheses are fully specified. Such hypotheses are called compound hypotheses.
In order to illustrate how hypothesis testing proceeds in this case, we again turn again to the top discovery
example.

Example

As we saw in Sec. 3.1.2, the standard way to handle nuisance parameters in the frequen-
tist approach is to replace them by their conditional MLEs and thereby reduce the likeli-
hood function to the profile likelihood. In the top discovery example, we obtain a function
ppr(D|s) that depends on the single parameter, s. We now treat this function as if it were
a likelihood and invoke both the Neyman-Pearson lemma, which suggests the use of likeli-
hood ratios, and Wilks’ theorem to motivate the use of the function ¢(z, s) given in Eq. (17)
to distinguish between two hypotheses: the hypothesis H; in which s = § = N — B and
the hypothesis Hy in which s # 3, for example, the background-only hypothesis s = 0. In
the context of testing, t(x, s) is called a test statistic, which, unlike a statistic as we have
defined it (see Sec. 2.1), usually depends on at least one unknown parameter.

In principle, the next step is the computationally arduous task of simulating the distribution
of the statistic ¢(x, s). The task is arduous because a priori the probability density p(t|s, b)
can depend on all the parameters that exist in the original likelihood. If this is really the
case, then after all this effort we seem to have achieved a pyrrhic victory! But, this is where
Wilks’ theorem saves the day, at least approximately. We can avoid the burden of simulating
t(x, s) because the latter is approximately a x? variate.

Using N = 17 and s = 0, we find ¢y = ¢(IN = 17,s = 0) = 4.6. According to the results
shown in Fig. (7)(a), N = 17 may can be considered “a lot of data"; therefore, we may use
to to implement a hypothesis test by comparing ¢y with a fixed value ¢, corresponding to the
significance level « of the test.

4 Lecture 3: The Bayesian Approach

In this lecture, we introduce the Bayesian approach to inference starting with a description of its salient
features and ending with a detailed example, again using the top quark discovery data from D@.

The main point to be understood about the Bayesian approach is that it is merely applied proba-
bility theory (see Sec. 2.2). A method is Bayesian if

— it is based on the degree of belief interpretation of probability and
— it uses Bayes theorem
p(DI0,w) 7(0,w)

p(D) ’

p(0,w|D) = (23)

where
D = observed data,
f = parameters of interest,
w = nuisance parameters,
p(0,w|D) = posterior density,

(0, w) = prior density (or prior for short).
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for all inferences. The result of a Bayesian inference is the posterior density p(6,w|D from which, if
desired, various summaries can be extracted. The parameters can be discrete or continuous and nuisance
parameters are eliminated by marginalization,

p(01D) = [ (0,01D) des 4
x /p(D|9,w) (0, w) dw.

The function (0, w), called the prior, encodes whatever information we have about the parameters
and w independently of the data D. A key feature of the Bayesian approach is recursion; the use of the
posterior density p(6, w|D) or one, or more, of its marginals as the prior in a subsequent analysis.

These simple rules yield an extremely powerful and general inference model. Why then is the
Bayesian approach not more widely used in particle physics? The answer is partly historical: the fre-
quentist approach was dominant at the dawn of particle physics. It is also partly the widespread per-
ception that the Bayesian approach is too subjective to be useful for scientific work. However, there is
published evidence that this view is mistaken, witness the success of Bayesian methods in high-profile
analyses in particle physics such as the discovery of single top quark production at the Tevatron [20,21].

4.1 Model Selection

Conceptually, hypothesis testing in the Bayesian approach (also called model selection) proceeds exactly
the same way as any other Bayesian calculation: we compute the posterior density,

p(D|0,w, H) (0, w, H)
p(D) ’

and marginalize it with respect to all parameters except the ones that label the hypotheses or models, H,

p(0,w, H|D) = (25)

p(H|D) = /p(@,w,H!D) df dw. (26)

Equation (26) is the probability of hypothesis H given the observed data D. In principle, the parameters
w could also depend on H. For example, suppose that H labels different parton distribution function
(PDF) models, say CT10, MSTW, and NNPDF, then w would indeed depend on the PDF model and
should be written as wpy.

It is usually more convenient to arrive at the probability p(H|D) in stages.
1. Factorize the prior in the most convenient form,

m(0,wy, H) = 7(0,wy|H) (H),
=7(0|lwy, H) m(wy|H) 7(H), (27)
=n(wyl0,H)n(0|H) 7 (H). (28)

Often, we can assume that the parameters of interest ¢ are independent, a priori, of both the
nuisance parameters wy and the model label H, in which case we can write, 7(0,wy, H) =
w(0) m(wg|H) m(H).

