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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 Electroweak standard model, the theory of quantum chromodynamics, physics beyond the standard model,
Electroweak symmetry breaking after the Higgs discovery, neutrino physics, and practical statistics for High
Energy Physics.
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Preface

The twenty-fifth event in the series of the European School of High-Energy Physics took place in Evora,
Portugal, from 6 to 19 September 2017. It was organized jointly by CERN, Geneva, Switzerland, and JINR,
Dubna, Russia, with support from LIP, FCT, the University of Evora, the Agéncia de Promocao Turistica do
Alentejo and the Instituto de Turismo de Portugal. The local organization team was chaired by Patricia Conde
Muifio (LIP). The other members of the local committee were: Natdlia Antunes, Gaspar Barreira, Mourad
Bezzeghoud, Ruben Concei¢do, Michele Gallinaro, Ricardo Gongalo, Isabel Lopes, José Maneira, Anténio
Onofre, Jorge Romao and Jodo Varela.

A total of 100 students of 33 different nationalities attended the school, mainly from institutes in member
states of CERN and/or JINR, but also some 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 Evora Hotel, just outside of the historic city centre. According to the tradition
of the school, the students shared twin rooms mixing participants of different nationalities.

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. The full scientific programme was arranged in the
on-site conference facilities.

The School also included an element of outreach training, complementing the main scientific programme.
This consisted of a two-part course from the Inside Edge media training company. Additionally, students had
the opportunity to act out radio interviews under realistic conditions based on a hypothetical scenario.

The students from each discussion group subsequently carried out a collaborative project, preparing a talk
on a physics-related topic at a level appropriate for a general audience. The talks were given by student repre-
sentatives of each group in an evening session in the second week of the School. A jury, chaired by Catarina
Espirito Santo (LIP), judged the presentations; other members of the jury were Pedro Abreu (LIP), and José
Vitor Malheiros (Ciéncia Viva). We are very grateful to all of these people for their help.

Our thanks go to the local-organization team and, in particular, to Patricia Conde Muifo, for all of 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. We are also extremely grateful for all of the support
and assistance provided by the University of Evora.

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, appreciated listening to and discussing with the teaching staff of world renown.

We would like to express our strong appreciation to Fabiola Gianotti, Director General of CERN, and
Victor Matveev, Director of JINR, for their lectures on the scientific programmes of the two organizations and
for discussing with the School participants.

In parallel with the School, a public outreach event was organised in collaboration with the University
of Evora and LIP. This was introduced by Ana Costa Freitas, Rector of the University of Evora, Nick Ellis,
Director of the CERN Schools of Physics, Manuel Heitor, Minister for Science and Higher Education, and
Gaspar Barreira, Director of LIP. Fabiola Gianotti then gave a lecture entitled "The Higgs Particle and Our
Life" in front of an audience of about 300 people with others watching a webcast. This was followed by
questions from the audience that were answered by a panel composed of Gaspar Barreira, Fabiola Gianotti and
Victor Matveev, chaired by Pedro Abreu.



In addition to the rich academic programme, the participants enjoyed numerous sports, leisure and cultural
activities in and around Evora. There was a half-day excursion to the fascinating local sites of megalithic
monuments, followed by a visit to the Convent Bom Jesus that included a wine tasting, buffet dinner and fado
concert. During the full-day excursion to Monsaraz, participants were able visit the castle and the old town,
and then spend the afternoon at the nautical club on the Alqueva reservoir with activities that included canoeing
and archery, followed by a traditional dinner at a restaurant before returning to the hotel. On the final Saturday
afternoon there was the option of a guided tour of the historic sites of Evora, followed by a buffet dinner hosted
by the university. The excursions provided an excellent environment for informal interactions between staff
and students.

We are very grateful to the School Administrators, Kate Ross (CERN) and Tatyana Donskova (JINR),
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.

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 big 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

A.B. Arbuzov
BLTP JINR, Dubna, Russia

Abstract

Lecture notes with a brief introduction to Quantum field theory and the Stan-
dard Model are presented. The lectures were given at the 2017 European
School of High-Energy Physics. The main features, the present status, and
problems of the Standard Model are discussed.

Keywords
Lectures; Standard Model; Quantum Field Theory; Gauge symmetry; Z boson;
W boson; Higgs boson

1 Introduction

The lecture course consists of four main parts. In the Introduction, we will discuss what is the Standard
Model (SM) [1-3], its particle content, and the main principles of its construction. The second Section
contains brief notes on Quantum Field Theory (QFT), where we remind the main objects and rules
required further for construction of the SM. Sect. 3 describes some steps of the SM development. The
Lagrangian of the model is derived and discussed. Phenomenology and high-precision tests of the model
are overviewed in Sect. 4. The present status, problems, and prospects of the SM are summarized in
Conclusions. Some simple exercises and questions are given for students in each Section. These lectures
give only an overview of the subject while for details one should look in textbooks, e.g., [4-7], and
modern scientific papers.

1.1 What is the Standard Model?

Let us start with the definition of the main subject of the lecture course. It is the so-called Standard
Model. This name is quite widely accepted and commonly used to define a certain theoretical model in
high energy physics. This model is suited to describe properties and interactions of elementary particles.
One can say that at the present moment, the Standard Model is the most successful physical model ever.
In fact it describes with a high precision hundreds and hundreds independent observables. The model
made also a lot of predictions which have been verified later experimentally. Among other physical
models pretending to describe fundamental properties of Nature, the SM has the highest predictive power.
Moreover, the model is minimal: it is constructed using only fields, interactions, and parameters which
are necessary for consistency and/or observed experimentally. The minimality and in general the success
of the model is provided to a great extent by application of symmetry principles.

In spite of the nice theoretical features and successful experimental verification of the SM, we
hardly can believe that it is the true fundamental theory of Nature. First of all, it is only one of an
infinite number of possible models within Quantum field theory. So it has well defined grounds but
its uniqueness is questionable. Second, we will see that the SM and QFT itself do not seem to be the
most adequate (mathematical) language to describe Nature. One can also remind that gravity is not (yet)
joined uniformly with the SM interactions.

In any case, the SM is presently the main theoretical tool in high-energy physics. Most likely this
status will be preserved even if some new more fundamental physical model would be accepted by the
community. In this case the SM will be treated as an approximation (a low-energy limit) of that more
general theory. But for practical applications (in a certain energy domain) we will still use the SM.

2519-8041- © CERN, 2018. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence. 1
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Fig. 1: Particle content of the Standard Model. Courtesy to Wikipedia: ’Standard Model of Elementary Particles’
by MissMJ — Own work by uploader, PBS NOVA, Fermilab, Office of Science, United States Department of
Energy, Particle Data Group.

1.2 Particle content of the Standard Model
Before construction of the SM, let us defined its content in the sense of fields and particles.

We would like to underline that the discovery of the Higgs boson at LHC in 2012 [8, 9] just
finalized the list of SM particles from the experimental point of view. Meanwhile the Higgs boson is one
of the key ingredients of the SM, so it was always in the list even so that its mass was unknown.

The particle content of the SM is given on Fig. 1. It consists of 12 fermions (spin = 1/2), 4 vector
gauge bosons (spin = 1), and one scalar Higgs boson (spin = 0). For each particle the chart contains
information about its mass, electric charge, and spin. One can see that the data on neutrino masses is
represented in the form of upper limits, since they have not been yet measured. Strictly speaking the
information about neutrino masses should be treated with care. According to the present knowledge, as
discussed in the course of lectures on Neutrino Physics, a neutrino particle of a given lepton flavor e.g.,
v, 1S not a mass eigenstate but a superposition of (at least) three states with different masses.

Fermions are of two types: leptons and quarks. They are:
— 3 charged leptons (e, i, 7);
— 3 neutrinos v, v, V7 (0r v1, V2, 13, see lectures on Neutrino physics);
— 6 quarks of different flavors, see lectures on Flavor Physics.

Each quark can have one of three colours, see lectures on QCD. Each fermion has 2 degrees of
freedom e.g., can have spin up or down, or can be either left or right. Each fermion particle in the SM
has an anti-particle, f # f. The later statement is not yet verified for neutrinos, they might be Majorana
particles.
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Traditionally fermions are called matter fields, contrary the the so-called force fields, i.e., inter-
mediate vector bosons which mediate gauge interactions. Please keep in mind that this notion doesn’t
correspond to the common sense directly. In fact most of fermions are unstable and do not form the
’ordinary matter’ around us, while e.g., the mass of nuclear matter is provided to a large extent by glu-
ons. Moreover, looking at various Feynman diagrams we can see that fermions can serve as intermediate
particles in interaction processes.

In the SM we have the following boson fields:
— 8 vector (spin=1) gluons;
— 4 vector (spin=1) electroweak bosons: v, Z, W+, w—;
— 1 scalar (spin=0) Higgs boson.

Gluons and photon are massless and have 2 degrees of freedom (polarizations), Z and W bosons
are massive and have 3 degrees of freedom (polarizations). By saying massless or massive we mean the
absence or presence of the corresponding terms in the Lagrangian of the SM. This is not always related
to observables in a straightforward way: e.g., gluons are not observed as free asymptotic massless states,
and masses of unstable W and Z bosons are defined indirectly from kinematics of their decay products.

Gluons and Electroweak (EW) bosons are gauge bosons, their interactions with fermions are fixed
by certain symmetries of the SM Lagrangian. Note that electrically neutral bosons (H, 7, Z, and gluons)
coincide with their anti-particles e.g., v = 7. Each of 8 gluons carries one color and one anti-color.

Besides the particle content, we have to list the interactions which are described by the Standard
Model. One of our final ultimate goals would be to answer the question “How many fundamental
interactions are there in Nature?” But we should understand that it is only a dream, a primary motivation
of our studies. Being scientists we should be always unsure about the true answer to this question. On the
other hand, we can certainly say, how many different interactions is there in a given model, for example
in the SM. To answer this question we have to look at the complete Lagrangian of the model, see e.g.,
book [10]. For the SM it looks very long and cumbersome. The SM Lagrangian contains kinetic terms for
all listed above fields and dozens of terms that describe interactions between them. So, before trying to
count the number of interactions we should understand the structure and symmetries of the Lagrangian.

1.3 Principles of the Standard Model

We are going to construct the SM Lagrangian. For this purpose, we have to define first the guiding
principles. That is important for optimization of the procedure. The same principles might be used
further in construction of other models.

First of all, we have to keep in mind that the SM is a model that is built within the local Quantum
field theory. From the beginning this condition strongly limits the types of terms that can appear in the
Lagrangian because of the Lorentz invariance, the Hermitian condition, the locality etc. One can make a
long list of various conditions. Here I list only the main principles which will be exploited in our way of
the SM construction:

— the generalized correspondence to various existing theories and models like Quantum Mechanics,
QED, the Fermi model etc.;

— the minimality, i.e., only observed and/or unavoidable objects (fields and interactions) are involved;

— the unitarity which is a general condition for cross sections and various transformations of fields
related to the fact that any probability limited from above by unity;

— the renormalizability is necessary for derivation of finite predictions for observable quantities at
the quantum level;

— the gauge principle for introduction of interactions (were possible).

The main guiding principle is the symmetry one. The SM possesses several different symmetries:
— the Lorentz (and Poincaré) symmetry,
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— the CPT symmetry,

— three gauge symmetries SU(3)c ® SU(2)L, @ U(1)y,

— the global SU(2);, x SU(2)r symmetry in the Higgs sector (it is broken spontaneously);

— some other symmetries, like the one between three generation of fermions, the one that provides
cancellation of axial anomalies etc.

In this context, one can mention also the conformal symmetry which is obviously broken in the SM, but
the mechanism of its breaking and the consequences are very important for the model.

2 Brief notes on Quantum field theory

The Standard Model is a model constructed within the local relativistic Quantum field theory. It means
that the SM obeys the general QFT rules. We should keep in mind that there are many other possible
QFT models, and the SM is distinguished between them mostly because of its successful experimental
verifications but also because of a number of its features like renormalizablity, unitarity, and cancellation
of axial anomalies. I assume that all students of the ESHEP school had courses on Quantum field theory.
Here we will just remind several features of QFT which are important for further construction of the SM
Lagrangian.

As it was already mentioned, we are going to preserve the correspondence to Quantum Mechanics
(QM). Historically, QFT was developed on the base of QM, in particular using the quantum oscillator
ansatz. But by itself QFT can be considered as a more profound fundamental construction, so one should
be able to define this theory without referring to QM. In fact, QFT can be formulated starting from the
basic classification of fields as unitary irreducible representations of the Lorentz group.

Let us first of all fix the notation. We will work in the natural system of units where the speed
of light ¢ = 1 and the reduced Planck constant 7 = 1. The Lorentz indexes will be denoted by Greek
letters, like o = 0,1, 2, 3; p, is a four-momentum of a particle, p = (p1, p2, p3) is a three-momentum,
po = E is the particle energy. The metric tensor of the Minkowsky space is chosen in the form

1 0 0 0
0O -1 0 0

uv = 0 0 -1 0 s GuDv =Dp,  Gup =4 (D
0 0 0 -1

We will always assume summation over a Lorentz index if it is repeated twice: A, B,, = AgBy—A1B1—
Ao By — A3Bs3, where the metric tensor is used. In particular, the scalar product of two four-vectors is
defined as pg = p,qu = Pogo — P1q1 — P2q2 — p3q3. It is a relativistic invariant.

We will assume that there exist so-called asymptotic free final states for particle-like excitation
of quantum fields. These asymptotic states will be associated with initial or final state (elementary)
particles which fly in a free space without interactions. For such states we apply the on-mass-shell
condition p* = pp = p§ — p*> = E? — p?> = m? where m is the mass of the particle.

Now we will postulate the properties of fields that are required for the construction of the SM. A
neutral scalar field can be defined as

B 1 dp
(p(gj) - (271')3/2 \/%

p) are creation and annihilation operators. Their commutation relations read

(7" a”(p) + " a™(p)), 2

where a*(

[a™(p),a™ (p)] = a™ (p)a™ (p') —a™(p)a™(p) = é(p — P),
[a™(p),a” (p)] = [a" (p),a™ (P)] = 0.

The field is a function of four-coordinate x in the Minkowsky space. It behaves as a plane wave in the

3)
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whole space. The Lagrangian' for the neutral scalar field can be chosen in the form

1
L(z)= 5((%4,08“@ — mchQ). 4

Note that it depends only on the field and its first derivative. Variation of the action A = [ d*£(z) with
respect to variations of the field ¢ — ¢ + d¢p according to the least action principle gives

5/dx£(m) _ /dx (‘;iaw ((wawu )) _0. )

Here we apply quite natural for QFT problems zero boundary conditions for the field and its derivative
at infinity and get the well-known Klein—Fock—Gordon equation of motion

(0% +m?)p(x) = 0. (6)

EXERCISE: Check that the postulated above field p(x) satisfies the equation.

Creation and annihilation operators act in the Fock space which consists of vacuum ground state
denoted as |0) and excitations over it. For the vacuum state we postulate

a”(p)[0) =0, (0la*(p)=0, (0/0)=1. (7)

Actually, a~(p)|0) = 0 - |0) but the vacuum state can be dropped since finally all observable quantities
are proportional to (0|0). The field excitations are states of the form

f) = / dp f(p)a* (P)|0), |g) = / dpda g(p, Qat(p)a* (@0), ... ®)

The most simple excitation a™(p)|0) = |p) is used to describe a single on-mass-shell particle with
momentum p. Then a™(p)a™(q)|0) is a two-particle state and so on. Because of the presence of
modulating functions like f(p) and g(p, q), the Fock space is infinite-dimensional.

EXERCISES: 1) Find the norm (p|p); 2) check that operator N = [ dpa*(p)a~(p) acts as a
particle number operator.

A charged scalar field is defined as

d ) .
1 dp

0= g [ ).
[a=(p),a(P)] = [b~(p),b"(P)] =d(p —P'), [a*,b%] =0,

where operators a® (p) create and annihilate particles, while operators b*(p) are used for the same
purpose for anti-particles. Note that the choice of what is particle and what is anti-particle is arbitrary

here. The corresponding Lagrangian reads
L(¢, %) = 0up™ Bup — m*¢™ . ©)

Note that ¢ and * are related by a generalized complex conjugation which involves operator transfor-
mations: (a*)* = aT and (b*)* = bF. It is worth to note also that  and ¢* are not “a particle and an
anti-particle”.

'Actually it is a Lagrangian density.
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A massive charged vector field (remind W= bosons) is defined as

1 n —ipxr  — +ipx i+
Up() 27T>3/2/ en(p) (e "a, (p) + "t (),
—123

1

Uu(z / en(p) (7P%by (p) + e af (p))

# (27r)3/2 2p0 71 %5 ( )
[a, (P),a (P)] = [0, (). b (P)] = Sud(p — P, [a5,67] =0

For polarization vectors e}, (p) the following conditions are applied:

e (P)en(p) = —0u.  Pucyi(p) =0, (10)

EXERCISE: Using the above orthogonality conditions, show that

> enp)el(p) = —(g,w - p“p”) (1)

m?2
n=1,2,3

The Lagrangian for a massive charged vector field takes the form
1
L=—; (aﬂU; — 8,,U;> (aﬂUy — &,Uu) +m?UU,. (12)
The corresponding Euler-Lagrange equation reads

o (0,U, — 8,U,) +m*U, = 0.

EXERCISE: Using the above equation, show that 0,U,(x) = 0, i.e., derive the Lorentz condition.
Note that the Lorentz condition removes from the field one of four independent degrees of freedom
(components).

A massless neutral vector field (a photon) is defined as

Aule) = (2771)3/2 d;;g eu(p) (7" ay (p) + " a{(p)) (13)
[ay (p),a; (P)] = —gnd(P—P)  en(P)ep(P) =g €p(P)eL(P) = gar-

Formally this field has four polarizations, but only two of them correspond to physical degrees of free-
dom. The corresponding Lagrangian reads

1
L= —ZFWFW, F., =0,A, — 0,A,. (14)

A Dirac fermion field is defined as

(@) (2r) 3/2 / \/@T - (e ay (p)ur(p) + b7 (P)ur(P)) , (15)
V) = g [ v 3 (€ ID) ¢ )i p).

[ar (p), ad (P)]+ = [b; (P )b+< N+ = 6rs0(p — P),

[a.f (p), ad (P)]+ = [a, (P), b (P)]+ = ... = 0.

EXERCISE: Show that a;f (p)a, (p) = 0, i.e., verify the Pauli principle.
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Here, u;, ur, Uy, and v, are four-component spinors, so U(z) = {Vy(z)} is a four-vector column,
a=1,2,3,4,and ¥(x) is a four-vector row,

4 4
au = Z UpUy = Z U e = Tr(ua).
a=1 a=1
Spinors are solutions of the (Dirac) equations:

(»—m)u,(p) =0, u,(p)(p—m) =0, (16)
(»+m)v.(p) =0, v (p)(p+m) =0,
D= PuYu = PoYo — P11 — P22 — P373, m =ml,

where 1 is the unit four-by-four matrix. For the solutions of the above equations we impose the normal-
ization conditions

Uy (p)us(p) = —0r(P)vs(P) = 2mdys.
The gamma matrixes (should) satisfy the commutation condition

M Ylt =201 = =1, si=r%=7=-1
and the condition of Hermitian conjugation

¥ = Y07u7%0-

The latter leads to the rule of the Dirac conjugation:
U=0ly, a=ul, 7=1v". (17

EXERCISE: Show that the Dirac conjugation rule is consistent with the set of Dirac equations (16).

Note that explicit expressions for gamma matrixes are not unique, but they are not necessary for
construction of observables, QUESTION: Why is that so? The most common representations of gamma
matrixes are so-called Dirac’s (standard) and Weyl’s (spinor) ones.

Two values of index r in Eq. (15) correspond to two independent degrees of freedom for each
spinor in other words to two independent solutions of the Dirac equations. In most cases these two
degrees of freedom can be treated as two polarization states like ’spin up’ and ’spin down’. But in the
Standard Model, there is one special choice of the basis for spinors, namely we will distinguish Left (L)
and Right (R) chiral states of spinors. By definition,

1 —
U, = P,U, Ugp=Pgpl, PL7RE%, U= 4+ Vg (18)
Here v5 = 179717273, this gamma-matrix has the properties
Psysle =0, B =1, 2l =1, (19)

As can be seen from Eq. (18), P, g form a complete set of orthogonal projection operators,
Pir=PLr  PLPp=PrP,=0, P+ Pr=1. (20)

The sign before 75 in the definition of the projection operators in Eq. (18) corresponds to the standard
representation of gamma matrixes. The Dirac conjugation (17) of left and right spinors gives
R 1=

U, =0 Up = .
L 27 R 2

*In the spinor representation the sign is opposite: P, = (1 +v5)/2 and Pr = (1 — v5)/2.
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Note that the definition of the left and right chiral states was done without referring to spin projections
(helicity states). In fact, these are different ways to select a basis. Helicity and chirality states can be
identified to each other only for massless fermions.

Remind some properties of gamma matrixes

Try, = Trys =0, Tryuve =49, Trysvuy =0,
Tryu Y Ya¥s = 4 Guw9as — Guadvs + 9usdva), Trys Y, Yo Ya Y8 = —4i€pmag.-

The equations for v and v are chosen so that we get the conventional Dirac equations
(i — m)T(2) =0, 10, T ()7, +m(x) = 0.
These equations follow also from the Lagrangian
L= % Ty, (0,9) — (0,0)7, ¥ | — mTT = i¥,0,¥ — mTv.

Note that the right-hand side is a short notation for the explicit Lagrangian which is given in the middle.

In QFT, Lagrangians (Hamiltonians) should be Hermitian: £! = £. QUESTION: What kind of
problems one can have with a non-Hermitian Hamiltonian?

Up to now we considered only free non-interacting fields. Studies of transitions between free
states is the main task of QFT>.

Let us postulate the transition amplitude (matrix element) M of a physical process:

M= (out|Slin), S =Texp (i/d:v/l[(go(x))) 21

Here S is the so-called S-matrix which is the general evolution operator of quantum states. Letter T°
means the time ordering operator, it will be discussed a bit later. The initial and final states are

jin) = a™(p1)...a™(ps)0),  Jout) = a™(p'y)...a™(p',)0). (22)

The differential probability to evolve from |in) to |out) is

T

Mg dp’
dw = (2m)*5( Zp \M!Q H 32JE’

Here n; is the particle number density of i*! particle beam.

Nontrivial transitions happen due to interactions of fields. QFT prefers dealing with local in-
teractions = L5 = Lj(p(z)). By ’local’ we mean that all interaction terms in the Lagrangian are
constructed as products of fields (or their first derivatives) taken at the same space-time coordinate.

Here are some examples of interaction Lagrangians:

9@, hp'(a), <>@<> (2),
U ()7, ¥ () A (), Gw W1 (@) - T (a), Ua(a).

IMPORTANT: Always keep in mind the dimension of your objects! The reference unit is the dimension
of energy (mass):

[E]=[m]=1 = =1 [z]=-1 (23)

3Collective, nonperturbative effects, bound states etc. are also of interest, but that goes beyond the scope of these lectures.
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An action should be dimensionless

[ / dxﬁ(m)] =0 = [£] =4

EXERCISE: Show that [¢] = [A,] = 1 and Y] = 3/2. Find the dimensions of the coupling
constants g, h, y, e, and G in the examples above.

(24)

By definition the time ordering operator acts as follows:

T Ay (:L'l) e An(xn) =

(—1)1142'1 ($“) - Ain(fﬁin) with ZL‘?l >...>x

o (25)
where [ is the number of fermion field permutations.

The perturbative expansion of the .S matrix exponent (21) leads to terms like
gt i 3 3 + +
o (Ola=(p'y)...a" (P,) [ dzy...dx, T’ (1) ... ¢°(zn)a" (P1) ... a" (ps)]0).

Remind that fields ¢ also contain creation and annihilation operators. By permutation of operators
a”(p)at(p’) = a™(p')a” (p) + é(p — p’) we move a~ to the right and a™ to the left. At the end we
get either zero because a~|0) = 0 and )0|a™ = 0, or some finite terms proportional to (0|0) = 1.

— ipT _ — ipx T
EXERCISE: Show that [a~ (p), p(x)] = (%)36/7’;\/% and [a; (p), ¥ (z)]4 = (267T)3/U72(2)po'
By definition the causal Green function is given by

0|Tp(x)p(y)|0) = —iD(z — y).

(26)
It is a building block for construction of amplitudes. One can show (see textbooks) that
(0* + m*)D%(z) = §(x), 27
so that D€ is the Green function of the Klein—Fock—Gordon operator,
-1 dp e~
D(x) = ) 28
() (2m)4 /p2 —m?2 +10 (28)

where +40 is an infinitesimally small imaginary quantity which shifts the poles of the Green function

from the real axis in the complex plane. The sign of this quantity is chosen to fulfil the requirement of
the time ordering operation in Eq. (26).

For other fields we have

= i e~ PE=Y) (5 + m
(0T W(2)T(y)|0) = /dp (5 +m)

(2m)4 prP—m?+i0
] —i [dpe PV (g, — pup,/m?
(OT Up(2)U; (y)|0) = (2@4/ P2 _(niz2 +i(§L : )’ =
=t dp €_ip(m_y)9uv
<0|T AM(ZE)AV(?J)|O> - (271')4 / p2 + 120 ’

The Wick theorem states that for any combinations of fields

T Ar... Ay =) (=D)H0ITA; A |0) ... (0T Ay Ay |0) < Ajy, ... A

o (30)
The sum is taken over all possible ways to pair the fields.
The normal ordering operation acts as
cayayazagadagat = (—1)agatataraza;ag 31)
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so that all annihilation operators go to the right and all creation operators go to the left. The number of
fermion operator permutations [ provides the factor (—1)".

Using the Wick theorem we construct the Feynman rules for simple g¢> and he* interactions. But
for the case of gauge interactions we need something more as we will see below.

It appears that symmetries play a crucial role in the QFT. There are two major types of symmetries
in the SM: global and local ones. By a global symmetry we mean invariance of a Lagrangian and
observables with respect to certain transformations of coordinates and/or fields if the transformations are
the same in each space-time point. If the transformations do depend on coordinates, the corresponding
symmetry is called local.

The 1st Noether (Nother) theorem:
If an action is invariant with respect to transformations of a global Lie group G, with r parameters,
then there are r linearly independent combinations of Lagrange derivatives which become complete
divergences; and vice versa.

If the field satisfies the Euler-Lagrange equations, then divJ = VJ = 0, i.e., the Noether currents
are conserved. Integration of those divergences over a 3-dimensional volume (with certain boundary
conditions) leads to r conserved charges. Remind that conservation of the electric charge in QED is
related to the global U (1) symmetry of this model, and that Poincaré symmetries lead to conservation of
energy, momentum, and angular momentum.

Much more involved and actually important for us is the 2nd Noether theorem:
If the action is invariant with respect to the infinite-dimensional r-parametric group G » with deriva-
tives up to the k'™ order, then there are r independent relations between Lagrange derivatives and deriva-
tives of them up to the k™ order; and vice versa.

The importance of the second theorem is justified by the fact that gauge groups (and also the gen-
eral coordinate transformation in Einstein’s gravitational theory) are infinite-dimensional groups. The
2nd Noether theorem provides r conditions on the fields which are additional to the standard Euler—
Lagrange equations. These conditions should be used to exclude double counting of physically equiva-
lent field configurations.

2.1 Gauge symmetries

Let us start the discussion of local gauge symmetries with Quantum Electrodynamics (QED). The free
Lagrangians for electrons and photons

1

Lo(¥) =i0v,0,¥ —mUV, Lo(A) = — 3 FuFiu (32)
are invariant with respect to the global U (1) transformations
U(x) — exp(ied)V(z), U(x) — exp(—ied)¥(z), Au(zr) = Au(x). (33)

One can note that F),,, is invariant also with respect to local transformations A, (x) — A,(x) +
Ouw(x), where w(x) is an arbitrary (differentiable) function. For fermions the corresponding transfor-
mations are

U(z) — expliew(x))¥(x), VY(x)— exp(—iew(z))¥(z), (34)

i.e., where the global constant angle 6 in Eq. (33) is substituted by a local function w(z) which varies
from one space-time point to another.

The question is how to make the fermion Lagrangian being also invariant with respect to the local
transformations? The answer is to introduce the so-called covariant derivative:

Oy — Dy, D,V = (9, —ieA,)¥, D,V = (9, +ieA,)V. (35)

10
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Then we get the QED Lagrangian

1 — =
Lqrep = —2 o + 19y, D, ¥ — mU¥

1 — _ _
= _ZFHVFW +i0y,0,¥ —mUW¥ 4 eV, VA,

where the last term describes interaction of electrons and positrons with photons. The most important
point here is that the structure of the interaction term is completely fixed by the gauge symmetry. Nev-
ertheless, there is one specific feature of the abelian U(1) case, namely the values of electric charges
(coupling constants) can be different for different fermions e.g., for up and down quarks.

EXERCISES: 1) Check the covariance: D,V — elew(@) (D,Y); 2) construct the Lagrangian of
scalar QED (use Egs. (9) and (14)).

Let’s look now again at the free photon Lagrangian
1
K = g/“/82 =00y = Kuw(p) = pupy — g/wp2-

1
(0,A, — 0,A,)* = —§AI,KWA,,,

Operator K, (p) has zero modes (since p, K, = 0), so it is not invertable. Definition of the photon
propagator within the functional integral formalism becomes impossible. The reason is the unresolved
symmetry. The solution is to introduce a gauge fixing term into the Lagrangian:

1 1
Lo(A) = = FuwFw = %(6,“4#)2 =
. 2
_ —1 *1p($*y) guy + (O( - 1)pupV/p
O Au(2) A 0)I0) = 553 /dp ¢ p*+i0 '

It is very important that physical quantities do not depend on the value of a.

Let us briefly discuss the features of non-abelian Gauge symmetries which will be also used in the
construction of the SM. Transformations for a non-abelian case read

W; — exp igwat?jqjj’ [ta, tb} _ ifabctc,
BZ — BZ + 8“wa —+ gfabCBch7 Fﬁy = 8HBS — 81/BZ: + gfabCBZBﬁ,

where ¢ are the group generators, ¢ are the structure constants (see details in the lectures on QCD).

We introduce the covariant derivative
oV — D,V = (0, — igB,t")¥
and get
L(V,B) = i¥v,D,¥+ L(B),

L(B) = —1Fo pe

1 2 1 2 1 9
4t T %(%BZ) -1 ((%B,‘j - &/Bz) - %(%Bﬁ)

2
g g
— S (0uBy = 0,By) BBy — < [ [*" B, B{ByB;.
Note that £(B) contains self-interactions and can not be treated as a ’free Lagrangian’. There is no any
mass term for the gauge field in the Lagrangian, mp = 0, because such a term would be not gauge-

invariant. It is worth to note that the non-abelian charge g is universal, i.e., it is the same for all fields
which are transformed by the given group.

11
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Exclusion of double-counting due to the physical equivalence of the field configurations related to
each other by non-abelian gauge transformations is nontrivial. Functional integration over those identical
configurations (or application of the BRST method) leads to the appearance of the so-called Faddeev—
Popov ghosts:

L(V,B) = L(V,B) + Ly,

Ly = —0,8"9uc” + gf Ve BOuc” = —0,8"0pc” — g f*0,e" Bl ", (36)
where c and ¢ are ghost fields, they are fermion-like states with a boson-like kinetic term. Keep in mind
that Faddeev—Popov ghosts are fictitious particles. In the Feynman rules they (should) appear only as

virtual states in propagators but not in the initial and final asymptotic states. Formally, ghosts can be
found also in QED, but they are non-interacting since f2*¢ = 0 there, and can be totally omitted.

2.2 Regularization and renormalization

Higher-order terms in the perturbative series contain loop integrals which can be ultraviolet (UV) diver-
gent, e.g.,

I :/ o ~ [l
(p? +10)((k — p)? +i0) Ip|*

Introduction of an upper cut-off M on the integration variable leads to a finite, i.e., regularized value of
the integral:

M? k2 M? k2 k?
Icutfoff — 2 1 1 — 2 1 _ 1 1 )
5 o < n iz + ) + 0O <2> i In 72 n ;2 +1)+0(— (38)

Another possibility is the dimensional regularization where dim = 4 — dim = 4 — 2¢

In co. (37)

I;iim.reg. _ MQE/ : d4_2€p : — 2‘7.‘.2 (1 —In k72 + 2) +0 (5) . (39)
PO pr i)\ e

Here the divergence is parameterized by the e ~! term. The origin of UV divergences is the locality of
interactions in QFT.

Let’s consider a three-point (vertex) function in the g¢> model, it looks like

G:/M@w¢@wmmW@%m
pdimreg. éé(y —x)d(z—x)+ ...

IMPORTANT: It means that UV-divergent terms are local (here because of the delta-functions).
A QFT model is called renormalizable if all UV-divergent terms are of the type of the ones existing
in the original (semi)classical Lagrangian. Otherwise the model is non-renormalizable.
EXAMPLES:
a) renormalizable models: QED, QCD, the SM [proved by ’t Hooft & Veltman], hp?, g¢?;
b) non-renormalizable models: the Fermi model with £ ~ G(@fy“\lf)z and General Relativity.
It can be shown that models with dimensionful ([G] < 0) coupling constants are non-renormalizable.

In renormalizable models all UV divergences can be subtracted from amplitudes and shifted into
counter terms in L. In this way each term in £ gets a renormalization constant. For the model describing
a scalar field with the * self-interaction we get

7y Zm? 1 m2
L= 7(390)2 - <P2 + Z4h<P4 = 5(6%713)2 — 7]3(/92 + hB<P4,

12
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Fig. 2: Beta decay.

where pp = v/ Za¢, m2B = mzZMZgl, hg = hZ4ZZ_2 are so-called bare field, mass, and charge,

Ah  Bh? Ch?
Zi(h,e) =14 —+ — + — + O(h?).
g &€ S

Renormalization constants are chosen in such a way that divergences in amplitudes are cancelled out
with divergences in Z;. By construction, that happens order by order.

R. Feynman said once: “I think that the renormalization theory is simply a way to sweep the diffi-
culties of the divergences of electrodynamics under the rug.” Physicists are still not fully satisfied by the
renormalization procedure, but the method has been verified in many models. Moreover, renormalizable
models including the SM appear to be the most successful ones in the description of phenomenology.
For these reasons we say now that renormalization is the general feature of physical theories.

Physical results should not depend on the auxiliary scale . This condition leads to the appearance
of the renormalization group (RG). Schematically in calculation of an observable, we proceed in the
following way

M RG
F(k,g,m) 2 Freg(k, M, g,m) o Fren(k, pt, g,m) —> Fonys(k, A, m),

where A is a dimensionful scale. Charge (and mass) become running, i.e., energy-dependent:

! d
9= g (g, ‘;) . Blg) = —2 (40)

gp=Const

Note that the renormalization scale p unavoidably appears in any scheme. Scheme and scale
dependencies are reduced after including higher and higher orders of the perturbation theory.

At this point we stop the brief introduction to Quantum field theory, comprehensive details can be
found in textbooks, e.g., Refs. [4,6,7].

3 Construction of the Standard Model
3.1 The Fermi model and Cabibbo-Kobayashi-Maskawa mixing matrix

To describe the S-decay n — p + e~ + v, in 1933, see Fig. 2, Enrico Fermi suggested a simple model:

Eint = Gﬁn'Yp\I’p : Ey/}/que +h.c.

I JO1

with interactions in the form of a product of two vector currents. This model was inspired by QED where
similar vector currents appear.

13
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In 1957 R. Marshak & G. Sudarshan; and R. Feynman & M. Gell-Mann modified the model:

G .
ﬁFerrni = f;gm J.“ Jlta
— 1— _ 1—
‘]H = \Ijepyp 275 \IjVe + \IIHPYPT%\IIVH + (V - A)nucleons + h.c. (41)

Explicit V-A (Vector minus Axial-vector) form of weak interactions means the 100% violation of parity.
In fact, it appears that only left fermions participate in weak interactions, while right fermions don’t.
Please remind that massive left fermions are not states with a definite spin. The modification of the
model was required to describe differential distributions of beta-decays. Note that the CP symmetry in
Lagrangian (41) is still preserved.
The modern form of the Fermi Lagrangian includes 3 fermion generations:
Ve, L dlL
Lerms = 2 20 7 7 | v @ e TVl Va [ s |+
ermi \/§ LTL)Yp w,L Lertn)VupVd /L
Vr L b L

Quarks {¢'} are the eigenstates of the strong interactions, and {¢} are the eigenstates of the weak ones.

Matrixes V; and V,, describe quark mixing (see details in lectures on Flavour Physics):

d dl Vud Vus Vub
s |=Vax ||, ViViz=Vekm=| Vea Ves Vi
b b/ th Ws V;fb

By construction, in this model (and further in the SM) the mixing matrixes are unitary: VitV =1.Ina
sense, this property just keeps the number of quarks during the transformation to be conserved. Voxm
contains 4 independent parameters: 3 angles and 1 phase.

QUESTION: What is mixed by Voxwm? E.g., what is mixed by the V4 element of Vo ?

The Fermi model describes [3-decays and the muon decay u — e + ¥, + v, with a very high
precision. Nevertheless, there are two critical problems:
1. The model is non-renormalizable, remind that the dimension of the Fermi coupling constant [Grermi] =
-2
2. Unitarity in this model is violated: consider, e.g., within the Fermi model the total cross section of
electron-neutrino scattering

2
Fermi

Utotal(eye — eVe) ~ Tsy s = (pe +pue)2- (42)

This cross section obviously growth with energy. Meanwhile the unitarity condition for [*!

in the scattering theory requires that o; < w. For [ = 1 we reach the unitarity limit at sg =

27r\/§/ GFermi ~ 0.9 - 106 GeV?2. So at energies above ~ 10% GeV the Fermi model is completely
senseless and somewhere below this scale another model should enter the game.

partial wave

3.2 (Electro)Weak interactions in SM

The modern point of view is: a renormalizable QFT model which preserves unitarity is a Yang—Mills
(non-abelian) gauge model. So we have to try to construct an interaction Lagrangian using the principle
of gauge symmetry.

Let’s try to do that for description of weak interactions. At the first step we introduce a massive
vector W boson

Lint = —gu(JaWa + JLW]). (43)

14
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e Ve

Fig. 3: Feynman diagram for electron-neutrino scattering with W boson exchange.

Then the scattering amplitude, see Fig. 3, takes the form

8 — kaks /My,

. Ja
T =i(2m)*g2 J,
wh Mg,

.i_
Ji (44)

where £ is the TV boson momentum. If |k| < My, we reproduce the Fermi model with

GFermi _ glzu
V2 MZ

However such a way to introduce interactions again leads to a non-renormalizable model. The problem
appears due to the specific momentum dependence in the propagator of a massive vector particle, see
Eq. (29). Moreover, the mass term of the gauge boson is not gauge invariant.

The minimal way to introduce electromagnetic and weak interactions as gauge ones is to take the
group SU(2) ® U(1). The abelian group U(1) is the same as the one that gives conservation of the
electric charge in QED. Instead of the electric charge () we introduce now the hypercharge Y. The U(1)
gauge symmetry provides interactions of fermions with a massless vector (photon-like) field B,,. The
non-abelian group SU(2) is the same as the one used for description of spinors in Quantum mechanics.
Instead of spin we use here the notion of weak isospin I. There are three massless vector Yang—Mills
bosons in the adjoint representation of this group: W, a = 1,2,3. Two of them can be electrically
charged and the third one should be neutral. Introduction of the third (electro)weak boson is unavoidable,
even so that we had not have experimental evidences of weak neutral currents at the times of the SM
invention.

QUESTION: Why weak interactions in the charged current (like muon and beta decays) were discovered
experimentally much earlier than the neutral current ones?

One can show that the model built above for gauge SU(2) ® U(1) interactions of fermions and
vector bosons is renormalizable and unitary. But this model doesn’t describe the reality since all gauge
bosons should be massless because of the gauge symmetry condition. To resolve this problem we need
a mechanism that will provide masses for some vector bosons without an explicit breaking of the gauge
symmetry.

3.3 The Brout-Englert-Higgs mechanism
Let’s consider the simple abelian U (1) symmetry for interaction of a charged scalar field ¢ with a vector

field A,:

* 1 . * * *
L= 0,000 —V(p) — ZFil, +ie(p 0up — Oup ) A, + eQAMAugo p.
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Fig. 4: The Higgs field potential.  Picture courtesy: E.P.S. Shellard, DAMTP, Cambridge. From
http://www.geocities.com/CapeCanaveral/ 2123/breaking.htm.

If V(p) = V(¢* - ¢), L is invariant with respect to local U (1) gauge transformations

tew(x) —iew () 90*7 AM — AM + ({‘)Mw(x). 45)

p— e, Pt e

In polar coordinates ¢ = o (x)e’?®) and ¢* = o(z)e~(*) and the Lagrangian takes the form

1 1
L = 0,00,0 + e*0? (A, — 20u0) (A = ~0,0) =V (") — ~F2,. (46)

EBH EB/L

Note that after the change of variables A, + 10,6 — B,,, we have F,,(4) = F,,,(B) since §(z) is a
double differentiable function.

We see that 0(x) is completely swallowed by the field B,(x). So we made just a change of
variables. But which set of variables is the true physical one? This question is related to the choice of
variables in which the secondary quantization should be performed. And the answer can be given by
measurements. In fact, according to Quantum mechanics only quantum eigenstates can be observed, so
we have a reference point. Another argument can be given by a condition on the system stability.

R. Brout & F. Englert [11], and P. Higgs [12], see also a brief review in the Scientific Background
on the Nobel Prize in Physics 2013 [13], suggested to take the scalar potential in the form

V(p*p) = M p)* + mp*o. (47)

For A > 0 and m? < 0 we get the shape of a Mexican hat, see Fig. 4. We have chosen a potential for
which V (¢*p) = V(02), while 8(z) corresponds to the rotational symmetry of the potential.

By looking at the derivative of the potential d\g((;;) = 0, we find two critical points: o = 0 is the

local maximum, and g = 4/ —’;—j is the global minimum. The stability condition suggest to shift from
zero to the global minimum: o(x) — h(z) + 0¢. So we get

1
L = 9,hd,h + *h*B,B,, + 2¢*00hB,B,, + ¢*03B,B,, — V(h) — ZF,fV. (48)

We see that field B, got the mass

e?m?

A

2

my = 2e%08 = — > 0. (49)

So, we generated a mass term for the vector field without putting it into the Lagrangian by hand. That is
the core of the Brout-Englert—Higgs mechanism.
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The quantity o9 = v is the vacuum expectation value (vev) of o(x),
1

v = (0|0]0), v= / &3z o(z). (50)
‘/b VO
Look now at the potential (keep in mind m? = —2\v?)
V(h) = AMh+v)* +m?(h+v)?
= A Dk + B2 (6002 + m?) +h (4003 + 2m2) +at + mPo?

2m? =42 =0

So, the scalar field h has a normal (not tachyon-like) mass term, mi > 0. One can see that the initial
tachyons ¢ are not physically observable, since they are not pure states in the basis of the secondary
quantized system of fields.

It is worth to note that even so that the field content of the Lagrangian is changed, but the number
of degrees of freedom is conserved. In fact initially we had two components of the scalar field and two
components of the massless vector field, and after the change of variables we have a single scalar field
plus a massive vector field with 3 independent components: 2 + 2 = 1 4 3.

The field () is a Nambu—Goldstone boson (a goldstone). It is massless, my = 0, and corresponds
to effortless rotations around the vertical symmetry axis of the potential. In general, the Goldstone
theorem claims that in a model with spontaneous breaking of a continuous global symmetry G,, (remind
the first Noether theorem) there exist as many massless modes, as there are group generators which do
not preserve the vacuum invariance.

The constant term Av* + m?v? obviously doesn’t affect equations of motion in QFT, but it con-
tributes to the Universe energy density (too much, actually). That makes a problem for Cosmology.
Formally, one can make a shift of the initial Lagrangian just by this term and avoid the problem at the
present time of the Universe evolution.

One has to keep in mind that the term “spontaneous breaking of the gauge symmetry” is just a
common notation, while in fact a (local) gauge symmetry can not be broken spontaneously as proved by
S. Elitzur [14]. A detailed discussion can be found in [15], see also [16].

Now let us return to the case of the Standard Model. To generate masses for 3 vector bosons we
need at least 3 goldstones. The minimal possibility is to introduce one complex scalar doublet field:

d= ( il > ot = (&7 ¥3). (51)
2

Then the following Lagrangian is SU(2) ® U (1) invariant

1
4
By = 0uB, — 9,By, Wi, =0, WS — 0,Wi+ ge™™ W)Wy,

1
L = (D,®)(D,®) — m*d'® — \(®TD)? — ng,,wgy — ~ BB,

1
2
Again for m? < 0 there is a non-trivial minimum of the Higgs potential and a non-zero vev of a com-
ponent: (0|®2|0) = 1/+/2. In accord with the Goldstone theorem, three massless bosons appear. The
global SU(2) x SU(2) symmetry of the Higgs sector is reduced to the custodial SU(2) symmetry.

a
D,® =9, + igWﬁ%(I) + ~g'B,®. (52)

3.4 Electroweak bosons

The gauge bosons of the SU(2) ® U(1) group can be represented as

1, 12 1 12
W+:Wu+ZWu W—:WM_lWH w0 — Wl

1 \/i Y 12 \/§ ) 1" W B/L' (53)
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WS and B/, are both neutral and have the same quantum numbers, so they can mix. In a quantum world,
“can” means “do”:

W) = cosfy Z, + sin by, Ay,
B, = —sin6,, Z, +cosb,, A, (54)

where 6,, is the weak mixing angle, introduced first by S. Glashow, 6,, is known also the Weinberg angle.
Remind that we have to choose variables which correspond to observables. Vector bosons Z,, and A,
are linear combinations of the primary fields WB and B,,.