2. Then, for each hypothesis, H, compute the function

p(D|H) = / (D)0, wpr, H) (6, w|H) df dw. 29)
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3. Then, compute the probability of each hypothesis,

_ _p(DIH)7(H)
p(H|D) = S~ p(D|H) ~(H) (30)

Clearly, in order to compute p(H|D) it is necessary to specify the priors 7(6,w|H) and w(H). With
some effort, it is possible to arrive at an acceptable form for 7 (6, w|H ), however, it is highly unlikely
that consensus could ever be reached on the discrete prior 7(H). At best, one may be able to adopt a

convention. For example, if by convention two hypotheses Hy and H; are to be regarded as equally
likely, a priori, then it would make sense to assign m(Hy) = 7(H;) = 0.5.

One way to circumvent the specification of the prior w(H) is to compare the probabilities,

p(H1|D) [p(Dlﬂl)] m(H1)

= . 31
p(D[Hy | () Gl

p(Ho|D)

and use only the term in brackets, called the global Bayes factor, B, as a way to compare hypotheses.
The Bayes factor specifies by how much the relative probabilities of two hypotheses changes as a result of
incorporating new data, D. The word global indicates that we have marginalized over all the parameters
of the two models. The local Bayes factor, Biy(f) is defined by

p<D‘67Hl)
Biy(0) = ————=, 32
where,
p(D|0, Hy) = /p(D|97WH17H1)7T(wH1|H1)deu (33)

are the marginal or integrated likelihoods in which we have assumed the a priori independence of 6
and wg, . We have further assumed that the marginal likelihood H is independent of #, which is a very
common situation. For example, § could be the expected signal count s, while wg, = w could be the
expected background b. In this case, the hypothesis Hy is a special case of H;, namely, it is the same as
H; with s = 0. An hypothesis that is a special case of another is said to be nested in the more general
hypothesis. The Bayesian example, discussed below, will make this clearer. There is a subtlety that may
be missed: because of the way we have defined p(D|6, H), we need to multiply p(D|0, H) by the prior
m(0) and then integrate with respect to € in order to calculate p(D|H).

4.1.1 A Word About Priors

Constructing a prior for nuisance parameters is generally neither controversial (for most parameters) nor
problematic. Such difficulties as do arise occur when the priors must, of necessity, depend on expert
judgement. For example, one theorist may insist that a uniform prior within a finite interval is a reason-
able prior for the factorization scale in a QCD calculation, while in the expert judgement of another the
interval should be twice as large. Clearly, in this case, there is no getting around the fact that the prior
for this parameter is unavoidably subjective. However, once a choice is made, a prior 7(wg|H) that
integrates to one can be constructed.

The Achilles heal of the Bayesian approach is the need to specify the prior 7(6), for the parame-
ters of interest, at the start of the inference chain when we know almost nothing about these parameters.
Careless specification of this prior can yield results that are unreliable or even nonsensical. The manda-
tory requirement is that the posterior density be proper, that is integrate to unity. Ideally, the same should
hold for priors. A very extensive literature exists on the topic of prior specification when the available in-
formation is extremely limited. However, a discussion of this topic is beyond the scope of these lectures;
but, we shall make a few remarks.
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For model selection, we need to proceed with caution because Bayes factor are sensitive to the
choice of priors and therefore less robust than posterior densities. Suppose that the prior 7w(6) = C'f(0),
where C is a normalization constant. The global Bayes factor for the two hypotheses H; and Hy can be
written as

J p(D|0, Hy) f(0) do
p(D|Ho)

Biypy=C (34)
Therefore, if the constant C' is ill defined, typically because [ f(#)df = oo, the Bayes factor will
likewise be ill defined. For this reason, it is generally recommended that an improper prior not be used
for parameters 6 that occur only in one hypothesis, here H;. However, for parameters that are common
to all hypotheses, it is permissible to use improper priors because the ill defined constant cancels in the
Bayes factor.

The discussion so far has been somewhat abstract. The next section therefore works through a
detailed example of a possible Bayesian analysis of the D@ top discovery data.

4.2 The Top Quark Discovery: A Bayesian Analysis

In this section we shall perform the following cal-
culations as a way to illustrate a typical Bayesian
analysis,

©
o
=

1. compute the posterior density p(s|D),

2. compute a 68% credible interval [[(D), u(D)], 0.03
and

p(s|17, Hl)

3. compute the global Bayes factor Big =
p(D|H1)/p(D[Hop). 0.02

Probability model 0.01

The first step in any serious statistical analysis
is to think deeply about what has been done in
the physics analysis; for example, to trace in de-
tail the steps that led to the background estimates,
determine the independent systematic effects and
identify explicitly what is known about them. Al-
though, by tradition, we tend to think of poten-
tial data = separately from the parameters s and b,
it should be recognized that this is done for con-
venience. The full probability model is the joint
probability

OO

10 20

n w
o

Fig. 12: Posterior density computed for D@ top quark
discovery data. The shaded area is the 68% central cred-
ible interval.

p(x7 87 b|I)’

which, as is true of all probability models, is conditional on the information and assumptions, /, that
define the abstract space € (see Sec. 2.2). In these lectures, we have omitted the conditioning data /, and
will continue to do so here, but it should not be forgotten that it is always present and may differ from
one probability model to another.