It is interesting to note that Sheldon Glashow, Abdus Salam, and Steven Weinberg have got the
Nobel Prize in 1979, before the discovery of Z and W bosons in 1983, and even much longer before
the discovery of the Higgs boson. So the Standard Model had been distinguished before experimental
confirmation of its key components.

Look now at the scalar fields:

_ i \112(33‘) +i\111(.1‘) T
q)_ﬂ<?7+a(x)+i§(x))’ =

Fields W1 2 and £ become massless Goldstone bosons. We hide them into the vector fields:

A 9
W;—>Wﬁ+%6#\1'1 = My = %,

ZM:%WS— q B, - 2 0.6 = Mzzniw- (55)
‘/g2+g/ ‘/92_’_9/ Tlﬂ/gQ_'_g/ 2
The photon field appears massless by construction. Looking at the mixing we get
cos 0,y = J = Mw
Ve gt Mz
The non-abelian tensor
We, = 0, W — 0,W + g™ WiWe
leads to triple and quartic self-interactions of the primary W bosons, since
1 a a
L= _ZWWWW + ... (56)

Fields B, and W; were not interacting between each other. But after the spontaneous breaking of the
global symmetry in the Higgs sector, and the consequent change of the basis {WB By} = {Z,, AL},
we get interactions of charged Wﬁt bosons with photons. And the charge of the physical W bosons is
well known from the condition of charge conservation applied to beta-decays. That allows to fix the
relation between the constants:

/
e=—99 __ _ 4sind,. (57)

Vg?+g”

We see that the very construction of the SM requires phenomenological input. So on the way of the SM
building, not everything comes out automatically from symmetry principles etc.
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3.5 EW interactions of fermions

We have chosen the SU (2) ® U(1) symmetry group. To account for parity violation in weak decays, we
assume different behavior of left and right fermions under SU (2), transformations:

d
right singlets egr, ugr, dr, (Ve,r) + 2 other generations.

left doublets < Vee ) , < v > + 2 other generations,
L L

To preserve the gauge invariance, the fermion Lagrangian is constructed with the help of covariant deriva-
tives:

1 (= — i [— _
LW) =" {2 (\PL%DQ\PL - Da‘Ivaa‘IfL> +5 <\P%Daxp3 - Da\I/Rya\I/RH ,
v,
’ig’]'b b . .
DoV =029 + TWQ\IIL —ig1BaVp, DoVR =0,V —ig2BaVp.

All interactions of the SM fermions with electroweak vector bosons are here. But coupling constants g1 2
still have to be fixed and related to observables.

Fermions have weak isospins and hypercharges (1,Y):

12 P
v (=, =) wge (o, —T2), (58)
2 g g

Looking at interactions of left and right electrons with A,, in £(V) we fix their hypercharges:

er : (—;, —1), €R : ((), —2). 59)

The Gell-Mann—Nishijima formula works for all fermions:

Y
Q-n+T, (60)

where () is the electric charge of the given fermion, I3 is its weak isospin projection, and Y is its
hypercharge.

Interactions of leptons with W+ and Z bosons come out in the form

g _ - gZu
Lr=——F w h.c. —
I \/EGL’YMVG,L 17 + C 2COS Hw

1-— 1
+é’yu<—(1—2sin20w) 275—1—28111291,] —;75)6:|

N g M2 — g2\@ B 62\@ B ixe
o = 2\@’ W 8GFermi B 8GFermi Sinz Hw B ﬁGFermi Sin2 ew ‘

[Ve,LVMVe,L

That gives My = 385 GeV, remind M, = My

sin 04, cos By *

We can see that the Higgs boson vev is directly related to the Fermi coupling constant:
v = (V2Gemi) /% ~ 246.22 GeV. 61)

So this quantity had been known with a high precision long before the discovery of the Higgs boson and
the experimental measurement of its mass.

QUESTION: Why neutral weak currents in the SM do not change flavour (at the tree level)?
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Fig. 5: Vertexes of EW boson self-interactions.

3.6 Self-interactions of EW bosons and Faddeev—Popov ghosts

Because of the non-abelian SU(2) [, group structure and mixing of the neutral vector bosons, we have a
rather reach structure of EW boson self-interactions, see Fig. 5. The corresponding contributions to the
SM Lagrangian look as follows:
. €08 Oy _ SN n N —
Ly ~ie——(0,W, —0OW YW Z, — (0,W,)] = 0,W, )W, Z,

sin 0,
—i—WJWJ(@MZV — BVZM)]

2

e 4 —\2 + + _ _
Ly~ Ry » [(WH WM ): — Wu Wu W, W, ],
e? cos? 0, rrr— + -
_m [Wu Wu 7,7, — Wu ZuWu ZV]
€2 cos? 0, -7 A 4 -4 +4 _
_m 2Wu Wu Z,A, — W# ZMW# v — W# uWu Z,

2 — _
e [WJWH A A, — WEAW, AV} .

As we discussed earlier, an accurate treatment of non-abelian gauge symmetries leads to introduc-
tion of Faddeev—Popov ghosts. For the SU(2) case we obtain 3 ghosts: ¢,(z), a=1,2,3,

Xt + X~ Xt —X~
cl=—"F7—, Cg=—+, C(3=7Yzcos6y —Yysinb,,
1 ﬂ 2 \/5 3 Z w A w
Lgh = 0uCi(Ouci — gaijkchllf) + int.'wit}‘l d
kinetic + int. with Wa Mg, int. with H
Propagators of the ghost fields read
Dy, (k) = K210’ Dy, (k) = Dx (k) =

k% — &z M2 +i0° k? — &wME, +i0’

where §; are the gauge parameters. Note that masses of the ghosts Y., Yz, and X * coincide with the
ones of photon, Z, and W¥, respectively. That is important for gauge invariance of total amplitudes.
The ghosts appear only in propagators, but not in the final or initial asymptotic states.

3.7 Generation of fermion masses

We observe massive fermions, but the SU (2);, gauge symmetry forbids fermion mass terms, since

_ 1 1- 1 - _ _
m\I/\I/:m(\I/ S f’)( gy ZV%)Zm(wmewL) 62)

while ¥, and W are transformed in different ways under SU(2)r. The SM solution is to introduce
Yukawa interactions of fermions with the primary Higgs boson doublet field:

_ ¢+ _ ¢0*
Ly = —yalurdyr) ( 4 ) dr — yu(Urdr) ( iy )uR
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- d)+ - ¢0*
— wy(velL) < & > lr — yu(VLlL) ( e ) vr + h.c.
The form of this Lagrangian is fixed by the condition of the SU(2);, gauge invariance. It is worth to
note that neutrino masses can be generated exactly in the same way as the up quark ones. Of course,
that requires introduction of additional Yukawa constants y,,. The Pontecorvo—-Maki—Nakagawa—Sakata
(PMNS) mixing matrix for (Dirac) neutrinos can be embedded in the SM.

QUESTION: Why do we need “h.c.” in Ly ?

Spontaneous breaking of the global symmetry in the Higgs sector provides mass terms for fermions
and Yukawa interactions of fermions with the Higgs boson:

v+ H - _
dd + y,au + yll + y,vv = ms==u.
% [yadd +y yll + y, o] =7

By construction, the coupling of the Higgs boson to a fermion is proportional to its mass my. It is
interesting to note that the top quark Yukawa coupling is very close to 1. And there is a very strong
hierarchy of fermion masses:

yf

Ly = -

Y =099 > y.~3-10° > gy, x?

The question mark in the last case is given not only because we do not know neutrino masses, but also
since we are not sure the they are generated by the same mechanism.

Quarks can mix and Yukawa interactions are not necessarily diagonal neither in the basis of weak

interaction eigenstates, nor in the basis of the strong ones. In the eigenstate basis of a given interaction
for the case of three generations the Yukawa coupling constants are 3 X 3 matrixes:

+ 0%
= _ Z { uird;r) K(Zo >yj(k)dk1~z+ < ¢¢ )?/jk “kR}

7,k=1

_ + 0%
+  (7Llir) [(ﬁo )y§,3lm + ( (Z) >ka ykR} } + h.c.

where indexes j and k mark the generation number.

Charged lepton mixing is formally allowed in the SM, but not (yet) observed experimentally.
Searches for lepton flavour violating processes, like the ;1 — e~y decay, are being performed.

3.8 Short form of the SM Lagrangian

At CERN one can buy souvenirs with the Standard Model Lagrangian represented in a very short com-
pressed form:

1
Lsvy = — ZFWFW

+ iV PV + h.c.

+ quym\ljjq) + h.C.

+ |D,® —V(®). (63)
We can understand now the meaning of each term. First of all, we see that the Lagrangian is given in
the initial form before the spontaneous symmetry breaking. Summation over SU(3)¢, SU(2)1, and
U(1)y gauge groups is implicitly assumed in the first term. The second line represents the kinetic terms
and gauge interactions of fermions provided by the covariant derivative(s). The third line is the Yukawa
interaction of fermions with the primary scalar doublet field. And the fourth line represents the kinetic
and potential terms of the scalar field.

EXERCISE: Find two 'misprints’ in the Lagrangian (63) which break the commonly accepted
OFT notation discussed in Sect. 2.
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Fig. 6: Triangular anomaly diagram.

3.9 Axial anomaly

There are axial-vector currents in the SM:
T =Ty 0. (64)

In the case of massless fermions, the unbroken global symmetry (via the Noether theorem) leads to
conservation of these currents: d,,.J, = 0. For massive fermions 8HJ;‘ = 2imU~sWV. But one-loop
corrections, see Fig. 6, give

1
2
That fact is known as the axial or chiral or triangular Adler—Bell-Jackiw anomaly, see [6] for details.
So at the quantum level the classical symmetry is lost. That is a real problem for the theory. In simple

words, such a symmetry breaking makes the classical and quantum levels of the theory being inconsistent
to each other. Moreover, the resulting quantum theory looses unitarity.

e « ~ ~
Op i} = 2imUys U + o Fw b, Faw = SeuwasFas. (65)

But in the SM the axial anomalies apparently cancel out. This can be seen for all possible combi-
nation of external gauge bosons:
1) (W W W) and (W B B) — automatically since left leptons and quarks are doublets;

2) (BW W) —since Q¢ + 2Q, + Q4 = 0;

3) (BB B)—since Qe = —1, Qy =0, Qu=3, Q= —3
4) (B g g) — automatically (g = gluon);

5) (B gr gr) — the same as ’3)’ (gr = graviton).

Here B and W are the primary U (1) and SU(2), gauge bosons. Note that anomalies cancel out in each
generation separately. It is interesting to note that condition *2)’ means that the hydrogen atom is neutral.

It is very important that the axial anomalies cancel out in the complete SM: with the SU(3)¢c ®
SU(2)r ® U(1)y gauge symmetries. So there is a nontrivial connection between the QCD and EW
sectors of the model.

QUESTION: Where is 7ys in the (B B B) case?

3.10 Parameters and interactions in the SM

The SM has quite a lot of parameters. We do not know (yet) where do they come from and have to define
their values from observations. Let us fist count the number of independent free parameters in the SM.
It is convenient to perform this exercise by looking at the initial form of the SM Lagrangian before the
change of variables invoked by the spontaneous symmetry breaking. So, we have:

— 3 gauge charges (g1, 92, 9s);
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— 2 parameters in the Higgs potential;
— 9 Yukawa couplings for charged fermions;
— 4 parameters in the CKM matrix.

It makes in total 18 free parameters for the canonical Standard Model. Sometimes, we add also as a free
parameter fcp which is responsible for CP symmetry violation in the QCD sector. But at the present
time this parameter is determined experimentally to be consistent with zero, so we can drop it for the
time being. Moreover, we can include neutrino masses and mixing, as described above. That would give
in addition 4 (or 6 for the Majorana case) parameters in the PMNS matrix and 3 more Yukawa couplings.

QUESTION: How many independent dimensionful parameters is there in the SM?

Most likely that many of the listed parameters are not true independent ones. There should be
some hidden symmetries and relations. Those certainly go beyond the SM. In spite of a large number
of parameters the SM is distinguished between many other models by its minimality and predictive
power. For example, the supersymmetric extension of the SM formally has more than one hundred free
parameters, and for this reason it is not able to provide unambiguous predictions for concrete observables.

Let us now count the interactions in the SM. Obviously, we should do that in accord with the QFT
rules. The key point is to exploit symmetries, first of all the gauge ones. But looking at the Lagrangian it
might be not clear what actually should be counted:

— number of different vertexes in Feynman rules?
— number of particle which mediate interactions?
— number of coupling constants?

Our choice here is to count coupling constants. In fact that will automatically help us to avoid
double coupling of the same interactions. This way how to count interactions is dictated by the QFT
rules. So we have:

— 3 gauge charges (91, 92, 9s);
— 1 self-coupling A in the Higgs potential;
— 9 Yukawa couplings for charged fermions.

If required we can add 3 Yukawa couplings for neutrinos. We see that the SM contains 5 types of
interactions: 3 gauge ones, the self-interaction of scalar bosons, and the Yukawa interactions of the
scalar bosons with fermions. Note also that even we like some interactions e.g., the gauge ones, in the
SM more than others, we can not say that any of them is more fundamental than others just since they all
are in the same Lagrangian.

3.11 The naturalness problem in the SM

The most serious and actually the only one real theoretical problem of the SM is the naturalness problem
known also as fine-tuning or hierarchy one. Note that all but one masses in the SM are generated due
to the spontaneous symmetry breaking in the Higgs sector. While the scalar boson mass itself has been
introduced by hands (of Peter Higgs et al.) from the beginning. The tachyon mass term breaks the scale
invariance (the conformal symmetry) explicitly.

So the running of all but one masses is suppressed by the classical symmetries. As the result,
all other masses run with energy only logarithmically, but the Higgs mass gets quadratically divergent
radiative corrections. In the one-loop approximation we get

2 02 30 2 2 2 2
where A is a formal UV cut-off. At the same time A can be the energy scale of a new physics which
is coupled to the EW one. In particular A can be even the Planck mass scale. On the other hand, it is
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unnatural to have A > M. The most natural option would be A ~ M e.g., everything is defined by
the EW scale. But that is not the case of the SM. .. There are two general ways to solve the problem:

— either to exploit some (super)symmetry to cancel out the huge terms;

— or to introduce some new physics at a scale not very far from the electroweak one, i.e., making A
being not large. One can find in the literature quite a lot of models for both options. But the experimental
data coming from modern accelerators and rare decay studies disfavor most of scenarios of new physics
with scales up to about 1 TeV and even higher. Moreover, it was shown that the measured value of the
Higgs boson mass makes the SM being self-consistent up to very high energies even up to the Planck
mass scale [17]. Direct and indirect experimental searches push up and up possible energy scale of new
physical phenomena. So the naturalness problem becomes nowadays more and more prominent. And
the question, why the top quark mass, the Higgs boson mass and and vacuum expectation value v are of
the same order becomes more and more intriguing. In a sense, the problem is not about how to deal with
divergent radiative corrections, but how to understand the very origin of the EW energy scale.

After the discovery of the Higgs boson and the measurement of its mass, we found some remark-
able empirical relation between parameters of the SM. In particular the equality

v= /M3 + M3, + M3+ m? (66)

holds within the experimental errors: 246.22 = 24641 GeV. Obviously, there should be some tight clear
relation between the top quark mass and the Higgs boson one (or the EW scale in general). The present
version of the SM does not explain this puzzle.

EXERCISE: Divide both sides of Eq. (66) by v and find a relation between coupling constants.

Another interesting relation also involves the Higgs boson and the top quark:
2 2
2h 1,05~ 1A 2L = 32 = 0.99. 67)
m; v

It might be that these relations are of a pure numerological nature, but they certainly indicate some hidden
properties of the SM.

4 Phenomenology of the Standard Model

Let us discuss input parameters of the SM. It was convenient to count their number in the primary form
of the Lagrangian. But for practical applications we use different sets, see e.g., Table 1. Various EW
schemes with different sets of practical input parameters are possible (and actually used), since there are
relations between them. One should keep in mind that the result of calculations does depend on the choice
because we usually work in a limited order of the perturbation theory, while the true relations between
the parameters (and between observed quantities) involve the complete series. So simple relations appear
only at the lowest order, quantum effects (radiative corrections) make them complicated.

Table 1: Input parameters of the SM.

1819= 1 1 1 1 T 9 4 0
!

primary: g g Js me A yr Yik fcp
practica: o Mw a5 Gpemi Mg my Vogm | O

A comprehensive up-to-date set of the SM parameters can be found in the Review of Particle
Physics published by the Particle Data Group Collaboration [18]. Let us look at some values of input
parameters extracted from experiments:

— The fine structure constant: o~ 1(0) = 137.035999074(44) from (g — 2);
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Fig. 7: The Feynman diagram for muon decay in the SM.

— The SM predicts My, = My cosb,, = My < Mz, we have now
Mz =91.1876(21) GeV from LEP1/SLC, My, = 80.385(15) GeV from LEP2/Tevatron/LHC;

— The Fermi coupling constant: Ggermi = 1.1663787(6) - 1075 GeV~2 from muon decay,
— The top quark mass: m; = 173.1(6) GeV from Tevatron/LHC;
— The Higgs boson mass: My = 125.09(21)(11) GeV from ATLAS & CMS (March 2015).

One can see that the precision in definition of the parameters varies by several orders of magnitude. That
is related to experimental uncertainties and to the limited accuracy of theoretical calculations which are
required to extract the parameter values from the data.

QUESTION: What parameter of the canonical, i.e., without neutrino masses and mixing SM is
known now with the least precision?

4.1 The muon decay

Let us consider a few examples of particle interaction processes and start with the muon decay =~ —
€~ + Ve + vy, see Fig. 7. It is the most clean weak-interaction process. One can say that this process is
one of keystones of particle physics. The muon decay width reads

T = 1 _ G%ermim;st 2 2 O 2 M2 O
[ TTL - W f(me/m,u) + (mu/ W) + (a) )

f(z) =1-8z+8z3 —z* — 1222 In=,
O(m, /M) ~107%,  O(a) ~ 1072,

where O(«) includes effects of radiative corrections due to loop (virtual) effects and real photon and/or
ete™ pair emission.

As mentioned above, the value of the Fermi coupling constant is extracted from the data on the
muon lifetime, Gpemi = 1.1663787(6) - 107° GeV 2. The high precision is provided by a large ex-
perimental statistics, low systematical errors of the final state electron observation, and by accurate the-
oretical calculations of radiative corrections. But impressive precision (~ 1 -107°) in the measurement
of the muon life time doesn’t give by itself any valuable test of the SM. QUESTION: Why is that so?
On the other hand, studies of differential distributions in electron energy and angle do allow to test the
V' — A structure of weak interactions and look for other possible types of interactions which can be
parameterized in a model-independent way by the so-called Michel parameters.

4.2 Electron and muon anomalous magnetic moments

e
2m

Julian Schwinger in 1948 found that one-loop QED corrections to the vertex function give the so-called
anomalous magnetic moment:

5.

The Dirac equations predict gyromagnetic ratio gy = 2 in the fermion magnetic moment M = gr

_9
9 2 & —0.001161 ... (68)
2 2

afz

25



A.B. ARBUZOV

For the electron case, the Harvard experiment [19] obtained
aZ® =1159 652 180.73 (28) - 10712 [0.24ppb].
The SM predicts [20]
aSM = 1159 652 181.643 (25)s:4(23) 1064 (16) Ew +had. (763) 50 - 10712,

The perfect agreement between the measurement and the theoretical prediction is a triumph of Quantum
electrodynamics. In particular, we note that ay # 0 is a pure quantum loop effect which is absent as in
classical physics as well as in Quantum mechanics.

It is worth to note that the extremely high precision in the experimental measurement of the elec-
tron anomalous magnetic moment allows to use it as a reference point for definition of the fine structure
constant: ac® = a~1(0) = 137.035999074(44).

For the anomalous magnetic moment of muon, the E821 experiment at BNL in 2006 published
the following result of data analysis:

a%P = 116 592 089 (54)(33) - 10~*' [0.5ppm).

The corresponding theoretical value and the difference are

a;™M =116 591 840 (59) - 10~ [0.5ppm] (69)
Aay = af® — aiM =249 (87) - 1071 [~ 30].

First, one can see that both experimental and theoretical values are very accurate. Second, there is a dis-
crepancy of the order of three standard deviations. That is a rather rare case for the SM tests. Moreover,
this discrepancy remains for a long period of time in spite of intensive efforts of experimentalists and
theoreticians.

The SM prediction consists of the QED, hadronic, and weak contributions:

a, = a,(QED) 4 a,(hadronic) + a,(weak), (70)
a,(QED) = 116 584 718 845 (9)(19)(7)(30) - 10~**  [5 loops],

a,(hadronic) = a,,(had. vac.pol.) 4 a,(had. Lb.l), = 6949 (37)(21) - 10~ 4- 116 (40) - 107,
a,(weak) = 154 (2) - 107" [2loops].

Note that the QED contribution to the muon anomalous magnetic moment is essentially the same as the
one to the electron magnetic moment. The only difference is coming from the dependence on electron
and muon masses. As concerning the hadronic and weak interaction contributions, they are enhanced by
the factor mi /m?2 with respect to the electron case. The same factor typically appears for hypothetical
contributions of new interactions beyond the SM. For this reason anomalous magnetic moments of muon
and tau lepton are potentially more sensitive to new physics contributions.

One can see that the difference between the theoretical prediction and the experimental data is
almost twice the contribution of weak interactions: Aa, ~ 2 x a,(weak). Here by *weak’ we mean the
complete electroweak calculation minus the pure QED contribution. The weak interactions have been
directly tested with high precision experimentally. So it is not so simple to attribute the difference to an
effect of new physics. Nevertheless, there is a bunch of theoretical models that try to resolve the problem
by introduction of new interactions and/or new particles.

4.3 Vacuum polarization
By direct calculation in QED, one can see that virtual charged fermion anti-fermion pairs provide a
screening effect for the electric force between probe charges. Resummation of bubbles, see Fig. 8, gives

Oé(q2) Oé(O)

-1 2
= —— 57 g« M7) ~ 128.944(1
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Fig. 8: The one-loop Feynman diagram for QED vacuum polarization.

) = 29 (3 (Z2) = 3+5)) + 0,

5(q%) = 0,(q*) + 6-(¢*) + Sw (¢*) + Shadr. () (71)

The hadronic contribution to vacuum polarization d,.4..(¢2) for |¢?| below a few GeV? is not calculable
within the perturbation theory. Now we get it from experimental data on eTe~ — hadrons and 7 —
v + hadrons with the help of dispersion relations, see e.g., review [21]. Lattice results for this quantity
are approaching.

Note that screening, i.e., an effective reduction of the observed charge with increasing of distance,
is related to the minus sign attributed to a fermion loop in the Feynman rules.

QUESTION: Estimate the value of g% at which a(q3) = <.

This singularity is known as the Landau pole. Formally, such a behaviour of QED brakes unitarity
at large energies. But that happens at energies much higher than any practical energy scale including
the Planck mass and the mass of the visible part of the Universe. So we keep this problem in mind as a
theoretical issue which stimulates our searches for a more fundamental description of Nature.

4.4 Experimental tests of the SM at LEP

After the analysis of LEP1 and LEP2 experimental data, the LEP Electroweak Working Group (LEP-
EWWG) [22] illustrated the overall status of the Standard Model by the so-called pulls, see Fig. 9.
The pulls are defined as differences between the measurement and the SM prediction calculated for the
central values of the fitted SM input parameters [ (M%) = 1/128.878, as(M%) = 0.1194, M, =
91.1865 GeV, m; = 171.1 GeV] divided by the experimental error. Although there are several points
where deviations between the theory and experiment approach two standard deviations, the average sit-
uation should be ranked as extremely good. We note that the level of precision reached is of the order of
~ 1073, and that it is extremely non-trivial to control all experimental systematics at this level.

Through quantum effects the observed cross sections of electron-positron annihilation at LEP
depend on all parameters of the Standard Model including the Higgs boson mass. The so-called yellow
band plot Fig. 10 shows the fit of M performed by LEPEWWG [22] with the LEP data in March 2012.
The left yellow area has been excluded by direct searches at LEP, and the right one was also excluded by
LHC. The plot is derived from a combined fit of all the world experimental data to the SM exploiting the
best knowledge of precision theoretical calculations which is realized in computer codes ZFITTER [23]
and TOPAZO [24]. One can see that the data was not very sensitive to My, but the fit unambiguously
prefers a relatively light Higgs boson. Now we can say that the measured value of this parameter agrees
very well with the LEP fit. That indirectly confirms again the consistency and the power of the Standard
Model.

It is interesting also to look at the behavior of the cross sections of electron-positron annihilation
into hadrons as a function of energy Fig. 11. A clear peak at the Z boson mass is seen. The excellent
agreement of the experimental data with the SM predictions is achieved only after inclusion of QCD and
electroweak radiative corrections which reach dozens of percent in the vicinity of the peak.

A peculiar result was obtained at LEP for the number of (light) neutrinos, see Fig. 12. Even so that
the final state neutrinos in the process e™ +e~ — Z — v+ 7 was not observed, the corresponding cross
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Aa® (m,) 0.02804 +0.00065 -.05

Fig. 9: Pulls of pseudo-observables at LEP [22].
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section was restored with the help of the separately measured hadronic and leptonic cross sections [22],

and the total Z boson width.

It appears that the dependence of LEP observables on quantum loop effects involving top quark is
rather strong. So even without approaching the direct production of top quark, LEP experiments were
able to extract information about its mass. The top quark mass “history’ (till 2006) is shown by Fig. 13.
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Fig. 10: The curve shows Ax2, (M%) = x2,.(M%) — x2,, as a function of M. The width of the shaded
band around the curve shows the theoretical uncertainty. The vertical bands show the 95% CL exclusion limit on
M from the direct searches at LEP (left) and at LHC (right). The dashed curve is the result obtained using the
evaluation of Aa®)(M2). The dotted curve corresponds to a fit including also the low-Q? data.
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In general, all LEP measurements of various cross-sections of electroweak SM processes were
found in a very good agreement with theoretical predictions obtained within the SM, see plot Fig. 14 from
the LEPEWWG [22] 2013 report. The dots show the measurements and curves are the SM predictions
with radiative corrections taken into account.

4.5 Measurements of SM processes at LHC

The Large Hadron Collider at CERN is not only a discovery machine. In fact the large luminosity and
advanced detectors allow to perform there high-precision tests of the Standard Model. High statistics on
many SM processes is collected. Plots Fig. 15 and Fig. 16 show the public preliminary results of the
ATLAS and CMS collaborations. One can see that we have again a good agreement for all channels.
Certainly, the tests of the SM will be continued at LHC at higher energies and luminosity. That is one
of the main tasks the LHC physical programme. The proton-antiproton collider Tevatron has proven that
hadronic colliders can do high-precision studies of the SM. In particular, CDF and DO experiments at
Tevatron managed to exceed LEP in the precision of the W/ boson mass measurement.

At LHC the best precision in SM processes measurement is reached for the Drell-Yan-like pro-
cesses. A schematic diagram for such a process is shown on Fig. 17. These processes are distinguished
by production of final state leptons which can be accurately detected. We differ the neutral current (NC)
Drell-Yan-like processes which involve intermediate Z bosons and photons, and the charged current
(CC) ones which go through W bosons. The main contribution to the (observed) total cross section of
these processes comes from the domain where the invariant mass of the final state lepton pair is close
to the masses of Z and W bosons. So these processes are also known as single Z and W production
reactions. The CC and NC Drell-Yan-like processes at LHC are used for:
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Standard Model Production Cross Section Measurements Status: July 2017
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Fig. 17: Schematic Feynman diagram for the charged current Drell-Yan-like process.

luminosity monitoring;

W mass and width measurements;
— extraction of parton density functions;

detector calibration;

background to many other processes;

and new physics searches.

In particular, a new peak in the observed invariant-mass distribution of final leptons can indicate the
presence of a new intermediate particle.

5 Conclusions

Let us summarize the status of the SM. We see that it is a rather elegant construction which allows making
systematic predictions for an extremely wide range of observables in particle physics. The energy range
of its applicability covers the whole domain which is explored experimentally while the true limits remain
unknown. We do not understand all features of the model, the origin(s) of its symmetries and parameter
values. But we see that the SM has the highest predictive power among all models in particle physics
and it successfully passed verification at thousands of experiments.

There are several particularly nice features of the SM:

— it is renormalizable and unitary = it gives finite predictions;

— its predictions do agree with experimental data;

— symmetry principles are extensively exploited;

— it is minimal;

— all its particles are discovered;

— the structure of interactions is fixed (but not yet tested everywhere);
— not so many free parameters, all are fixed;

— CP violation is allowed;

— tree-level flavor-changing neutral currents are not present;

— there is a room to incorporate neutrino masses and mixing.

In principle in the future, the SM can be embedded into a more general theory as an effective low-energy
approximation. But in any case the SM will remain the working tool in the energy domain relevant for
the absolute majority of our experiments.

For many reasons we do not believe that the SM is the final ’theory of everything’. Of course
first of all, we have to mention that the SM is not joined with General Relativity. But frankly speaking,
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that is mostly the problem of GR, since the SM itself is ready to be incorporated into a generalized
joint QFT construction, while GR is not (yet) quantized. The naturalness problem discussed above in
Sect. 3.11 indicates that either some new physics should be very close to the EW energy scale, or we do
not understand features of the renormalization procedure in the SM. In general, we have a lot of open
questions within the SM:

— the origin of symmetries;

— the origin of EW and QCD energy scales;

— the origin of 3 fermion generations;

— the origin of neutrino masses;

— the hierarchy of lepton masses;

— the absence of strong CP violation in the QCD sector;
— confinement in QCD, and so on...

There are also some phenomenological issues:

the baryon asymmetry in the Universe;

the dark matter;
— the dark energy;

the proton charge radius, (g — 2),, and not much else. ..

The first three items above are related to Cosmology, see the corresponding lecture course. We should
note also that most of observations in Cosmology and Astrophysics are well described within the Stan-
dard Model (and General Relativity). But for the listed cases we need most likely something beyond
the SM. The last item in the list claims that there are some tensions in the predictions of the SM and
measurements at experiments in particle physics.

So we see that the SM is build using some nice fundamental principles but also with a substantial
phenomenological input. The most valuable task for high-energy physicists now is to find the limits of
the SM applicability energy domain. Yes, we hope to discover soon new physical phenomena. But any
kind of new physics ought to preserve the correspondence to the SM. The SM contains good mechanisms
to generate masses of vector bosons and fermions, but it doesn’t show the origin(s) of the electroweak
and QCD energy scales.

So, the SM can not be the full story in particle physics, we still have a lot to explore. Good luck!
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Abstract

I discuss how perturbative QCD can be used to describe outcomes of hard
hadron collisions in a detailed and precise way. To an extent that four lectures
permit, we touch upon fixed order computations, resummations, parton dis-
tribution functions and parton showers. Main ideas behind these concepts are
explained and derivations of many important results are given. The importance
of understanding the soft and collinear limits of scattering amplitudes for the
perturbative QCD description of hadron collisions is repeatedly emphasized.

Keywords
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1 Introduction

Experiments at the LHC where proton beams collide with the center of mass energy of 13 TeV are
rightfully described as experiments at the energy frontier. Being at the energy frontier is important since,
by increasing the collision energy, we create a situation where events with larger momentum transfer
or larger energy deposition become possible. Such events are interesting because, if enough energy is
packed into a small volume, it becomes possible to knock out new heavy elementary particles from the
vacuum and to study their properties. It is hoped that, in doing so, we will be able to determine the
Lagrangian that governs physics beyond the Standard Model.

This approach is at the heart of many measurements performed by ATLAS and CMS collaborations
at the LHC. While these experiments scored clear successes since the start of the LHC in 2010, for
example by discovering the celebrated Higgs boson [1, 2], they keep struggling to break through the
“Standard Model barrier”, see Fig. 1. As many exclusion limits improve to the point, that masses of new
heavy particles, that are still not excluded, become so large that their frequent production at the LHC is
hardly possible, it becomes clear that further searches for physics beyond the Standard Model based on
the idea of clear, resonance-like structures emerging on top of relatively flat backgrounds will have to
be supplemented by entirely new search strategies. Indeed, if new particles are not seen directly at the
LHC, they can hide in complex final states, if they are light, or, if they are heavy, they can be virtually
produced for short periods of time and then disappear back into the vacuum. In the latter case, we may
hope to detect these virtual particles since they affect properties of Standard Model particles that we
observe experimentally.

Given this situation, we are forced to think if precision physics at the LHC is possible and whether
or not it can become a tool to discover physics beyond the Standard Model. It is important to realize
that systematic precision studies at hadron colliders — aimed at discovering New Physics through indirect
effects — were never attempted before. This is not surprising given the fact that hadrons are compos-
ite particles kept together by a poorly understood strong force. If we can not understand or compute
properties of a single proton, how can we confidently describe what happens if two protons collide?

It is generally believed that this can be done if the collision energy is high enough and if we
select events where momentum transfer is very large. Such events occur at small distances and, since
physics of strong interactions at short distances becomes more perturbative, the understanding of the
strong force improves. Of course, it never becomes perfect. So the question is how far we can drive
the idea of the precision LHC physics before poor control over the strong force catches up with us.

2519-8041- © CERN, 2018. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence. 37
https://doi.org/10.23730/CYRSP-2018-003.37


https://doi.org/10.23730/CYRSP-2018-003.37

K. MELNIKOV

= 2000 % f""‘f“c’l“’”'lg ?bkl’*i:" m(@) >> "T(g)‘ S — . CMSPreliminary _1or129m' 13Ty .
E T Expected limitin 2015 3 > 100 e =0
() = 3 Y
(5 1800 __'ﬁ:’;}qf irfil:)_r:nmary —— Observed limitin 2015 | 8 pp__) N
: 1600 i s=13 Tev, 14. Expected limit (+1 cexﬁ) ; = 90 ;Obsewed 1 Siheory
S F Lo % Observed limit (+10,,5,) Sod golizzExPeted £ 1 Goparinen * 2 Comperinen
= 1400 [~ ©F . NI AN N < ]
= E L e 24 F 3
E © e - 70 3
1200 e c ]
E- < 60F =

1000

I
3
95% CL upper limit on cross section [pb]

ol b e b B b e

1
02
[
I i
[
1
1

i

i

i

s

P
1200

A I I I I I IR I | |
1600 1800 2000 2200 107260 280 300 320 340 360 380 400
m(a) [GeV1 R

PR
1400

Fig. 1: Recent exclusion limits by ATLAS and CMS collaborations. The constraints on gluino and stop masses
start challenging an established paradigm in high-energy physics.

This problem is non-trivial since, as we will see, we have very poor understanding of non-perturbative
effects in hadron collisions. Unfortunately, non-perturbative effects need to be modeled anyhow, for
instance to describe a transformation of partons to hadrons since it is the latter that interact with particle
detectors. Since modeling non-perturbative effects necessarily involves some arbitrariness, it is important
to find out which aspects of hadron collisions can be described and understood from first principles.
This requirement is stronger than the ability of tools that we use to study hadron collisions (i.e. parton
showers, fixed order computations, resummations etc.) to describe data since this can happen by accident
or because one can tune these tools to do that.

As we will see in these lectures, all tools that we use to describe hadron collisions are based on ap-
proximations and all of them have limited range of applicability. For this reason, we need to understand,
parametrically, the approximations that are made on the way from the Standard Model Lagrangian to a
theory behind a particular measurement and we need to be convinced that a particular approximation is
justified in each case. We need to be sure that the framework that we use is systematically improvable
and, if not, we need to know its ultimate limit' .

In short, we need to start asking questions about the foundations of what we do to describe hard
hadron collisions and keep in mind that a significant fraction of the current lore, ideas and approaches
dates back to times when even an order-of-magnitude understanding of hadron collider physics was
considered a success. There is no question that currently we strive for more.

The key for describing hard scattering processes in hadron collisions is provided by the collinear
factorization theorem in QCD [3]. Within this framework, colliding protons are viewed as beams of
partons (massless quarks and gluons), each carrying a fraction of proton energy. Probabilities to find
partons with definite energy fractions are called parton distribution functions (PDFs). These objects are
universal, i.e. they do not depend on a process under investigation. Therefore, they can be determined
in some processes and used to describe many other. Partons interact with each other and produce final
states composed of Standard Model particles such a leptons, gauge bosons and QCD partons themselves.
We interpret these QCD partons in final states as seeds of hadronic energy flows that are barely affected
by non-perturbative QCD effects. We call these seeds jets.2

The production cross sections for processes with final states composed of QCD jets and Standard

'One of the possible questions is what is the order beyond which perturbative computations become meaningless?
2 Unfortunately, due to time constraints, we could not discuss jets during the lectures. A comprehensive introduction into
this very important subject can be found in Ref. [4].
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Model particles in hard hadron collisions can thus be computed using the following formula

do = Z/dfﬁdiﬁzfil($1)fi2(952)d0i1i2(951796‘2)FJ (14 O0(A4en/Q™)), n>1. (1

i17i2

Here z; 5 are fractions of incoming hadron’s energies carried by partons ¢; and i and f;, , are the parton
distribution functions. Finally, F'; is a function that, if necessary, defines jets by combining in a smart
way QCD partons that appear in the final state.

The last term in Eq. (1) represents genuine non-perturbative effects that take us beyond the simple
picture of parton scattering and fragmentation into jets. These effects are expected to be suppressed by
the ratio of Aqcp/@Q where @ is the smallest of hard scales in the problem and Agcp ~ 300 MeV is the
non-perturbative parameter of QCD. Note that, according to Eq. (1) we do not know how strongly these
effects are supposed to be suppressed. It is believed that, in many cases, the exponent nin Eq. (1)isn = 2
but there are arguments that suggest that n = 1 is possible especially if one studies complex kinematic
distributions. Numerically, if n = 1 and ) = 30 GeV, the non-perturbative effects are estimated to be
just a few percent. Note that non-perturbative of that magnitude are comparable to the accuracy to which
partonic cross sections for certain hadron collider processes have been calculated. This implies that
disentangling perturbative, non-perturbative and New Physics contributions to hadronic cross sections
becomes problematic and may require careful investigation.

Note also that the non-perturbative contribution in Eq. (1) is highly non-trivial, in spite of its simple
appearance since it contains different physical effects such as double-parton scattering, hadronization,
contributions from the underlying events etc. Experimentalists know how important it is to simulate all
these effects if one wants to extract real physics from hadron collisions but, according to the formula that
we are going to use all the time, all these effects are just power corrections that can not be described from
first principles. This fact alone should be worrisome enough since it shows a different take on what the
LHC physics is all about by theorists and experimentalists. We will discuss how these two approaches
can be reconciled when we will talk about the parton showers at the end of these lectures. Our next step
is to discuss the basics of the quantum field theory of strong interactions, the QCD.

Before we dive into this discussion, let me state the obvious — it is impossible to explain the
details of a complex quantum field theory, the QCD, and discuss its numerous applications to hadron
collider physics in four lectures. Although I will do my best in communicating the main ideas of this
theory, students should be well-advised to consult numerous textbooks on quantum field theory and the
use of QCD to describe hadron collisions. An incomplete list of useful references can be found in the
bibliography [5-9].

2 Basic facts about QCD for colliders

The upshot of the discussion in the previous Section and the collinear factorization formula Eq. (1) is
that hard scattering processes at the LHC can be understood in terms of partons, i.e. quarks and gluons;
only limited knowledge about protons is needed. Physics of quarks and gluons is governed by a field
theory of strong interactions, the QCD. QCD is a non-abelian SU(3)-gauge theory so it is complicated
and I can not describe all the details of this theory in these lectures. Instead, I will provide a few basic
facts about QCD that we will use later. More information on QCD can be found in textbooks on particle
physics and quantum field theory [5].

Similar to any other quantum field theory, QCD is described by a Lagrangian. It reads

Lqocp = Z q; (115 - mj) q; — iGzmew’ (2)

where we sum over six quark flavors — up, down, strange, charm, bottom and top. The theory describes
interactions of these quarks with carriers of the strong force, the gluons. Quarks (gluons) transform under
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Fig. 2: QCD Feynman rules. Solid lines refer to quarks, wavy lines to gluons gluons and dashed lines to ghosts.
Gluons in the three-gluon vertex are outgoing.

the fundamental (adjoined) representation of the gauge group SU(3), respectively. It is often said that
there are also unphysical ghost particles in QCD; we will say a few words about them below. The various
quantities that appear in the Lagrangian Eq. (2) are

. a qa a a a abc b 4c
Du = a,u - ngT A;u G,uu = auAy - auA,u + gsf Aqu 3)

where T and f e are generators and structure constants of the Lie algebra of the gauge group SU(3).

It follows from the Lagrangian Lqcp that gluons interact with quarks and antiquarks and also
with other gluons. We can associate these interactions with color charges of the corresponding particles;
however, since there are eight Lie algebra generators and many structure constants, it becomes difficult
to say what the color charges really are. Since we can not observe color, physical processes are sensitive
to average color charges; those are provided by the corresponding Casimir invariants of a particular
representation R Cp = > TrTp. These Casimir invariants evaluate to C = 4/3 and C'y = 3 for the
fundamental and adjoined representations, respectively. The importance of these numbers is that they
show that the color charge of a gluon is larger than the color charge of a quark. Physically, this means
that gluons interact stronger and radiate more, leading to e.g. higher multiplicities in gluon-initiated jets
as compared to quark-initiated.

Similar to any quantum field theory, QCD can be characterized by Feynman rules that describe
elementary interactions between different particles in the theory. The Feynman rules are shown in Fig. 2.
It is seen from Fig. (2) that, indeed quarks interact with gluons and gluons interact with quarks and
gluons. Interaction between quarks and gluons is very much QED-like except for additional SU(3)
matrices that describe the color chargers.

In addition to quarks and gluons there are additional particles — ghosts. Ghosts are described
by scalar anti-commuting fields, directly violating the spin-statistics theorem. The reason ghosts are so
strange is that they appear in the theory for technical reasons, i.e. as a tool to allow for the quantization
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of QCD in covariant gauges where gluons are assigned four polarizations instead of two. When this is
done in QED, two additional photon polarizations decouple from the theory automatically thanks to the
so-called Ward identities. In QCD this does not happen and the primary role of a ghost is to ensure that
contributions of unphysical gluon polarizations are removed from cross sections with on-shell gluons
even if the latter are computed using unphysical density matrices.

If physical gluon polarizations are used to describe external states, ghosts do not appear as external
particles. For a gluon that moves along the z direction with momentum £, the two physical polarizations
are

1 1
k = (ko,0,0, ko), e+:\ﬁ(0,1,¢,0), € :E(o,l,ﬂ',o). 4)

Note that physical gluon polarizations satisfy the following transversality condition
ket =0. (&)

We will make use of this condition when discussing soft and collinear limits of real emission matrix
elements.

The situation with internal gluons is somewhat more complex; one can, in principle, employ glu-
ons with only physical polarizations (and the non-propagating color-electric field) to do loop computa-
tions, but this leads to additional complications. In practice, it is more convenient to use covariant gauges
and ghosts for computing loop corrections to scattering amplitudes and Green’s functions.

Fixed order computations in QCD employ an expansion in the strong coupling constant cc,. How-
ever, we do not know its numerical value since, thanks to confinement, we observe colorless states —
hadrons — whereas «, refers to interactions between color charges that we associate with quarks and
gluons. To determine o, we measure it at high energies where description of final states in terms of jets
produced by quarks and gluons becomes appropriate. For example, from studies of Z-boson decays, we
know that g (M) =~ 0.12. We also find that if we want to describe QCD processes at other energies, we
can absorb significant part of quantum corrections into the “running”, i.e. “energy”’-dependent, coupling
constant. In particular, we find that at higher energies or, more precisely, higher momentum transfers,
quantum corrections can be described by using a smaller coupling constant. This phenomenon, known
as asymptotic freedom, is described by the formula
1 ’ IBO _ 33 2n f

= e
50 In AgCD 127

as(:u) ~ 0'5’nf:5’ (6)

. - 3
where n; is the number of “active” quark flavors.

Asymptotic freedom is central to our ability to describe hard scattering processes at the LHC in
QCD perturbative theory since the smallness of the coupling constant is a pre-requisite for the success of
perturbative description. Note that for typical LHC processes the strong coupling constant is small but not
tiny. This implies that quite often QCD corrections need to be computed to higher orders to claim high
precision. The technology for computing next-to-leading QCD corrections to many processes of interest
was developed in mid 1990s [10, 11] and an important ingredient was added about ten years ago [12,13].
Since then, the development of theoretical methods for next-to-next-to-leading order (NNLO) computa-
tions became of great interest to the community of theorists interested in precision LHC phenomenology.
Very recently, we have seen the emergence of several key technologies for NNLO computations [14] and
dramatic increase in the number of their applications to LHC physics [15].

The use of QCD to describe hard scattering processes at the LHC is intimately connected with
the detailed understanding of how scattering amplitudes behave in the so-called soft and collinear limits.
The soft limit corresponds to a situation where energy of an emitted gluon becomes small. The collinear

? An “active” quark is a quark whose mass is smaller than the scale .
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Fig. 3: The strong coupling constants as determined from different measurements and its evolution with momen-
tum transfer.

limit corresponds to a situation where at least two external particles propagate in the same direction so
that the relative angle between their momenta is small.