The full probability model p(z, s, b) can be factorized is several ways, all of which are mathemat-
ically valid. However, we find it convenient to factorize the model in the following way

p(x,s,b) = p(xls, b) (s, b), (35)
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where we have introduced the symbol 7 in order to highlight the distinction we choose to make between
this part of the model and the remainder. We are entirely free to decide how much of the model we
place in p(z|s,b) and how much in 7 (s, b); what matters is the form of the full model p(x,s,b). In
the frequentist analysis of the top quark discovery data, we took N and B to be the data D. We did
so because in the frequentist approach, the function 7 (s, b) does not exist and consequently we have no
choice but to include everything in the function p(x|s,b). One virtue of a Bayesian perspective is that
we are not bound by this stricture. To make the point explicitily, we take the probability distribution,
p(z|s, b), to be

p(z|s,b) = Poisson(z, s + b). (36)

The interpretation of p(x|s, b) is clear: it is the probability to observe x events given that the mean event
count is s + b. What does (s, b) represent? This function is the prior that encodes what we know, or
assume, about the mean background and signal independently of the potential observations x. The prior
(s, b) can be factored in two ways,

7(s,b) = 7(s|b) w(b),
=m(b|s) m(s), (37)

both of which accord with the probability rules. The factorizations remind us that the parameters s and
b may not be probabilistically independent. However, we shall assume that they are, at least at this stage
of the analysis, in which case it is permissible to write,

7(s,b) = 7(s) m(b). (38)

We first consider the background prior 7(b) and ask: what do we know about the background? We
know the count () in the control region and we have an estimate of the control region to signal region
scale factor k. The likelihood for () is taken to be

p(Q|k, b) = Poisson(Q, kb), (39)
from which, together with a prior w(k, b), we can compute the posterior density

p(|Q, k) = p(Q[k, b) 7(k, b) /p(Q). (40)

As usual, we factorize the prior, w(k,b) = 7(k|b)mo(b), where we have introduced the subscript 0 to
distinguish 7 (b) from the background prior associated with Eq. (36). Then, we consider the separate
factors 7 (b) and 7 (k|b).

What do we know about b at this stage? Clearly, b > 0. But, that is all we know apart from
the background likelihood, Eq. (39). Today, after a century of argument and discussion, the consensus
amongst statisticians is that there is no unique way to represent such vague information. However, well
founded ways to construct such priors are available, see for example Ref. [22] and references therein; but
for simplicity we take the prior m(b) = 1, that is, the flat prior. If the uncertainty in & can be neglected,
the (proper!) prior for & is 7(k|b) = 6(k — Q/B), which amounts to replacing k in Eq. (40) by Q/B.
When the dust settles, we find

e Fb(kb)@

p(b|Q, k) = Gamma(kb, 1,Q + 1) = TQ+1) 41)

for the posterior density of b, which can serve as the prior 7(b) associated with Eq. (36).

By construction, p(x, s, b) is identical in form to the likelihood in Eq. (15); we have simply availed
ourselves of the freedom to factorize p(z, s,b) as we wish and therefore to reinterpret the factors. This
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freedom is useful because it makes it possible to keep the likelihood simple while relegating the com-
plexity to the prior. This may not seem, at first, to be terribly helpful; after all, we arrived at the same
mathematical form as Eq. (15). However, the complexity can be substantially mitigated through the nu-
merical treatment of the prior, as discussed at the end of the next section. The likelihood, as we have
conceptualized the problem, is given by

e~ (50 (s + )P
D! ’

p(D‘S,b) = 42)

where D = 17 events.

The final ingredient is the prior 7(s). At this stage, all we know is that s > 0. Again, there is no
unique way to specify 7(s), though as noted there are well founded methods to construct it. We shall
variously assume either the improper prior 7(s) = 1 or the proper prior 7(s) = §(s — 14).

Marginal likelihood

After this somewhat discursive discussion of the probability model, we have done the hard part: building
the full probability model. Hereafter, the rest of the Bayesian analysis is mere computation.