Scattering amplitudes become infinite if either soft or collinear limit is taken. Hence, soft and
collinear limits describe kinematic situations where scattering amplitudes are large and which, therefore,
provide dominant contributions to cross sections. This fact alone would have justified the need to under-
stand soft and collinear limits of QCD amplitudes but there are more reasons to do that. They are listed
below.

First, we can only apply perturbative QCD to describe observables that are insensitive to infra-
red and collinear dynamics. This is because infra-red and collinear dynamics is non-perturbative and,
therefore, it can not be described as an expansion in «,. Hence, it is important to understand soft and
collinear limits of scattering amplitudes to enable construction of observables that can be described and
understood in perturbative QCD.

Second, soft and collinear limits of amplitudes lead to non-integrable singularities in perturbative
computations of cross sections. Obtaining finite fixed order predictions in high orders of perturbative
QCD requires us to understand in detail how soft and collinear singularities cancel in the total cross
section or in other infra-red safe observables.

Third, soft and collinear limits often determine enhanced contributions to scattering amplitudes
and cross sections. These enhanced contributions may invalidate fixed order predictions and, for this
reason, they are essential for resummations, PDF evolution and parton showers. Understanding universal
factorization properties of matrix elements in these limits is crucial for the success of the resummation
program.

Finally, soft and collinear emissions dominate high-multiplicity final states. Understanding high-
multiplicity final state in QCD is important for describing the evolution from hard scattering processes
that occur at short distances to large distances where non-perturbative transition from QCD partons to
observable hadrons occurs.

In what follows, we will look at different ways to describe hard hadron collisions, emphasizing
the role of soft and collinear limits for these descriptions. We will start with a relatively simple picture of
fixed order computations. We will continue by making it more complex in order to improve the descrip-
tion of certain observables. Quite often, I will use toy models and examples from QED to explain the
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relevant physics, instead of talking about QCD directly. The reason for this is that QED physics is similar
to QCD but QCD, being a non-abelian theory, is technically more involved. Therefore, understanding
physics of hard collisions in a simpler gauge theory — QED — is a crucial step towards mastering QCD.

The remainder of these lectures is organized as follows. In the next Section I will discuss the
production of lepton pairs in hadron collisions at leading order in perturbative expansion in QCD. We
will find that the results of the calculation provide a decent description of rapidity and invariant mass
distributions of a lepton pair but completely fail to describe its transverse momentum distribution. We
will attempt to improve on this result by considering NLO QCD corrections to dilepton pair production
in hadron collisions in Section 4. We will find that, although we can describe the transverse momentum
distribution of a lepton pair at high p | , we fail to do that at low values of the transverse momentum. In
Section 5 we explain that at low values of the transverse momenta, perturbative expansion is in expan-
sion in arg In*(s/p? ), rather than a,,, which can be of order one, so that all such contributions need to be
resummed. We explain how to resum such terms in QCD perturbative series in Section 5. Upon doing so,
we will discover that it is necessary to choose the factorization scale of parton distribution proportional
to p |, in order to achieve the resummation of p | -dependent logarithms at small values of the transverse
momentum. To understand the reason for that, we will discuss the parton distribution functions and the
meaning of the factorization scale in Section 6. Parton distribution functions provide a limited informa-
tion about the composition of the final state. To improve on that, parton showers are used. In Section 7
we explain the basic ideas behind parton showers and show how parton showers can be used to generate
unweighted events. We conclude in Section 8.

3 Lepton pair production at leading order

In this Section, we discuss production of lepton pairs (ete, /ﬁ/f, 7777) in hadron collisions at
leading order in perturbative QCD. We will only consider the photon-mediated process; the exchange of
the Z-boson between quarks and leptons will be neglected.

According to the factorization theorem Eq. (1), production of a lepton pair in hadron collisions is
described by the following formula at leading order in perturbative QCD

doy p, it = Z /d$1d$2fi(x1)fi($2> dog v (21 Py, 20 Py). (7
i€lq,q]

Here P 5 are the momenta of the colliding hadrons H; 5, respectively. The momenta of incoming
hadrons are taken to be light-like P12 = P22 = 0, i.e. all the mass effects are neglected. The four-
momenta of the colliding massless quarks are then p; = z;P; and p, = x5F,. Parton distribution
functions f, ;() are extracted from experimental measurements and are considered to be known for our
purposes. Although there are gluon partons in a proton, they do not contribute to leading order cross
section for lepton pair production.

To compute the hadronic cross section we need the cross section for the partonic process qg —

. Computation of this cross section proceeds in a standard way. The matrix element reads

. Z.eQQq(Skm — — mn

iM=—5— [U(kh)\l)%l’(k%)\z)] [0(pa, §2)Y u(py, &l ®)
where (), is the electric charge of colliding quarks, k and m are their colors, A\; 5 and &; , are the
polarization labels and £, 5 are the four-momenta of a lepton and an anti-lepton, respectively. We will
treat leptons as massless particles. We also introduced the four-momentum () = p; + py = kq + ko that
flows through the propagator of a virtual photon.

To compute the cross section, we need to square the matrix element in Eq. (8) and sum it over
polarizations of the initial and final state particles. This computation is simplified if we use the standard
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trick that allows us to turn sums over polarizations into traces of products of Dirac matrices. The key
formula reads
D ulp, Nati(p, N)g =Y v(p, N)a®(p, A g = Pag- ©)
A A
We use Eq. (9) and write

2 12
e"Q . . . L

SN M= Nc( Qf) Tr [kmkﬂy} Tr [y p17"] (10)

{\,&} color

where N, = 3 is the number of colors. We calculate the two traces using the standard formula

Tr [&%z}%} — 4 (ayb, + a,b, — gua-b), (11)
and find ) )
32N,
S S IME = ngq) (k) (kp) + (kpy) (kp)] 12)

{\,&} color

To compute the cross section, we write

111 9 4<(4)
Tggrete” =284N3{§}C0§bjrw (k[ dko)2m) 8 (py +py —hy — ko), (13)

where the prefactors describe the flux factor 2s = 4p; p, and the averaging over spins and colors of the
incoming quarks. We also introduced a convenient notation for the Lorentz-invariant phase space of a
single particle with momentum p

d3p
——
(27)"2pg

[dp] = (14)

We will now rewrite the phase-space in a way that will allow us to separate two processes — the
production of a virtual photon with the total momentum () = k; + ky and the decay of this virtual photon
to a lepton pair. For qg — I process the procedure that we describe is perhaps an overkill, but it is
useful to understand it since it can be very helpful in more complicated cases. To this end, we introduce
an auxiliary vector () and write

1= / 4Q 5(Q - py - py). (15)

We insert this integral into the phase space and simplify it by separating integration over Q2 = M?

[dkl][dkﬂ(?ﬂ%(pl +py —ky — ko)
= [dky][dko) (2m) 3 (p1 + po — k1 — ko)A Q8 (Q — p1 — py)

= dAM?5(M° — Q*)d*' Q0™ (Q — py — po)[dky][dky] (27)*8(Q — ki — ky)
= dM?5(M? — s) [dhy][dky] (27)'6(Q — by —

(16)

k2) ’Q=P1 +p2,Q*=M""

This formula does what we wanted since it separates the production of a (virtual) particle with the mass
M? = s from its decay to a di-lepton final state.

To compute the cross section we need to integrate over lepton momenta. There are different ways
to do that. Since, according to Eqs. (12,13,16)

do .ot ™ /[dkl][dkﬂé(Q — ky — ko) K{E5 (1 upa, + D1ub2y), (17)
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we need to understand how to compute the following tensor integral

[lahiak)2n)'5(Q — by — ks = 1 ()

This integral is a rank-two tensor; therefore, it can only depend on the metric tensor and a rank-two
tensor constructed using the vector Q. Thus, we write

" = LQ*¢"™ + LQ"Q". (19)

To compute the form factors I o, it is convenient to contract I, with g, and @,Q,, compute the
contracted integrals separately and solve the system of linear equations for the two form factors. To
illustrate this procedure, consider g,,,, I M This integral reads

Q (L, +I) = / (k][] (20)5(Q — ky — Ky (k1K) (20)
We use ki ky = Q2/2 and find
ST, 421, — / (k] [dky) (27)16(Q — oy — K). 1)

The integral on the right hand side is the two-particle phase space. To compute it, it is convenient

to use the fact that it is Lorentz-invariant and choose a frame where @ = (Q, 6) with Qy = 1/ Q2. The
integral becomes

Iiips = / [dky][dk,] (2m)8(Q — by — ky) = / [dky ) [dko] (27)*6(Qp — wy — wp)8™) (By + Ky). (22)

The integration over /32 is used to eliminate the three-momentum conserving J-function; the integration
over the absolute value of |k;| is used to eliminate the energy-conserving d-function. The remaining
integration over directions of the three-momentum k; are unconstrained. Therefore, we obtain

iy 2T
1 Lm_l d9$iﬂ9/d¢_1

I o= — —
Lips = g7 47 87 2
0

—. 23
2 8 (23)

A very similar computation can be performed for Q,Q, I m = Q4(I 1 + I5). In fact, since Qk; =
Qky = Q2 /2, the calculation is almost identical. Solving the two linear equations for I, I5, we find

J— (Q2g“” + 2@“@”) . (24)
967
We employ Eq. (24) to compute the cross section for ¢g — "1™ and use N, =3,pips = Q2 /2=
s/2and Qp; = Q?/2 = s/2, to arrive at the final result

2 2
daq(j—>6+67 _ dra Qq 5

IV o O(s - M?). (25)

We will use Eq. (25) to compute the hadronic cross section for lepton pair production. To this end,
we employ the collinear factorization formula Eq. (7) and the partonic cross section Eq. (25), integrated
over M?, to obtain

47r042QZ2

e (26)

OH,+Hy—p+py — Z /dxldx2fi($1)fi(x2)
i€[q,q]
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Here the invariant mass of the lepton pair M % is expressed through the center of mass energy squared of
the two colliding hadrons S as M 2 = ST,

It is convenient to rewrite the integration over x; and x, through the invariant mass M % and the
rapidity of the lepton pair. The rapidity is defined as

QO + Qz
QO Qz

where (), is the component of the four-momentum of the lepton pair () = k; + k5 along the collision
axis. Using the momentum conservation Q) = k| + ky = p; + py = 1P| + 29, and the fact that
hadrons collide in the center-of-mass frame along the z-axis, we find

©2))

1 o)
= —Iln—. 28
Qo Qz PlQ 2H$2P1Q 211902 28

. 2 .
Since M* = Sz x5 we can write

[ 272 [ 272
Ty = M?ey, Ty = M?efy. (29)

Finally, we can trade the integration over xy,x, for the integration over M Zand Y. Computing the
Jacobian of the transformation, we obtain

dMdy
dridzg = —————. (30)
S
Integration boundaries follow from the conditions on the momenta fractions 0 < z; o < 1 and read
1 S 2
|Y|<§lnﬁ, 0< M <S. 31)
The final result for the hadronic cross-section reads
M? do A4
H{+Hy—l Wa
x] 32
dM dy Z Qz fz 1 ) ( )

i€[q,q]

where z7 5 = \/ M?)SetY

The above formula provides interesting information about kinematics of lepton pairs that are pro-
duced in hadron collisions. It predicts non-trivial distributions in the invariant mass and the rapidity of
a lepton pair. However, the very same formula also predicts that momenta of lepton pairs are aligned
with the collision axis and that no lepton pairs with non-vanishing momenta components transverse to
the collision axis are produced in hadron collisions. Indeed, since ) = x; P, + x5 P5, the transverse
momentum distribution predicted by our computation reads do / d2@ L ~0 (Q 1)

It is instructive to compare these predictions with the results of actual measurements. The mea-
sured distributions of the invariant masses of lepton pairs and the rapidity are shown in Fig. 4. The
experimental results include the Z exchange between quarks and leptons, c.f. the peak in the left pane
at around M;; ~ 90 Gev, so they can not be directly compared with our computation. However, if we
were to include the Z-exchange into our theoretical prediction, we would describe data shown in Fig. 4
reasonably well.

However, the situation becomes very different for the transverse momentum distribution of a lep-
ton pair, shown in Fig. 5. As we explained earlier, the leading order computation predicts that lepton
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Fig. 4: Invariant mass (left) and rapidity (right) distributions of lepton pairs at the LHC. Z-exchanges are included
and the results compared with theoretical predictions that include higher order QCD corrections. If we were
to include the Z-exchange in our cross section computation and then plot the invariant mass and the rapidity
distributions, we would describe experimental data reasonably well.
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Fig. 5: The lepton pair transverse momentum distribution measured by the CMS collaboration. Clearly, it is very
different from do/d*p, ~ & @) (1) predicted by the leading order computation.

pairs produced in hadron collisions have vanishing transverse momenta. This prediction is in direct con-
tradiction with the results of experimental measurements shown in Fig. 5. To summarize, we see that
leading order QCD theory works reasonably well for the invariant mass and the rapidity distributions but
that it fails for the transverse momentum distribution of a lepton pair. So, what is going on?

To understand how non-trivial transverse momentum distribution of a lepton pair can be produced,
we recall that our computation of the lepton pair production cross section was performed at leading order
in perturbative QCD. If we go to higher orders, two things can happen. First, the interaction strengths
between quarks and photons changes because of the virtual QCD corrections. Second, a gluon can be
emitted by an incoming quark or an incoming anti-quark; such contributions are called real-emission
corrections. If this gluon happens to have a non-vanishing transverse momentum, the lepton pair will
have to balance it because of momentum conservation; this may generate a continuous spectrum of lepton
pairs with different transverse momenta in accord with experimental measurements. We will substantiate
these considerations with mathematical formulas in the next Section.
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4 Lepton pair production at next-to-leading order in perturbative QCD

To make this discussion more quantitative, we need to be able to compute next-to-leading order QCD
corrections to lepton pair production cross section in hadron collisions. We will start with the discussion
of the real emission process qG — ete™ + g. We will denote the gluon momentum as p3. We write the
real-emission cross section in a particular way

1
dop = %/[dp?)]FLM(laza?’)v (33)

where
_— ,
Fia(1,2,3) = No[M(1,2,3)] (27) 0(py + po — p3 — k1 — ko) dLips + -, (34)

N 4 is the required symmetry factor that includes averaging over spins and colors of the colliding partons
and [(M (1,2,3)] is the matrix element squared for q§ — e e~ + g process, summed over polarizations
and colors of all particles. Also, dLips_+ - = [dk][dk,] is the phase-space of the lepton pair. Note also
that observables are reconstructed from the momenta of particles that appear in the function Fy,; this
remark will be important once we get to the discussion of the subtraction procedure later in this Section.

We would like to compute the contribution of the the real-emission process to the production rate
of lepton pairs in hadron collisions. This requires integrating over gluon and dilepton phase spaces in
Eq. (33). We will show now that this integral can not be computed.

To see this, let us understand the conditions on the matrix elements that ensure that the real emis-
sion contribution can be computed. We begin by considering the integration over gluon energy. The
phase space element scales as
E3dE,

[dps] ~ ~ E3dE;. (35)

The lower integration boundary is F3 = 0, the upper integration boundary follows from the energy

conservation. Therefore
E?r)nax

daRAJL/ dE;E5|M(1,2,3)%. (36)
0
It follows that if limpg, o M(1,2,3) ~ E3 ! the integral over E3 does not converge at the lower inte-
gration boundary.

We can check how the matrix element behaves when the energy of the gluon becomes small. The
matrix element reads

u(ki)vv(ke), — (37)

Hy — P2)E  E(Py — D 2
AﬂLZ@Zgﬂﬁmm[wwrﬂme_dm—pgwlwm)xde

(p1 — p3)2 (P2 — p3)2 QQ

where, as before, Q is the four-momentum of the lepton pair, g, is the strong coupling constant and €" is
the gluon polarization vector.

We are interested in the behavior of the amplitude Eq. (37) in the limit £3 — 0; this implies that
p3 vanishes, component by component. Since (p; o — p3)? = —2py 9p3 ~ O(F5) and since we are only
interested in the contribution to M that scales as F5 ! we can neglect p; in the numerators of the two
terms in square brackets in Eq. (37) and keep it in the denominators.

Further simplifications are possible in Eq. (37). Consider the first term in square brackets as an
example. We find

_ Y (p1 — P3)é B(pa)y" préu(p;) Dy-€ _ M
—_— — — — , 38
) [ (p1 — p3)* ] ur (—2p1p3) P1 - P3 P2}y ulpr) %)

48



QCD FOR HADRON COLLIDERS

where we used piéu(py) = (2p; - € — €py)u(py) = 2p; - eu(p,) as follows from the anticommutation
relations of the Dirac matrices and the Dirac equation p;u(p;) = 0.

Repeating the calculation to simplify the second term in the square brackets in Eq. (37), we find
the soft limit of the amplitude

. o [ D1€ D€ ’
lim M(1,2,3 :—sTi»< - >M 1,2). (39)
E3—0 ( ) Istiy P1P3 P2abs3 1.2

Here ./\/l/(l, 2) is the amplitude for the elastic process ¢G — ee” with the color factor d;; removed.
It is now straightforward to compute the amplitude squared summed over colors and polarizations. We
obtain

lim |M(1,2, 3)]> = Eik(1, 2, 3)|M(1,2) %, (40)

B3~

where the eikonal factor reads

2
Eik(1,2,3) = ¢*Cp—21P2 (41)
(P1p3) (P2ps3)

There are two comments to make about this result. First, soft limits of scattering amplitudes are
universal; they depend on the color charges of colliding energetic particles and their momenta. The
hard scattering amplitude that appears in the soft limit describes a process without soft gluon radiation,
ie. q¢ — eTe” in our case. Second, it is clear from Egs. (40,41) that the amplitude squared for the
qq — eTe + g process indeed scales as F5 ? in the soft limit. As the result, its contribution to the real
emission cross section diverges at F3 = 0

Emax
dE
TR~ / fj = o0, (42)
0

and, therefore, can not be computed.

We will discuss how to solve this problem below. For now, we will study another kinematic region
where integration over the gluon four-momentum becomes problematic. To appreciate that there might
be another problem, consider again the gluon emission amplitude shown in Eq. (37) and look at the first
term in square brackets that describes gluon emission off the incoming quark. The denominator of this
term is 513 = (p; — p3)° = —2p1p3 = —2F; F3(1 — cosfy3). It vanishes if the energy of the emitted
gluon vanishes — this is the situation that we just discussed. However, s;3 also vanishes if 613 — 0
that corresponds to a situation when the gluon is emitted along the direction of the incoming quark.
Since the gluon emission phase space scales as Ldpy,] ~ 6;3d6,3, for small 6,5 the amplitude squared
should diverge weaker than [M(1,2,3)[> ~ 675 for the rate to be calculable. Unfortunately, a naive
computation of this collinear limit

IM(1,2,3)]° ~ 515 ~ 613, (43)

indicates a very strong singularity which, however, is inconsistent with e.g. the soft limit of the amplitude
squared, c.f. Eq. (41).

To understand what is going on, we need to study the collinear limit of the amplitude more care-
fully. To this end, it is convenient to employ the so-called Sudakov decomposition for the gluon momen-
tum

p3 = xpy + PBp2 + P31, (44)

where the transverse momentum is defined by the conditions pyp3 | = pop3; = 0. Since the gluon p5 is
on the mass shell, p§ =0, we find

st =Py . (45)
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If the gluon is emitted along the direction of the incoming quark, z ~ 1, p3 | ~ /8615 and B ~ 9%3; the
latter scaling follows from Eq. (45).

We use the Sudakov decomposition in the matrix element for ¢qGg — ete” + g assuming that

the gluon is emitted collinearly to the momentum of the incoming quark. We will first show that the
singularity that appears when 6,3 — 0 is significantly weaker than the naive estimate Eq. (43). To see
this, consider the most singular contribution to the amplitude in the 6;3 — 0 limit that arises from the
term that describes gluon emission off the quark line

M A A A 2
My(1.2:9) = 0 Tio(es) [ O ) it tin). )
—2ap1P3 Q
We use the Sudakov decomposition for the gluon momentum in this expression and look for the most
singular term in the limit 63 — 0. We replace p3 using the Sudakov decomposition as in Eq. (44) and
use scalings of 3 and p3 | with ;5 to discard subleading terms. The most singular term corresponds to
the amplitude Eq. (46) with p5 in the numerator replaced with zp;. We find

Tt 2
Tim M (1,2.3) = — 2001 0y prenlpn) x (i) (ks)
137 D1P3 Q @7
I5 ?
=20 (1 ) ap) 5 ul) % l Q@q]mklmv(@),

where again at the last step we used the anti-commutation relation of the Dirac matrices and the Dirac
equation pyu(p;) = 0.

The expression Eq. (47) seems to confirm the naive estimate of the strength of the singularity of
the amplitude in the #;3 — O limit since p1p3 ~ B ~ 0%3 and the numerator in Eq. (47) contains no
0,5. However this conclusion is misleading. Indeed, since € is the polarization vector of a physical
gluon, it satisfies the transversality condition pse = 0. We use this equation to find the scaling of
the scalar product p;e that appears in in Eq.(47) using the Sudakov decomposition for p;. We obtain
z(p1€) + B(p2€) + (p3L€) = 0, so that

Psie  Ppae
pre === = 22 1 0(6;). (48)
x z
Hence, thanks to the fact that we deal with the gauge theory, the matrix element in the collinear limit is
less singular than the naive estimate shows. Using Eqgs. (47,48), we find M(1,2,3) ~ 01_31.

To compute the collinear limit of the amplitude, we need to account for all terms that scale as
91_31 but all other terms can be neglected. In particular, we do not need to consider contributions to
the amplitude which describe the emission of gluons by an anti-quark since they scale as O(1). The
calculation is straightforward but somewhat messy and we do not present it here. Instead, we just report
the result

R 242 < E, >2
lim |M(1,2,3)] = 5 P M(1-3,2)], 49)
i ML) = =y () MO =3.2)
where )
1+ 2
Poy=Cry— (50)

is the so-called ¢ — qg splitting function and the notation M (1 — 3, 2) means that the matrix element for
the leading order process qq — eTe™ has to be computed for the four-momenta of the incoming quark
given by pj, = (E; — E3)/E; p{. Clearly, p, can be thought of as the four-momentum of a quark after
it emitted the collinear gluon with the energy Fi.
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It should be clear from this discussion that a very similar situation occurs when the gluon is
emitted by an incoming anti-quark. The limit for the amplitude squared in this case is obtained after
simple modifications in Eq. (49)

2
. 2 2g E, —_—
lim |M(1,2,3) = = P ( ) M(1,2-3)|, (51)
Jim M2 = by (2 ) M2 3]
where M(1, 2 — 3) refers to leading order matrix element where the four-momentum of an anti-quark is
taken to be pff = (Ey — E3)/Ey ph.