It is convenient to eliminate the nuisance parameter b,

p(Dls. H) = [~ p(Dls.b) w0yl
N
= 22(1 —z)? ZBeta(x, r 4+ 1, Q) Poisson(N — r|s), (43)
r=0

where x = 1/(1 + k),

’ Exercise 10: Show this ‘

and thereby arrive at the marginal likelihood p(D|s, Hy). This example, the Poisson-gamma model is
particularly simple and lends itself to exact calculation. However, the complexity rapidly increases as
the prior becomes more and more complicated. In the probability model that is used in the Higgs boson
analyses at the LHC, the part we would consider the prior, 7(u, mg,w), is of enormous complexity.
However, the part that we would call the likelihood, p(D|u, mg,w), is relatively simple. The parame-
ter 1 denotes one or more signal strengths — the ratio of the cross section times branching fraction to
that predicted by the Standard Model (SM), and m is the Higgs boson mass. The parameter w repre-
sent the expected (and therefore unknown) SM signal predictions and the expected backgrounds. When
faced with such complexity, it proves useful to use a hierarchical Bayesian model. Briefly, the prior
m(, mp,w) is written as

m(pmp,w) = m(Wlp, mu) (@, mu),

where m(w|u, mar) = / (], s mr) (1, msr) d.

The prior 7(¢|p, mgr) models the lowest level systematic parameters that define quantities such as the jet
energy scale, lepton efficiencies, trigger efficiencies, and the parton distribution functions. It is usually
straightforward to sample from this prior. Moreover, the function 7 (w|¢, u, my) is nothing more than
prior for the expected signal and background parameters w, which through estimates & depend implicitly
on the parameters ¢. The prior 7(w|®, i, mpr) is generally quite simple; for binned data it is just a
product of gamma (or gamma mixture) densities; more generally, it is a product of gamma, Gaussian, or
log-normal densities. Consequently, the marginalizations over w can be done in two steps: first generate
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a point ¢; from 7(¢|u, mpr), then generate a point w; from 7(w|¢;, 1, mpr). In that way, the enormous
complexity of explicitly modeling the dependence of w on ¢ is avoided, with the added benefit that all,
possibly very complicated, correlations (in principle, to all orders) are accounted for automatically. The
marginal likelihood can be approximated by

1 M
17 D Pl m, wn). (44)

m=1

p(Dlp,mpy) =

What we have just described is merely integration via a Monte Carlo approximation. The point is that
the sampling required to compute pi(D|u, mgr) can be run in M parallel analysis jobs, each of which is
given a different random number seed in order to sample a single pair of points ¢,, and wy,. The results
of such a Bayesian analysis would be the likelihood p(D|u, mp,w and an ensemble of points {w;y, }.

Posterior density

Given the marginal likelihood p(D|s, H1) and a prior 7(s) we can compute the posterior density,

p(s|D, Hy) = p(Dls, Hi) 7(s)/p(D|Hy), (45)

where,
o0
p(DIH) = [ p(Dls Hy) n(s) .
0
Again, for simplicity, we assume a flat prior for the signal, 7w(s) = 1 and find

SN Beta(z, 7 4 1,Q) Poisson(N — r|s)
SN Beta(z, 7 +1,Q)

Exercise 11: Derive an expression for p(s|D, H1) assuming
7(s) = Gamma(gs, 1, M + 1) where ¢ and M are constants

p(s|D, Hy) = ; (46)

from which we can compute the central credible interval [9.9,18.4] for s at 68% C.L., which is shown
in Fig. 12.

4.2.1 Bayes factor

As noted, the number p(D|H7) can be used to perform a hypothesis test. But, as argued above, we need
to use a proper prior for the signal, that is, a prior that integrates to one. The simplest such prior is a
d-function, e.g., w(s) = d(s — 14). Using this prior, we find

p(D|Hy) = p(D|14, Hy) = 9.28 x 1072,

Since the background-only hypothesis H is nested in H;, and defined by s = 0, the number p(D|H))
is given by p(D|0, H1), which yields

p(D|Hy) = p(D|0, H;) = 3.86 x 107°.

We conclude that the hypothesis s = 14 is favored over s = 0 by a Bayes factor of 24,000. In order
to avoid large numbers, the Bayes factor can be mapped into a (signed) measure akin to the frequentist
“n-sigma" [23],

Z = sign(ln BlO)V 2’ In BlO|7 (47)

which gives Z = 4.5. Negative values of Z correspond to hypotheses that are excluded.
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Summary

These lectures gave an overview of the main ideas of statistical inference in a form directly applicable
to statistical analysis in particle physics. Two widely used approaches were covered, frequentist and
Bayesian. While we tried to focus on the practical, our hope is that we have given just enough commen-
tary about the topics to place them in some intellectual context. We hope that the take away message is
that is it worth learning a bit more about statistics if only to avoid fruitless arguments and discussions
with co-workers. Statistics is not physics. Nature is the ultimate arbiter of which physics ideas are “cor-
rect”". Unfortunately, the ultimate arbiter of statistical ideas, apart from the mundanity of mathematical
correctness, is intellectual taste. Therefore, the other take home message is

“Have the courage to you use your own understanding"

Immanuel Kant
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