Clearly, since the matrix element squared scales as |M(1, 2, 3)|* ~ 6~ for small emission angles,
it is not possible to compute the contribution of the real emission process to the production rate

™

oR~ /[dp3]|/\/l(1, 2,3)|* ~ /9d9 0% = co. (52)

0

To understand what to do with these infinities, we need to turn them into something tractable. To
this end, we use an idea of the regularization that appears in theoretical physics over and again. It is
based on the understanding that all infinities look similar and so it is difficult to trace where they come
from. On the other hand, if we introduce a parameter that allows us to control how these infinities arise in
the corresponding limits, we can start to distinguish between them thereby making the first step towards
understanding what to do about them.

There are different ways to regularize these infinities. One option is to imagine that the scattering
process occurs in a space-time whose dimensionality is /arger than four. Scalings of amplitudes in the
soft and collinear limits remain the same but the scaling of the gluon phase space changes. Indeed, if we
consider, for the sake of example, the process ¢g — ete” + g in the five-dimensional space-time, we
find

[dpslsq ~ E3dE;,  [dpslsq ~ 0°d6. (53)

These scalings of the phase space imply that soft and collinear limits of the amplitude squared can be
integrated in five-dimensional space-time without a problem. Of course at this point it is not clear how
this observation can be used to perform computations in four-dimensional space-time since four- and
five-dimensional space-times are clearly rather different.

An interesting idea [16] is to treat the dimensionality of space-time as a formal parameter without
assuming it to be integer. It is conventional to denote the space-time dimensionality as d and to write
d = 4 — 2e. If we are able to perform all the relevant computations without requiring d to be integer and
if, at the end, we can take the ¢ — 0 limit, we will be able to write our results as an expansion around
four-dimensional space-time and regularize infinities that we observed earlier.

It is easy to see that this strategy is quite sensible. Indeed, the phase-space element for a massless
particle with four momentum & = (kg, k), k* = 0 in a d-dimensional space-time is defined as

kT dkgan Y

dk (54)
[4%] 2(2m)4"!
The solid angle in non-integer number of dimensions is defined recursively
d—1 2 \(d=4)/2 7y(d—2 o 20
dQ(_):dCOSG(l—cos 0)(_)/ a2, Q():I‘(d/2)' (55)

We will now show that this modification of the phase-space regularizes soft and collinear singu-
larities. To this end, consider the integral of the eikonal factor over the single gluon phase space. It
reads

2p1 - po
I :/dp ————0(E . — E3). (56)
b [ 3]173']?1173'192( * 3)

51



K. MELNIKOV

The momenta p, , are back-to-back and we choose the z-axis to be the collision axis. The resulting
integral becomes

FEmax

1
I — / AES2AE, / dcosd(1 — cos” 9)(d_4)/2 and=2?
o / 2(2m) B} 4

(1 — cos? )
(57)
max 1
20002 d By / dcosd
(2m)* J Byt . (1 —cos® )t

The last two integrals are easy to compute assuming that e < 0, so that integrals converge at the otherwise
problematic boundaries. The integral over gluon energy is straightforward

FEmax

-2
E§+26 26 °

To compute the integral over the polar angle in Eq. (57) we need to change the integration variable
cos =1—2x,0 <z < 1. Then

1 1
d0059 —1- 26/ —1—e —2¢ F2(1 —¢€)
= dz(z(1 - =27 59
/ — cos 9 (1= cos )¢ = ™) el'(1 — 2¢) &%)
0
Since T'(1 + z€) &~ 1 + O(e), we find
1
Ip = —55 t O(1/e). (60)
477€

It follows from the above equation that that integrations over energy and the polar angle produce terms
that become infinite in the d — 4 limit. However, the relevant integrals are indeed regularized and we
can study how the 1/e singularities disappear when all the different contributions to cross sections are
combined.

We will try to achieve this without integrating over any measureable degrees of freedom of the
emitted gluon. Since, as we saw, the 1/e singularities appear only after integration over gluon energies
and angles, we need to design a procedure that allows us to integrate over emitted gluons without affecting
the observables. This is accomplished with the help of the so-called so-called subtraction procedure. The
idea is to systematically subtract simplified versions of real emission contributions that, on one hand,
make the (subtracted) real emission cross sections integrable in d = 4 and, on the other hand, are simple
enough to be integrated over the unresolved phase-space in d # 4.

To see how this procedure works in detail, it is convenient to introduce particular notation to extract
soft and collinear limits from the matrix elements and the corresponding phase space. We write

2
SsFi\(1,2,3) = lim FLM(1 2,3) = ECF&FLM(Lma

P30 (p1p3)(p2p3)
2° E
Co1 Fia(1,2,3) = lim Fyy(1,2,3 s P ( 1 >F 1-3,2),
31 P ( )= 650 L ( ) = (p1—P3)2 “\ B, — Ey L ( ) 61)
2g° E
CyoFii(1,2,3) = lim Fp(1,2,3 P 2__ ) Fv(1,2-3
32 F (1,2, 3) 2;§0 t(1,2,3) = (pz—p3)2 qq (EQ—E3> L (L, )s
where the splitting function P, is given by
1+22
P(2) =Cp ( T— e(1— z)> . (62)
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Note that the O(¢) term that appears in P, in Eq. (62) is the consequence of additional gluon polariza-
tions that need to be accounted for in case of the (4 — 2¢)-dimensional space-time.

We now use the operators introduced in Eq. (61) to subtract soft and collinear singularities. It is
convenient to denote integration over the relevant phase spaces, continued to d dimensions, using angle
brackets

dog = <FLM(L 2, 3)) (63)

As we already discussed, do can not be computed in four-dimensional space-time since it exhibits soft
and collinear singularities. To isolate them, we rewrite Eq. (63) in the following way

(Frm(1,2,3)) = (I — S3)Fim(1,2,3)) + (SsFrm(1,2,3))
= (I = Cs1 — C32)(I — S3)F1,m(1,2,3)) (64)
+ ((C31 + Cs9) (I = S3)Fm(1,2,3)) + (S3Frm(1, 2,3)),

where I is an identity operator. It is instructive to explore different terms on the right hand side of
Eq. (64) keeping an eye on the simplifications in hard matrix elements that occur once soft and collinear
operators act on Fy (1,2, 3).

First, we note that the term
(OnvoFim(1,2,3)) = (I — Csy — Csp) (I — S3) F1m(1,2,3)) (65)

does not have infra-red and collinear singularities and, therefore, can be computed in four dimensions.
This is so because all the potentially singular limits are subtracted from the hard matrix element. Note
that it is important to perform the subtraction in a “nested” way, i.e. the collinear subtraction is applied
to the soft-subtracted matrix element squared.

The remaining two terms in Eq. (64) depend on the simplified matrix elements where gluon mo-
mentum does not appear at all (soft subtraction) or changes the energy of the incoming partons (collinear
subtraction). Therefore, one can integrate these terms over some parts of the gluon phase-space without
specifying the hard matrix element. Before we discuss this step in detail, we would like to simplify
Eq. (64). To this end, we rewrite the last two terms in the following way

((Cs1 + C32)(I — S3) Frm(1,2,3)) + (SsFim(1,2,3))

(66)
= ((C31 + C32) Fm(1,2,3)) + (I — Cg1 — C32) SsFrn(1, 2, 3)),
and focus on the last term. Taking S5 Fy (1,2, 3) from Eq. (61), we compute
2F
C3183F (1, 2,3) = g2Cp———FLu(1,2),
Ej (p1p3)
2F (67)
2
Cs9S3F1Mm(1,2,3) = gsCFmFLM(LQ)a
For the head-on collisions, we find
2E, 28,  2Ei(pap3) +2E5(pip3)  2pipo
n _ = . (68)
Es(pips)  Es(paps3) E5(p1p3)(p2ps) (p3p1)(p2p1)
Therefore,
(I = Cs1 — C39)83F1 (1, 2,3)) =0, (69)
which implies a simplified subtraction formula
(Fim(1,2,3)) = (OnpoFim(1,2,3)) + ((Csy + Cs9) F1m(1, 2, 3)). (70)
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As we already mentioned, the first term on the right hand side of Eq. (70) is finite and can be computed
in a straightforward way. We will now study the collinear subtraction terms.

We take (C3q Fin(1,2,3)) as an example and write

2
(Ca1F1Mm(1,2,3)) = /[dp:ﬂ v gsp >2qu <E1E1E3> (25) " Fm(1 - 3,2)
1~ D3

ES3dE, adb 2 E _ E, —E
/ : ° d—1 = F, ( - ) (2s) ' Fym <1 31,2) .
27-(- —2E1E3(1 — COS 013) El E3 E3

Since Fy(1—3,2) is independent of the gluon emission angle, we can integrate over it. This is a typical
simplification that occurs with the subtraction terms since hard matrix elements in the subtraction terms
depend on a limited number of gluon kinematic variables, if at all. Integration over the gluon emission
angle is straightforward and we obtain

1 —cosf3 el(1—2¢)

(71)

(72)

The 1/e factor that appears after the integration over angle is the collinear divergence that we discussed
earlier.

The remaining integration over energy of the emitted gluon in Eq. (71) can not be performed
without specifying the hard matrix element. However, it is possible to write the integrand in Eq. (71)
in a more transparent way by changing the integration variable. We write E5 = F;(1 — z) and use
P,,(1/z) = —P,(2)/z which can be verified using explicit expression for the splitting function in
Eq. (62). Putting everything together, we obtain

1
r<( - F -1,2
(CorFinn(1,2,3) = LTI o / Pgle) (FEL2 g3
where
_a M2eee'yE 24
[O[S] 27TF(1 _ E) ? ( )

is the strong coupling constant at the scale v and z,;;, = 1 — Ey .. /E;.

A glance at the splitting function in Eq. (62) reveals that the remaining integration in Eq. (73) leads
to divergences. Indeed, in the z — 1 limit, P, ~ 2Cr/(1 — z), so that the integration over z can not be
preformed in four dimensions. The first thing we need to do is to extract the z — 1 singularity without
specifying the hard matrix element. This is easy to accomplish — since this singularity is logarithmic it
can be easily subtracted. More precisely, we split the P, function into singular and regular parts and

write °C
== _FZ + P8 Pt =—Cp(l+2z+e(l—2)). (75)

aq

Then, we introduce a new notation G(z) = (Fp (2 - 1,2)/z) and write the relevant integral as

1 1
dz —2€e pre
/ (1-— 2)26 / 1+25 +(1-2) ? qug G(z). (76)
Zmin 0

Note that we replaced z,,;,, with zero, as the lower integration boundary; this is allowed because the
minimal value of z is determined by the energy-momentum conservation condition for the process
q(zp1) + @(py) — 171~ which implies that a non-vanishing energy of the incoming quark is required to
produce a pair of leptons.

54



QCD FOR HADRON COLLIDERS

The first term on the right hand side in Eq. (76) requires further analysis; the second term does not
lead to singularities and, therefore, can be integrated numerically, expanding around d = 4. To deal with
the first term, we write

1 1
c
/dz - HQE /dz - 1+26 (G(z) — G(1)) — TFG(l)
0 0 77
C = (-1 i
__Lr
= )+ 2Ck Z / D, (2
n=0 0
In the last step we introduced the so-called “plus”-distributions that are defined as follows
In"(1 / / "1
D, (z) = [n(_z)} = /dz D, /dz “Dia)-c). a8
1-=2 n (1—2)
0 0

Clearly, these distributions provide a way to regulate an integral that otherwise diverges at z = 1.

Putting everything together and expanding the result in powers of € up to (9(60), we obtain the
following expression for the collinear subtraction term

o T*(1—¢) _, K Cr  3CF

(Ca1F1m(1,2,3)) = —

e T(1—2¢)° e 2
. F(eo1.2) (79)
z-1,
+ [ 4Py )P
0
where
Py n(2) = P\ + Py p(2) + O(), (80)
and

Py = Cp <2D0(z) —(1+2)+ 25(1 - z)> : )

P (2) = Cp (2(1 + 2)log(1 — 2) — (1 — 2) — 4D, (2)).

qq,R

A similar analysis can be performed for the emission off the incoming anti-quark. Combining the
relevant formulas, we derive the result for the real emission cross section

R e (Cr | 3CF\ _ T*(1—2¢)
2sdo™ =2[ay]s < 5+ 5 ) % T(1=20)

B [ag]s “T(1 — 6)2 /dz P(O)(z)<FLM(zL 2) N Fi(1, z2)>

(F1am(1,2))

e T(1-2e) / qq z z 82)
1
_ (1 —¢)? () Fim(21,2) | Fiu(l,22)
~lauls T g [ d Flalan TR 4 SR
0

+ (Onvofrm(1,2,4)).

Terms on the right hand side in Eq. (82) are written as an expansion in 1/e. We note that the strongest
singularity O(1/ 62) appears in terms that depend on the cross section of the elastic (no-emission) process
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q7 — ete  in leading order kinematics. We also note that there is a large number of terms in Eq. (82)

that exhibit O(1/¢) singularities and depend on cross sections of the leading order process in the boosted
kinematics, i.e. when a quark with reduced energy annihilates with an anti-quark, or vice versa.

As it is clearly seen from Eq. (82), the partonic process with additional gluon radiated into a final
state leads to divergent contribution to the production cross section. If perturbative approach to hard
hadron collisions is to make sense, there should be other contributions that cancel the singularities. What
are these additional contributions? Clearly, for the cancellation of the divergent terms to happen, the
relevant pieces must at the very least have a similar dependence on the hard scattering cross section as
divergent terms in Eq. (82). Since the most singular term has tree-level kinematics, it is reasonable to
imagine that virtual corrections to leading order process may produce a divergent result and, hopefully,
cancel the singularities in the integrated real-emission cross section.

We can compute the virtual corrections to qg — ete” process explicitly and it may be, in fact,
necessary to do so if we want to understand their contribution to dilepton pair production fully. However,
if we are interested in understanding how divergences in real and virtual contributions cancel out, there
is a better way. Indeed, it was pointed out by S. Catani [17] that infra-red divergences of one-loop
amplitudes in QCD are known for a generic process. Such infra-red divergences depend on the color
charges of external particles, certain kinematic invariants and leading order scattering amplitudes. In
case of dilepton pair production, the scattering amplitude can be written as

( )

M = M, loop + O( )7 leloop = Il( )MO + Ml loop> (83)
where B
GG’YE CF 3CF ,u2 ‘

hle) = " T(l—e¢) [62+ 2¢ } (—s—iO ' (84)

Squaring the amplitude and accounting for the interference between M, and M _j,,,, we obtain
the following result for the virtual corrections to leading order cross section

2sdoy = —2[a] cos(emr) <CF + 30k

L) Ry L)

The last term on the right hand side represents the finite contribution that can be computed in four
dimensions; all 1/e divergences that appear in virtual contributions to cross sections are shown explicitly.

To compute the rate, we combine real Eq. (82) and virtual Eq. (85) corrections. It is easy to see
that divergent parts of virtual corrections and contributions to real emission corrections proportional to
(F1M(1,2)) cancel almost entirely. Expanding in €, we find

1
rRiv _  las T - e)? / ©), ., Fum(z1,2) | Fom(l, 22)
2sdo = P dz Py’ (2)( . + p )

(86)

1

27'[' CF Qg Oés FLM(Z].,2) FLM(]"ZQ)

* 3 27 o P (1, 2)) 71'/ qq’ z + z )
0

+ (Onvofrm (1,2, 3)).

As can be seen from Eq. (86), the remaining divergences are associated with tree-level cross sections for
dilepton pair production that, however, describe a situation where a pair is boosted along the collision
axis. A boost along the collision axis changes rapidity distribution and can, in principle, be absorbed
into a re-definition of parton distribution functions. Indeed, we have seen in discussing the leading order
cross section that parton distribution functions determine the rapidity distribution of dilepton pairs.
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When we talked about the leading order cross section, we said that parton distribution functions
are universal non-perturbative objects that are determined in experiment. What does it mean then, that
they can be changed to absorb divergent contributions to partonic cross sections? Well, the point is that
theoretical predictions for experimental quantities include divergent contributions — what is measured in
the experiment is a combination of bare parton distribution functions and the divergent terms that appear
in perturbative computations. It is the combination of the two that defines physical parton distribution
functions.

Therefore, similar to all other parameters that appear in perturbative computations in Quantum
Field Theory, we start with the so-called bare parton distribution functions and write them as physical
parton distributions and the counter-terms whose role is to remove the divergences. Similar to ordinary
ultraviolet renormalization in Quantum Field Theory, counter-terms for parton distribution functions lead
to the renormalization group equation which in this case is known as Dokshitzer-Gribov-Altarelli-Parisi
(DGLAP) evolution equation [18]. We will talk about this equation in Section 6. For now, we just
quote the relation between bare and renormalized parton distribution functions that we use to remove
remaining singularities in the NLO cross section Eq.(86). The renomalization of parton distribution
functions amounts to the replacement

Fe = [&j + 20 4 o?)| & £, (87)
where summation over repeated index is assumed and the convolution is defined as follows
1
[f1® fo] (z) = /d$1d$2f1(901)f2(952)5(2 — T1Zy). (88)

0

Since we consider gq collisions, the function P,L»(jo) needs to be substituted with the Altarelli-Parisi
kernels Pq(g ) Eq. (81). In fact, a glance at Eq. (86) shows that the remaining divergences in our compu-

tation are proportional to Pq(g ) and have exactly the right form to be canceled by the renormalization of
parton distribution functions Eq. (87). We use Eq. (87) in leading order cross section, expand it through
O(a,) and combine the additional terms with the NLO cross section Eq. (86). We observe that all 1/¢
terms cancel and we find

n Qg 271'2
QSdO'NLO = <FE1V(17 2) + %?CFFLM(L 2)> + <ONLOFLM(17 2’4)>
/ (89)
a s (e Fin(21,2)  Fia(l,22)
v e fas [0 In— — Pin(2)| bnl#l?) | Pl 22),
0

Since the NLO contribution to the partonic cross section Eq.(89) contains no 1/¢ singularities, all quan-
tities there can be computed in four-dimensional space-time. We note that Eq. (89) provides a fully-
differential cross-section for the lepton pair production in partonic collisions since no integration over
resolved phase-space has been performed there. The NLO contribution to the hadronic cross section is
obtained by convoluting the differential partonic cross section Eq. (89) with parton distribution functions.

Computation of NLO QCD corrections to dilepton pair production described in this Section shows
the importance of soft and collinear limits of the matrix elements for computing physical infra-red safe
quantities. Although our discussion focused on a particular process, it’s main ingredients are universal
and can be used to construct a general algorithm for NLO computations [10, 11]. Extensions of these
approaches to even higher orders are also possible; in fact, recently several methods were proposed that
can be used to perform fully-differential NNLO QCD computations [14]. Making these methods com-
putationally more efficient is very important for extending their applicability to more complex processes
and significant effort currently goes into that.
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Fig. 6: Transverse momentum distribution of a lepton pair at the Tevatron. Fixed order and resummed results are
compared [20].

Going back to our result Eq. (89), we can ask what will happen if we use it to compute kinematic
distributions of a lepton pair. Recall that we started thinking about NLO QCD contribution to dilepton
production cross section because the leading order result did not properly describe the transverse mo-
mentum distribution of a lepton pair. Using next-to-leading order predictions for the cross section, we
find a refined description of the invariant mass and the rapidity distributions of a lepton pair. Although
its qualitative features are similar to what we observed at leading order, they describe experimental data
much better and their dependence on unphysical parameters such as the renormalization and the factor-
izations scales is significantly reduced. We also find a non-trivial transverse momentum distribution as
shown in Fig. 6 which is a clear improvement over the leading order result. However, although the NLO
QCD distribution provides a decent description of the experimental results (cf. Fig. 5) at high p | , it keeps
growing with the decrease of the transverse momentum in contrast to the experimental result that reaches
maximum at finite p, and decrease after that. Therefore, in comparison to leading order computations,
we have a partial success with understanding the p | -spectrum of dilepton pairs since, apparently, its
high-p | region is amenable to perturbative treatment, whereas something more complex occurs at low
transverse momenta. We will try to understand what is happening there in the next Section.

5 Small-p, resummation

We will discuss the small-p | region in the context of QED, ignoring all complications related to the non-
Abelian nature of QCD. However, the result that we will get will be valid in QCD as well provided that we
trade electric charges for color ones. The QED analysis that we describe below follows the classic paper
by Parisi and Petronzio [21]; their discussion of the problem was instrumental in setting up the stage
for a modern understanding of small-p; resummation that is a very important topic for applications of
perturbative QCD to hadron collider processes (see e.g. Ref. [22] for contemporary perspective).

We consider production of muon pairs in electron-positron collisions. We assume that muons are
heavy and do not radiate photons. We are interested in understanding QED effects that are related to
initial state radiation. This is very similar to gluon emissions in ¢g annihilation to lepton pairs studied in
the previous Section.

We are interested in the transverse momentum distribution of a muon pair in the limit when the
transverse momentum of a pair p; becomes very small. We will see that in each order of perturbation
theory there are terms that contain two powers of L = log s/ pi > 1 per power of @ < 1. As the
transverse momentum decreases, the logarithm increases whereas « stays fixed. Hence, we can reach
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values of p | such that
al’~1, aL<1. (90)

The appearance of aL? in each order of perturbative expansion does not allow us to truncate the series

. . . . 2
and forces us to resum contributions to perturbative cross sections that scale as AR 0o oF L%~

(k) oF 2k

09, k =20,1,2,.... Clearly, all other contributions, for examples o’ ~ o

are small and can be neglected.

~ ooy K o,

Two powers of p | -dependent logarithms per power of o can only be generated by photon emis-
sions that are soft and collinear at the same time. As we already know from the previous Section, a single
soft photon emission can be described by the eikonal factor

. — 2 2p1py o2
lim [M(et, e sk ~et 2 (e ,€ . 91
Jim M R = () o1

Consider now the head-on collision where p; = (F,0,0, E;) and py = (E5,0,0,—E,). We
parametrize the photon momentum as & = w(1,sin @ cos ¢, sin 0 sin ¢, cos ). The eikonal factor be-
comes

2p1p2 4FE F, 4
= 3 = =, (92)
(p1k)(p2k) By Fyw’(1 — cosf)(1 +cosh) k7
where we used ]E 1| = wsin @ for the absolute value of the photon transverse momentum. Hence, we
find )
_ 4 _
M, TR~ o Mt )P, 93)
1

We need to understand what happens if we integrate the radiation amplitude squared Eq. (93) over
the photon phase space. Since the photon is soft we can neglect the photon momentum k in the §-function
that enforces energy-momentum conservation. We then identify the ,u+ (4~ transverse momentum p |
with the photon transverse momentum. The phase space element reads

3
1
'k = d cos fdgwdw = — dcosf wdw. 94)

(27)%2w 167" 87

Since k; = wsin f, we can express the emission angle 6§ in terms of the transverse momentum

at
cosf =+4/1 - —. (95)
w

Changing variables cos § — k| in Eq. (94), we obtain

d’k 1 2k dk dw

9. \30, . o2 o 45
(2m)2w 87" [ 2 _ =

We are interested in computing the real-emission cross section in the logarithmic approximation. There-
fore, we write

(96)

d d
Y (97)

Vol -k Y

Integration over w will have to be cut at w ~ k| from below and at w ~ /s from above. The first
condition follows from the approximation in Eq. (97); the second condition from the requirement that
the emitted photon is soft.
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Combining the matrix element with the phase space parametrization we obtain

d 2% 1 fd In =
o Q@ w @
99y _ g2 /:ao iy (98)

dk’ Tk i w T k7

ki

This formula shows once again that the transverse momentum distribution computed through first order
in perturbation theory grows strongly in the limit £, — 0. In fact, the growth is so strong that is can
overcome suppression provided by the fine structure constant o and make the radiation cross section
larger than the Born one. Clearly, perturbative expansion in e becomes meaningless in this case.

It is important to understand the role of virtual corrections in shaping the transverse momentum
distribution. The virtual corrections reside at k; = 0. To understand how they can be included in
our computation, we calculate the cross section to produce a ,u+ W pair with a transverse momentum

between 0 and p | . We define
2

d
S(py) = / d”,;‘)t di? . (99)
iR

Expanding the total cross section in powers of o and introducing do., |y to denote O(«) contribution to
the cross section that includes both real emission and virtual corrections, we write

2

1
1 d rd rd
Sp)—1=— [Vt o =[S0V S0 g? (100)
o 2 dkl 90 ) dkL 0o dkL
pL

The first term — given by an integral from 0 to s represents the radiative correction to the total cross
section for u+ w~ production in the logarithmic approximation, with both real and virtual corrections
included. Such corrections contain no large logarithms and, since we only care about terms that scale as
oL?, can be set to zero. This identification, effectively, provides an infra-red regularization prescription
that allows us to define the integrand at ki = 0 without computing virtual corrections. Thus, we require

d
/ TV k2 = O(ay) = 0, (101)
] dkl
and use Eq. (100) to derive
E(pL)—l—%l p (102)
1L

It is possible to re-write the integrand in Eq. (100) in such a way that Eq. (102) is obtained by the direct
integration. The idea is to introduce the plus-distribution. We define

do 9 a[l s]
o syt ims] (103)
oodk2 k) + 2 O,

where the +-prescription is defined on an interval ki € [0, s]. To illustrate how this works, we compute
the total cross section using Eq. (103). We find

do / all s
B(s'?) = = [ —dk} = /dkﬁ (5(1@ +— [ In ] )
/it / L

—1+2 /dkLln(5>(1—1):1.
kT K
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To extend this result to higher orders in o, we need to understand multiple photon emissions in
the soft approximation. It is well-known [5] that soft photon emissions completely factorize so that a
n-photon emission amplitude reads

M, =e"T] <p1€i - p2€"> M,. (105)
=1

pki Dok

Here ¢; and k; are the polarization vector and the four-momentum of the i-th photon, respectively. Squar-
ing M,, and summing over photon polarizations, we obtain

2
> IM [ = !Mo!H2 PRI (106)

pol
It follows from Eq. (106) that the emission probability of each of the n photons is determined by an
eikonal factor studied at the beginning of this Section. We use the expression for the amplitude squared
to compute the transverse momentum distribution of the muon pair. It reads

1 d%, 1 / 74k e”2pips (2) o
- S i A VIR DI (107
ogd’p, ! ,131 (2m)2w; | (P1 - ki) (P2 - ki) N ; B

To proceed further, we need to find a way to factorize the J-function that contains the sum of photon
transverse momenta preventing us from integrating over any of them. To this end, we write the §-function
as an integral over auxiliary two-component vector that we will refer to as the “impact parameter”

6 (L= Y Fin) = / d2g2€_ig(ﬁrfi ) (108)

(2m)

Using this equation, we re-write the cross section for emitting n-photon, integrating along the way over
their energies. We find

1 d? 1 % i g |
L Un _ d 6 ibp | [ /d k‘J_ In % ’Lbk‘L] , (109)
™ kL

) dZﬁL (27T) 7Tk'L

where the integration over k is cut at ki = s. The apparent singularity at £, = 0 is regulated in
the same way as in case of the single photon emission — we introduce a plus-prescription ensuring the
cancellation of real and virtual corrections for fully inclusive quantities.

It is clear from Eq. (109) that the summation over n can be performed in a straightforward manner.
We obtain

d < 42 %6 s
gq = gﬁ :/ s PLa(b), (110)
ood’p  =h00d DL (2m)
where
\kl|<\fd 2 , 3
Gb) =ex"®  y(b) = L [ . 1n32] ek, (111)
T k1 ki1,

The result given in Eq. (110) is the differential cross section for producing a muon pair with momentum
p in the double logarithmic approximation. This formula is implicit because of the integration over the
impact parameter. In what follows, we will compute some of the integrals explicitly and arrive at the
result for the cross section that is more transparent. In particular, we are interested in understanding if
the differential cross section in Eq. (110) exhibits a turnover at low values of the transverse momentum,
a feature that was clearly missing in the result of the next-to-leading order computation.
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To proceed with sufficiently complicated integrations in Eq. (110), we note that the integrals in
Egs. (110,111) depend on | , band s. From Eq. (110) it follows that b ~ 1/p, . Since /s > p |, sb® >
1. We need to compute the various quantities in Egs.(110,111) taking advantage of these hierarchical
relations between the various parameters that appear there.

We begin with the computation of v(b). We perform the angular integration and find

|k’ﬂ<\/5d2]; . \kﬂ<\/§dk d
S ibk S 90 2 cos
v(b) = WJ‘ [2 In 2] R — / 2J_ In — [ bk cosp 1]
k1 kil k7 kl 112
dk> s
/ S In g Uolbuks) - 1,
k1

where Jy(x) is the Bessel function of the first kind." To make the integral more tractable, we change
variables k| — £ = b k| and obtain

v de | b’
v(b) =2 O/ : [22 ] o(€) — 1. (113)
We now integrate by parts, use J,(0) =1, dJy(§)/d€ = —J;(&), and find
V3b
v(b) = %an(sbz) (Jo(v/sb) — 1) +2 / d¢ [ln(st) In¢ — In’ g] Ty (6). (114)
0

Since Jy(1/sb) ~ (\/§b)_1/ % and since the integral with .J; (€) converges at infinity, we can neglect quite
a number of terms in Eq. (114) if we focus on the double logarithmic contributions. We find

1
v(b) = —3 In?(sb%) + O(In(sb?)). (115)
The cross section becomes
1 d2 dgg _ —a 2 1 i
2‘7_/ S L —/dbbJO bp, ) e~ oI () (116)
oo dp (2m) 2m 9

where in the last step we integrated over directions of the vector b. To proceed further, we change
integration variables b — y where b = y/p | and expand the integrand assuming that « In® s /pL ~ 1but
alns/p; < 1. We obtain

o0
1 d? A 2
— =7 = 2 i/dyyjo (1—aln821ny+...>, (117)
oo dp 27Tm J T  pl

where ellipses stand for (’)(a2) terms that can be neglected. Integration over y can be performed using
the known results for definite integrals of the Bessel functions

o0 o0

/dnyo(y) =0, /dyJo(y) Iny =-1. (118)

0 0

*Vast amount of information about special functions in general and Bessel functions in particular can be found in a classic
book by Abramowitz and Stegun [23].
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Using these results in Eq. (117), we derive the resummed cross section

1 d° —gIn” 5
T - Solse T L (119)

2o
odp,  7wpL PL
It follows from Eq. (119) that the resummed p | distribution has a turnover, in contrast to the p |
distribution that is predicted by a single photon emission. The distribution peaks at

PR n \fse 2a (120)

Note that p'** has a non-analytic dependence on the fine structure constant « and, for this reason, it can

not be obtained in any finite order of perturbation theory.5

The transverse momentum distribution of a lepton pair in QED reflects all the subtleties of a
resummed computation, but can be performed analytically until the very end thanks to the simplicity of
this case. It is useful to take a look at the QCD formula that describes resummed transverse momentum
distribution of a lepton pair in hadron collisions under the assumption that a pair is produced through a
decay of an intermediate on-shell Z-boson; the Z-boson itself is produced in the ¢ annihilation. The
resummed cross section reads [24]

_ o0 1
o 4 . We
72Z ) Zq: % /db b Jo(bp, e S(b,Mg) /dxldxzé (37196 - SZ> (121)
0 0

% [q(21,b9/b)q(22,b9/b) + q < q] ,

where s is the hadronic center-of-mass energy squared, of? = 7v/2G FM%(Vq2 + Ag) /(35),by = 2¢" 7%

and
2

Q 2 2
st - | dq%[lnzims(q»w(as(q))
(bo/b)?

where the two functions A and B can be computed in QCD perturbation theory

Ala,) = i (%)"An, Bla,) = i (;—;)an. (123)

n= n=

; (122)

It is easy to see the similarities between the resummed cross sections in QCD and QED. However, an
interesting feature of the QCD result is the appearance of the transverse momentum in parton distribution
functions. Indeed, since b ~ p, and since the factorization scale for parton distribution functions in
Eq. (121) is chosen to be 1/b, it appears that one can only resum the In /s/p | contributions provided that
the factorization scale is proportional to p | . We already mentioned the dependence of parton distribution
functions on the factorization scale when we talked about fixed order computations and the relation
between bare and physical parton distribution functions. In the next Section we will discuss the origin of
parton distribution functions and the physical meaning of the factorization scale.

6 Partons and their evolution

We have seen in the previous Section that the resummed formula for the transverse momentum distribu-
tion includes parton distribution functions evaluated at a particular scale 1/b ~ p; which is correlated
with the transverse momentum of the produced lepton pair. If we want to understand why it is so, we

*However, the vaue of p_ for which the distribution reaches its maximum is outside the validity range of our computation
since o/ In(y/s/p1™") ~ 1.
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need to understand the physics behind parton distribution functions. Similar to the discussion in the
previous Section, it is much easier to discuss this problem in QED first and then explain how the QED
results generalize to the QCD case.

Consider a process where an electron collides with a target that we will denote as X and produces
a final state with a photon and another particle Y, e + X — v+ Y. We will be interested in a situation
where the final state photon is emitted in the forward direction, i.e. it follows the momentum of the
incoming electron. To describe this kinematic situation, we employ the collinear approximation to the
matrix element squared that we already used when discussing the NLO QCD corrections to the Drell-Yan
process. We write

—2¢2 1 + 22
IMep)+x— +Y\ M +X—>Y’ (124)
% 2 (p—q)QZ(]._Z % e(zp)

where ¢ is the four-momentum of the emitted photon that is parametrized as

g=(1—-2)p+Bp+q,. (125)

Here (1 — z) is the fraction of the original electron energy carried away by the photon. The photon
emission angle ¢, is assumed to be small. The transverse momentum and the component of the four-
momentum ¢ along the complementary light-cone direction p, 3, scale as ¢, /y/s ~ 0., < 1 and 8 ~
02 < 1.

We use the approximate formula for the matrix element squared Eq. (124) to compute the cross
section

1 1
et x sy = / [dglldpy)2m)*s (0 + px —a—py) 75 2 Merxmerl

4(PX “p pol

—2¢° 1+2° 1
Z ‘Me (2p) —|—X—>Y‘ (126)

(p—q)* 1 == 4lpx - 2p)

~ /[dq] [dpy](27r)45(4)(2’p +px — py)

2 2
2 /[dq]_2€21+Z do(e(zp) + X = Y).
(p—q) -2
To arrive at the final formula, we used the collinear approximation for the photon momentum ¢ —
(1 — 2)p in the energy-momentum conserving J-function and combined the reduced matrix element,
the d-function, [dpy| etc. into a differential cross section for the process e + X — Y where the four-
momentum of the incoming electron is zp. To proceed further, we need to write the integration measure
[dg] in Eq.(126) in a convenient way. It is easy to see that the following formula holds in the collinear
6, — 0 limit
(27)°2¢0 (0 —@)* 27 4}
Using this result in Eq. (126), we derive the forward photon emission contribution to the cross section of
the processe + X — v+ Y

3 2 2
dq 2 _ o dq (127)

1+z
1—=2

1
d
doeyxyty = ;r/d / (‘u do(e(zp) + X = Y). (128)
0

There are three problems with the cross section formula shown in Eq. (128). The first problem is
that integration over z diverges at z = 1. The second problem is that integration over ¢, appears to be
unrestricted from above. The third problem is that integration over ¢, diverges at ¢, = 0.
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It is easy to understand that the two last problems are, essentially, self-inflicted. Indeed, a diver-
gence at large values of ¢ is related to the approximate treatment of the phase space that was justified
because ¢, was considered small, ¢, < /s. Therefore, with the logarithmic accuracy, integration over
q should be cut at some value g| = g yax ~ /5. The exact value of g .y 18, at this point, impos-
sible to determine but since the dependence on this parameter is logarithmic and, therefore, weak, we
do not need to be careful about it. Since, parametrically, q| .y 18 of the order of the center of mass
energy of the collision, we will use ¢, ,,,x = +/s in what follows. Physically, it corresponds to the
largest transverse momentum of the photon that we believe can still be be treated in the collinear approx-
imation. Similarly, the divergence at small ¢ is related to our treatment of an incoming electron as a
massless particle. This approximation is only justified for ¢, > m, and, therefore, we should cut the
integration over ¢ from below at ¢, ~ m,. Again, the exact value of the lower integration boundary is
not important if we are content with the logarithmic accuracy of the calculation.

The divergence at z = 1 is more subtle. Since ¢ ~ (1 — z)p, z — 1 corresponds to a situation
where a soft photon is emitted. As we know from the discussion of the NLO computations, the emission
of soft photons is indeed divergent and the divergence is canceled by the virtual corrections. The virtual
corrections corresponds to elastic scattering process and, therefore, reside at z = 1. We can regulate
the real emission contribution and introduce virtual corrections by writing the inclusive production cross
section for the particle Y in the following way

1
Aoty = [ de dote(ep) + X ) fopeers), (129)
0
where
o 1+ 22 S
feje(2,8) :5(1—z)+§ T +Vé(l —z) log—g. (130)

Note that the structure of Eq. (129) is analogous to what we do in hadron collider physics when we
compute hadronic cross sections by convoluting parton distributions with partonic cross sections. We
therefore interpret f, /e(z, s) as the distribution of an “electron parton” in an original physical electron
generated by the (real and virtual) emissions of collinear photons. Note that similar to parton distribution
functions, the function f, /e(z, s) has two arguments: the first argument describes the energy fraction of
the incoming electron carried by a parton, the second argument refers to an upper boundary imposed
on ¢g, integration which, effectively, corresponds to a definition of the kinematic region where collinear
description of the final state is considered to be sensible.

We expect that collinear photon emissions generate a non-trivial energy spectrum of the “electron

partons”, but the number of electrons remains unchanged. This implies
1

1427

1—-2

a

/dz fe/e(zas) =1 = fe/e(zvs):5(1_z)+27

™
0

S
+ e

Note that the “electron number conservation’ condition allows us to fix virtual corrections without com-
puting them. The plus-distribution that multiplies the logarithm In s/ mg is the electron splitting function

1+ 22
1—=z2

P =

ee

= 9Dy(2) — (14 2) + 25(1 — 2). (132)
+

Note that, up to a color factor, it coincides with the quark splitting function Pq(g ) discussed in Section 3.

The electron distribution function Eq. (131) has a number of important properties. If the collision
energy is small s ~ m?, the electron PDF reads f, /e(2, mg) = 0(1 — z). This implies that collinear
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emissions at low energies do not happen often. If, on the other hand, s > mg, fe /e(z, s) becomes very
sensitive to additional radiation since corrections to the elastic piece are controlled by the parameter
a/mlog(s/ mg) and not by the fine structure constant o. Although in QED this parameter becomes close
to one at inconceivably large energies, in QCD this happens earlier, which implies that the resummation
of these logarithmically enhanced terms needs to be carried out. We will return to this point shortly.

We have discussed the process e + X — «+ Y in the collinear approximation. However, it is also
possible to consider a process e+X — e+ Y which corresponds to v+ X — Y elastic process. Working
in the collinear approximation for that process, one can define a distribution function of a photon parton
in the physical electron. The corresponding function reads
al+(1-22% s

In—. (133)

2w z mg

fe/fy(z> 5) =

Note that f, /7( z, mg) = 0, i.e. there are no photons in an electron if the radiation is suppressed.

It is instructive to compute the average momentum carried by the photon and electron constituents
in a physical electron. Since the two distribution functions originate from the same splitting e — e + v
with the only difference that in one case we tag an electron and in the other case a photon, we expect that
the average momenta carried by a photon and by an electron sum up to the momentum of the incoming
electron. Clearly, this is true in every individual splitting and, therefore, it should be true on average.
Performing explicit computation of the energy fractions

1 1
2 S 2c s
(), = /dz fere(2,8) 2 =1~ gln m—z, (2)y = /dz fryre(2,8) 2 = gln ;z, (134)
0 0
we find
(2)e + (2)5 = 1, (135)

in agreement with the expectations.

We would like to generalize these results to the case when multiple photons are emitted; we will
start with the case of two photons. There are two diagrams that contribute in this case and a 1/2! factor
in the phase space that is necessary to include because photons are identical particles. The two diagrams
differ by order in which photons are emitted off the incoming electron line. We note that these diagrams

. . . 2 . .
change the production cross section by an amount proportional to O(«”). Since we are only interested
. . . . . . 2
in contributions where each power of « is accompanied by a large logarithm In(s/m_), we need to
understand how these diagrams can generate two powers of In(s/ mg)

To see this, it is sufficient to compare propagators of an electron after the first and the second
emissions. Consider a diagram where electron emits a photon with momentum ¢; and then a photon with
momentum ¢,. Electron propagator after the first emission scales as 1/ qi 1> so that integration over q; |
is already logarithmic. The integration over g, | can only be logarithmic if ¢; | < g | so thatg; | can
be neglected in the electron propagator after the second emission. Clearly, everything that has just been
said applies also to the second diagram — where electron first emits a photon with momentum ¢, and then
the photon with momentum ¢; — after the replacement ¢; <> ¢,. Hence, to account for both diagrams,
we can take the contribution of the first one and remove the 1/2! symmetry factor from the phase space.

The constraints on the transverse momenta of the emitted photons define integration regions over
g, that lead to the double-logarithmic enhancement of these O(a2) contributions. Since the transverse
momentum ordering described above implies sequential approach of the collinear limits, it is clear that
the Sudakov decomposition of the second emission needs to be performed relative to the electron four-
momentum after the emission of the first photon, i.e.

q1 = (1—Zl)p+, qo = (1—2’2)le+.... (136)
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Generalizing this discussion to arbitrary number of photons and neglecting the possibility that an
electron fluctuates into a virtual photon, we obtain the following result for the inclusive cross section

1

Oe+ X —Y +anything = /dZ fe/e(z7 S) dO’(e(Zp) +X = Y) (137)
0
where
o) 1 b dq2
fese(z,8) =46(1 —2) —1—2 /dznP / 2n,J_ X
n=1 0 5 qn,L
me
2 2 (138)
1 %,Ld 9 1 q2, Ld 9
dn—1,1 qi,1
/dznlpee(znl) / 2” X oo X /d e(21) / 5 0(21..2y, — 2).
An—1,1 qr,1
0 mz 0 mf

This expression appears to be relatively complicated. However, we can re-write it in a more compact
form by computing logarithmic derivative of f, /e(s, z) with respect to s. Recall that /s represents the
largest value of the transverse momentum of an emitted photon that we agree to treat in the collinear
approximation.

It is straightforward to compute the derivative since s appears only as an upper boundary of the
left-most integral over p | in each term in Eq. (138). We obtain

1 1 S
afe e(Z,S) (67 o dq2
8/(973 =9 /dzlPee(zl) 0z —2z1)+ or /dngee(zg)/ ;’lé(z — 2129) -
0 0

d2,1

Me

(139)
We can cast the right-hand side of this equation into a more recognizable expression by removing z;
from all §-functions that appear in square brackets in Eq. (139). We use the identity

1
0(z—z1-+)=—0(z/z21— "), (140)
21
and realize that the expression in square brackets in Eq. (139) can be identified with 1/z; f. /(2/21, 5).
Hence, the differential equation Eq. (139) becomes

1 1

8fe el%, S « d

/ = 2/ Zl fe/e(z/zh ) /dzleQPee(zl)fe/e(2273)6(Z - 2’12:2). (141)
0 0

s

This is the QED version of the celebrated Dokshitzer-Gribov-Altarelli-Parisi (DGLAP) evolution equa-
tion [18]. We note that Eq. (141) is not complete since we neglected possible splittings of an electron
to a photon or to a positron, but it gives us an idea of how the DGLAP equation looks like and how it
appears.

The DGLAP equation can be solved provided that the distribution function is known for some
value of s. In the QED case s = m_ is special and fere(z,m ) = 6(1 — z). We can find fese(z, ) for
s # me by solving the DGLAP equation Eq. (141).

We will now summarize what we have seen so far. Parton distribution functions naturally ap-
pear if we attempt to describe quasi-collinear emissions by colliding particles, including the elementary

ones. These functions depend on two parameters — the fraction of energy of the incoming particle that
a parton carries into a hard collision and the “factorization scale” which, roughly, corresponds to the
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Fig. 7: Typical proton parton distribution functions at the factorization scale 3 GeV.

maximal value of the transverse momentum that is considered acceptable to be treated in the collinear
approximation and whose impact on final state kinematics is ignored. Although we have illustrated these
points in the context of QED, they are valid in QCD as well. The most important difference between
QED and QCD is that in QCD we do not know the initial condition for parton distribution functions
at low factorization scale since QCD is non-perturbative and since we are mostly interested in parton
distribution functions of non-elementary particles (protons, neutrons etc.). On the other hand, the QCD
evolution equations are very similar to what we derived in QED, with obvious modifications to allow
for transitions between different types of partons and the running of the coupling constant. The DGLAP
equations in QCD read

Pyq(8)ai(€/2) + Pisq(§)ai(2/€, )

1
a%’(za ‘9) as(s) dé
* s 27r/

0

+ Pq’_>q(€) (qj (2/67 ) + qj(z/& S)) + Pg—>q(§) g(z/& 3)] )

Pqg(§)ai(€/2) + Pysg(§)ai(2/€, 5) (142)

+ P, (5) (qJ(Z/& $) 4 4j(2/8,5)) + Pysg(§) 9(2/578)],

1
0g9(z,s8) ay(s) [dE _
s 0 [P O Y 027609 + 041, 0) + Pyy©) 9(2/6.9)]
0
The Altarelli-Parisi splitting functions in QCD are well-known. At leading order, all of them,
except Py, can be obtained from the corresponding QED results. We present the leading order splitting
functions here for completeness

14 (1—2)

1+ 2° 2 2
’ PqﬁQZCFfa Pg%q:TR(z +(1-2)7),

1—2z

+
1—=2 z 11 2n,Tp
Pgﬁg:2C’A[ ~ +(1_Z)++z(1—z)+(GCA— 3 )5(1—2)].

The DGLAP equations imply that parton distribution functions at any scale can be determined if
they are known at some scale. So, the strategy is to parametrize parton distributions at a relatively low
scale and then use the DGLAP evolution and various data to determine them. Typical results are shown
in Fig. 7 where quarks are split into valence (constituent) and sea (produced by the gluon splitting)

P%q:CF

(143)

68



QCD FOR HADRON COLLIDERS

T T T i B |
ATLAS

T T
ATLAS
13 TeV, 81 pb”' 13 TeV, 81 pb™
Rypy- = ol 7 ofig et Ryyz = opd. / o .
[} data  total uncertainty e [ data + total uncertainty —v
| datat stat. uncertainty | data = stat. uncertainty
A ABM12 Ao ABM12 r
v CTl4nnlo * v CT14nnlo °
m  NNPDF3.0 m  NNPDF3.0
® MMHT14nnlo68CL — ® MMHT14nnlo68CL e
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
O HERAPDF2.0nnlo — O HERAPDF2.0nnlo —{—
L L I L BB | ! ! ! L L IR !
1.2 122 124 126 1.28 1.3 132 1.34 94 96 98 10 102 104 106 108
ol / ol ofd, / ol
Higgs production: gluon fusion Higgs production: associate production with tf
T
1 NNPDF3.1 ! ! ! ! o NNP‘DFW 1 T ! !
@ NNPDF3.0 @ NNPDF3.0
Al CT14 A CT14
o MMHT14 of MMHT14
@ ABMP16 o @ ABMP16 a
A A
ggHiggs.v3.5 o mg5_amc@NLO o
LHC 13 TeV LHC 13 Tev
my =125 GeV —o— my =125 GeV —o—|
I I I I I I - - - -

0.90 0.92 0.94 0.96 0

98 1.00 1.02 1.04 0.80 0.85
Ratio to NNPDF3.1

0.90 0.95 1.00
Ratio to NNPDF3.1

Fig. 8: Comparison of physical cross sections for a few selected processes computed with popular parton distribu-
tion functions.

contributions. Understanding uncertainties in the determination of parton distribution functions is an
important question that is being constantly discussed and refined [25]. Another complication is that
extraction of PDFs involves fixed order cross section computations. When fixed order results change
(i.e. by accounting for higher order QCD corrections), the PDFs change as well (provided, of course,
that data does not). It is therefore customary to extract PDFs employing fixed order cross sections of
certain accuracy (LO, NLO, NNLO). These (LO, NLO, NNLO) PDFs sets should be used to predict
physical observables using matching orders in computed partonic cross sections.

How well do we know parton distributions functions? A snapshot of the current situation is shown
in Fig. 8 for a variety of Standard Model processes including pp — V with V = W, Z, pp — H and
pp — ttH. We see that different PDF sets are in reasonable agreement and, at this point, there are no
PDF sets that are in a clear disagreement with the other sets. This is quite encouraging and suggests
that, with sufficient effort, parton distribution functions can be understood well-enough to allow for the
precision physics program at the LHC.

7 Parton showers

Parton distribution functions provide limited information about final state particles. Indeed, to derive
the DGLAP evolution equation, we integrate over momenta of the emitted particles loosing information
about kinematics of the final state. This may not be ideal since, in certain cases, we may want to have a
more detailed description of the final states. This can be done with the help of the so-called parton shower
programs. The most famous examples of such programs are PYTHIA, HERWIG and SHERPA [26]
whose relevance for experiments in high-energy physics is hard to overstate. The goal of this Section is
to introduce basic ideas behind parton showers and explain how they can be used to simulate unweighted
events.

7.1 The toy model

Following the spirit of the previous Sections, we will start the discussion of parton showers with a toy
model inspired by soft emissions in QED. As we have already mentioned in these Lectures, soft emis-
sions in QED completely factorize, c.f. Eq. (105). The cross section in the soft photon approximation
is obtained by integrating over photon energies with an additional constraint that the total radiated en-
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ergy and the energy that remains in the radiator E' can not exceed the total energy available before the
emissions. We write

d
do, = dao dE H Yi §(Bp— E — § w;) (144)
Wi =1

We integrate over the energy F of the radiator and find

a” ~ dw;
do, = — doy H1 o 0(Ep — > wy). (145)

Solving the #-function constraint and introducing a lower integration boundary for integration over w,
we write

Er Er—w, Er—w;—wy Er—w)—wo——wy,_1
a” dw, dw dw dw
bl 1 -2 =3 ... —n (146)
TL W1 Wo w3 Wp,

A A A

The cross section o, is a function of Er/)\; we would like to evaluate this function in the limit A\ — 0
which corresponds to E7/A — co. We will now show that, in order to pick up the largest logarithmic
contribution to the integral do,,, we can neglect all dependencies on energies in integration boundaries
in Eq. (146)

Er Er—uw, Ep—wi—wy

/dwl / dwsy / dw3 . /dwl /dw2 dw3 CZ log” & (147)
W1 Wo A

A A A

To illustrate why this approximation gives the correct highest power of a large logarithm, we
consider the case of the two emissions and compute

Ep—w,

12 / dw1 / dUJQ / dw1 1 ET w1
dwl w 2 ET / dwl W1
= In In{1—-— =In In{1l-——
/ wy [ A o < ET)] Er
A

Note that the last integral is convergent in the w; — 0 limit, so that the dependence on A can be neglected.
Upon doing that and changing integration variables w; = Er&, we arrive at

(148)

IQMQETJF dglnu—g)ln—mn (149)

where in the last step we neglected the constant term. Clearly, the logarithmically-enhanced term can be
obtained if we neglect the dependence of the integration boundaries on the photon energy

do 7 do 1d E
I, = /“’1/ '] /“1 ”2:11127? (150)

The generalization to the case of a larger number of photons is obvious. We conclude that, with the
leading logarithmic accuracy, the cross section for producing n photons reads

2 5o In” % (151)

do,, =
n!
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The cross section for emitting any number of photons is obtained by summing Eq. (151) over n. We
obtain

i E
do =Y do, =dog ™+ (152)

The result shown in Eq. (152) is rather strange since it implies that soft emissions make the cross
section very large. We know from previous discussions that this can only happen if virtual corrections are
improperly neglected and, if real and virtual corrections are combined, no logarithmically enhanced cor-
rections appear in the cross section integrated over all soft emissions. Since we work with the logarithmic
accuracy, we have to find

dog = doy, (153)

in variance with Eq. (152).

To account for virtual corrections we write, in accord with Eq. (153),

dO'qu = doOVea In ET/)\, (154)

—aln Ep /X : . .
where V = ¢~ Er/ represents the effect of virtual corrections. We can now expand the real emission

exponential back and find

1 = Z P, (155)
n=0
where
Wn—1
P — g-aWBr/A /dwl/dwz dW3 [ dwn (156)
wn

We interpret the different contributions in Eq. (155) as the relative probabilities to produce a final state
with certain number of photons. Integrations over w’s in Eq. (156) represent sampling over different
kinematic configurations that contribute to these final states. Our goal is to turn Egs. (155,156) into a
generator of unweighted events where, similar to experimental reality, each event is characterized by a
collection of photons with definite energies.

To proceed further, we introduce a notation ¢(x,y) = alnz/y, write

e Ep/X _ —¢(Epwi) ~d(wrwy) = d(wn_1.wn) ,;—0(wnA) 7 (157)

and insert this representation into the integral in Eq. (156). We obtain

Er w1 Wn—1

P o—an / dwi —g(Erw) / AWy g ws) / dwn —pwarwn) 6@ (158

w1 W Wy

—p(w

We then change variables w, — 7, = e i—l’wi), find the Jacobians of the variable transforma-

tions and the new integration boundaries

dw; _pw. . w, —alnw
d i er ¢(w171’WZ)7 rmin(wi—l) <7 < 1; Tmin<w) =e ol /)\' (159)

Wi

We then write P,, using new variables

1 1
/ / dry.. / dr,, e #@n), (160)

ml
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where wy = Ep.
It is instructive to compute the probability to emit n + X photons, where X is an arbitrary final
state. This probability is given by

1 1 1
Pn-i—X = / d?“l / dT’Q .. / d?“n
" (w1)

Tmin (UJO) T' Tmin (wnfl)

1 1 1
X 6_¢(wna>‘) + / drn+16_¢(wn+1v)‘) _|_ / drn—i-l / d,rn+26_¢(wn+27>‘) + e
. . .,

Tmm (wn) Tmm(wn) min (wn+l)
1 1 1
= / dry / dry.. / dr,,,
rMwe) @) M W)

(161)

where in the last step we used the fact that the expression in square brackets is the total probability to
produce any final state which isi equal to one.

The formula Eq. (161) suggests how events can be generated since the probability to emit a photon
with particular energy is independent of whether or not subsequent emissions occur. The first step is to
decide if at least one emission happened. The probability for at least one emission is given by

1

P, = / dry. (162)

min

r(Ep)

The probability that event contains no (resolved) emissions is given by P, = rmin(ET) =1-"7P;.

To produce events with these probability distributions, we generate a random number with the flat
probability distribution 0 < &; < 1. If & < P, no emission happened. We exit the generation process
and register an event which contains no photon emissions. To generate another event, we return to the
beginning of the generation process.

If, on the other hand, Py < &; < 1, the photon emission did happen. We find the energy of the
emitted photon by solving the equation £; = e~ wown) for wy. The result reads wy = wogi /e Next, we
need to determine if the second photon is emitted. We repeat the first step with the only difference that
we use w; instead of Ep to compute the no-emission probability. For example, if the second emission
does happen, the energy of the second photon reads wy = wlfé .

Clearly, we can keep doing that until a no-emission event is generated. Note that the probability
to generate a no-emission event grows because energies of the radiated photons decrease as we generate
more and more photons. Once the energy of the emitted photon becomes comparable to A, the no-
emission probability becomes close to one and the generation process has a high chance to terminate. At
any rate, once the no-emission event is generated, we exit the event generation process. At this point,
we have the list of photons with their energies; this list provides complete kinematic description of the
generated event. If we need to generate another event, we start from the beginning. One can work with
these unweighted events in the same way experimentalists work with real events recorded in experiments
at the LHC and compute the relevant cross sections and distributions simply by combining them in an
appropriate way.

The above procedure gives us a toy model of a parton shower. It shows that parton showers develop
an approximate treatment of perturbative corrections to cross sections and distribution by picking up the
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logarithmically enhanced terms, treating the radiation phase space in a simplified manner and preserving
hard cross sections by requiring that integrated real emission and virtual corrections cancel each other
exactly. This last feature allows us to define a “conserved quantity” that we then recast into a probability
and use it to generate events with particular kinematic features of final state particles.

7.2 Parton shower description of collinear emissions

We would like to move beyond the toy model and develop a parton shower description of a gauge theory.
We will again start with QED and make use of our discussion of parton distribution functions. To
develop the probabilistic picture, inherent to parton showers, we need to understand what can play a role
of a conserved quantity in case of collinear emissions. To this end, recall that an electron distribution in
a physical electron satisfies the DGLAP evolution equation

(67

fe/ez S 727]_

1
[ ez e, 930z — 2122) (163)
0

We integrate both sides of this equation over z and find

1

1 1
0
Sas/dz fe/e(zas) :/dzlpee(zl)/dZZfe/e(z2) =0, (164)
0 0

0

where the last step follows from the fact that P,.(z) is a plus-distribution, c.f. Eq. (132).

The above equation implies that the integral of f, /e(z, s) over z is independent of s and since
feje(z,m %) = §(1 — 2), we find
1
/dzfe/e(z, s)=1. (165)

0

We would like to interpret Eq. (165) as a probability conservation condition that will allow us to
compute the relative probabilities of collinear photon emissions. To this end, we re-write the DGLAP
equation by separating real and virtual corrections in the splitting function

1

0 o ~ e/e )

S%fe/e('zvs) = %/dfpee(g) |:f/(Z€/ES) - fe/e(zas) ) (166)
0

where B, (€) = (1+£2)/(1—£). We would like to treat the two terms on the right hand side of Eq. (166)
separately; to do that we need to introduce a cut-off on the integration over &, £ < 1 — §. After moving
feje(2, 8) to the left hand side of Eq.(166), we obtain

1-6

9 [ r s 5
S%fe/e(zas)_‘_% / dg Pee(&) fe/e 2, S / ? fe/e(%)s)' (167)
0 0

We will solve Eq.(167) in the approximation § — 0. Note that the singularity at £ = 0 is irrelevant since
it is protected by the fact that the splitting function vanishes for values of arguments that are bigger than
one. To solve Eq. (167), we remove the homogeneous part of the equation by writing

fe/e(z> S) = A(S)g(Z,S), (168)
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and choose A(s) to satisfy the differential equation

1-6
siA(s)—i—; /dgﬁee(g) A(s) = 0. (169)
0
The equation for g(z, s) becomes
1-6
e) | EPotaes) (170)
0

To find the splitting function f . (z, s) we need to solve the differential equations Eqgs. (169,170).
We begin with Eq. (169). Its solution reads

s 1-6
dt ~
A(s,m?) = exp —;r/t/dgpee(g) . (171)
m> 0

We note that A(s,m ) is known as the Sudakov form factor. As we will see later, it describes a proba-
bility of the elastic (no-emission) process.

We integrate Eq. (170) over s and find

5
dg

o [diofde
¢

2T +

2
e

g(z,8) = g(z,m2) + Po(§)g(z/€. ). (172)

o7

m

If we multiply both sides of this equation with A(s, mZ) and use the fact that A(mg, mg) = 1, we obtain

1_£m1n

fe/e(za 5) = A(Svmz)fe/e(zvmz) + % / %A(Sat) / ; ( ) fe/e(z/g t) (173)

0

e

We can expand the right hand side of Eq. (173) in power series in «, treating the Sudakov form
factor as quantity of order one and using f,/.(z,m ) = (1 — z). This is very similar to what we did
when constructing the probability conservation equation in the toy model. We obtain

1—
fuyels,2) = A(s,m2)8(1 - 2) + / 1 A (s, ) / A€ Py (6) Aty m2)d(z — £)

2T
me 0
1-6 1-6 (174)
dtl dt?
+(27r) / —A(s /d / tzAtlatZ /d Alty,m2)3(z — &)
Mg 0 m 0

We now integrate both sides of Eq. (174) over z, use the “probability conservation” condition Eq. (165)
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and obtain an equation that we can use to generate events in exactly the same way as in the toy model

S 1-6
dt _
1= Asmd) + o [ Paen) [dabi@)am.m?
mt 0
; e i 13 (175)

a2 [dt - dt 3
+(27> /IA(S’tl)/dflpee(gl)/2A(t17t2)/d§2Pee(fz)A(7§2amg)

T tl t2

me 0 me 0

Each term in these series represents a probability of a process with a fixed number of resolved photons.
The generation process works similarly to the toy model. Note that this similarity can be made exact if,
similar to the toy model, we introduce a random variable

ri=A(tio1,t), to=s. (176)
Indeed, since
a, T
[0 i ~
dry= 55 [ aaP(&) At a7

0

Eq. (175) can be cast into a form that is identical to e.g. Eq. (161) discussed in the context of the toy
model. Therefore, we can generate events following our earlier discussion. The only difference is that
we need more than one random variables to describe momentum of an emitted photon.

We now explain the procedure in detail. We begin with generating a random number 0 < r < 1
and solving the equation
A(s,t)) =71 (178)

fort;. If ¢4 < mg, then no emission happens, we exit the generation process and, if necessary, start
anew. If, on the other hand, we find ¢; > mg, then the emission happens. To determine the energy of the
photon, we generate another random variable 0 < y; < 1 and solve for &;

&1 _
J dEP.(€)
y= (179)
f dfpee (5)
0
The two variables, &; and ¢, allow us to compute the four-momentum of the radiated photon
¢ = (1 —=&)p" + B + Cﬂ,fnip (180)
where ¢, 1 = /11, n![ | is a randomly generated unit vector, nil = —1, in a plane transverse to p and

pand By = t,/((1 —&)2pp).
Once the photon is generated, the next step is repeated with s replaced by ¢;. This means that we
again generate a random number 0 < 7 < 1 and solve the equation

r= At o) (181)

for to. If we find that ¢, < mg, we declare that no further photon emission happened and we exit the
generation process. If, on the other hand, t, > mg, we generate abother random variable y,, determine
& from an analog of Eq. (179) and compute the momentum of the second emitted photon as

@y = (1= &)ep! + Bop" + qu on') 5, (182)
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where g, 5 = /%, etc. This process continues unless at some stage the no-emission event is generated.
If this happens, we exit the generation process. At this point we have a list of photon momenta that
describes an event — with fully specified final state — for the process e + X — Y + photons in the
collinear approximation for the emitted photons.

The generalization to QCD is, in principle, straightforward since the above discussion is built
around the analysis of the DGLAP evolution equation for the structure functions. One can repeat all the
steps almost verbatim and arrive at a similar conclusion. One aspect that, in principle, one should also
consider in QED, is a possibility to split into different types of partons. Indeed, in QCD all different
types of branchings a — b + ¢ have to be taken into account. As the result, there are different Sudakov
form factor for different partons and a sum over all types of possible branchings appears in the exponent.
The other aspect that we have been systematically neglecting in our QED discussion is the running of the
coupling constant that definitely has to be accounted for in QCD. The Sudakov form factor of a parton a
reads

A, (s, 5) = exp /dm dgz . (183)

50
We generate events in exactly the same way as discussed above except that at every step we need to
decide which branching actually happens. This is done based on the relative probabilities for individual
branchings

1-6
[ dEP, (&)
g (184)

wa—)b = 1

[ dET Py(€)
0 b

7.3 Soft emissions and parton showers

We have discussed how to generate events that describe emissions of collinear partons from initial state
particles. Note that since we generate collinear emissions and since collinear emissions from different
particles do not interfere, it becomes straightforward to generalize our discussion to an arbitrary number
of incoming and outgoing particles. However, we have also seen in the computation of NLO QCD
corrections that infra-red divergences — and related logarithmically-enhanced contributions — can have
either collinear or soft origin. The construction of a parton shower that we described addresses collinear
singularities and large collinear logarithms. However, if soft contributions are to play an important role,
how can they be accommodated into this framework?

The important difference between soft and collinear emissions is that soft gluons emitted by differ-
ent color charges necessarily interfere so that emission of soft gluons does not occur locally in the phase
space — it requires a snapshot of the whole system. This is very different from independent collinear
emissions and it is unclear a priori if the parton shower framework can accommodate soft emissions.

It turns out that it is actually possible to describe soft emissions with parton showers. In fact,
there are at least two ways to do that; I will explain below the classic one [7] based on the concept of
the so-called angular ordering. ® To understand what this is, consider a soft photon emission from an
electron-positron pair that is produced in the splitting of a virtual photon 7" — ete™. We know that the
full matrix element squared is given by the eikonal factor and the elastic matrix element squared, and
that the differential cross section can be described by the following formula

a dw dQ 2p1p2w
2w (27) (prk)(pok)

% Another popular option is to employ a suitable color basis and the fact that certain color-order ampltudes do not interfere
in the limit where number of colors is considered to be a large parameter, see Ref. [28].

do =dog —

(185)
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It is convenient to denote the scalar products of four-vectors as p;p; = E;E;(1 — cos0,;) = E;E;&;;, s0
that the eikonal factor that appears in the formula for the cross section reads

2p1py W _ 2
(1K) (p2k)  E1rbor

We now re-write the radiator function W (1, 2; k) in the following way

=2W(1,2; k). (186)

W(1,2;k) = S _1 < SERNENE I 1) +(1e2)=Wi(1,2k) +Wy(1,2;k). (187)
E1rok Eikbor Cor Sk

We would like to interpret the function W;(1,2; k) as the photon emission off the electron with mo-
mentum p; and the function W5(1,2; k) as the photon emission off the positron with momentum ps.
To understand why this interpretation is meaningful, it is useful to study the collinear limits of the
two radiator functions. Consider W;(1,2; k) as an example. If the photon is emitted along the di-
rection of the electron, &, — 0, {o, — &2 and Wy(1,2,k) =~ 1/& ;. > Wy(1,2;k). On the
contrary, if the photon is emitted along the direction of the positron, &, — 0, & — &2 and
W5 (1,2:k) = 1/& ), > Wi (1, 2;k).

The situation becomes particularly transparent if we integrate over the azimuthal angle of the
emitted photon defined in the following way. For the function W;(1,2; k), we choose a reference
frame where the electron momentum is the z-axis, i.e. n; = (0,0, 1), the momentum of the positron
is in the x — z plane, i.e. ny = (sinfy,0,cosf;,) and the photon momentum is arbitrary 7;, =
(sin 6 cos ¢, sin 0 sin ¢, cos €). Suppose that we want to integrate the function W (1, 2; k) over the angle
¢. The only ¢-dependent scalar product in W7 (1,2; k) is &, = 1 — sin 9 sinf cos ¢ — cos 615 cos 6.
The relevant integral reads

2m 2m
dp 1 1 / dg 1 LI 188
0/ (27) a + bcos ¢ a? — b’ - / @) & €k — Eral (189

Using this result to integrate the radiator function 1/, we obtain

27 2m
d¢ N dg 1 (512 — &k ) 1 < §12 — &1k ) 069 — flk)
—Wi(1,2;k) = 1) = 1) = 2322 >R/
0/ (2m) 1 ) 0/ (2m) 2615, ok - 2615 \ |12 — &1kl " $ik

(189)

We repeat the same computation for the second radiator function Wy(1,2; k). However, in this
case we integrate over a different azimuthal angle since we align the z-axis with the positron direction
vector ny. If we do that, we find

2

d¢ 9(512 B §2k>
=2 k) = ol2 T 52k
O/(%)Wz(l,l ) o (190)

Combining the results for 1 5, we obtain a simple formula for the full radiator function

W (1,2 k) = Wi (1,2 k) + Wa(1,2; k) = 061k — 1) | O6ak = &10), (191)

ik ok

Note that this formula is obtained upon averaging the two contributing radiator functions over different
azimuthal angles.

We can now use the radiator function Eq. (191) to compute the cross section. We find

a d d
do = doy - i" é1’“9 (€12 — &in)- (192)
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This formula shows remarkable features that enable probabilistic interpretation of soft photon emissions.
Indeed, since for small emission angles &;; ~ H?j /2, according to Eq. (192), electron and positron emit
soft photons independently of each other provided that the emission angle is smaller than the opening
angle of the pair, 6y, < 0,9, 0y, < 60;9. If emission at a larger angle happens, the interference of

emissions by the electron and the positron effectively shuts off the radiation completely.

What makes this result interesting for the construction of a parton shower is that it appears to
be possible to describe soft emissions by making educated choices of evolution variables. Indeed, we
have so far discussed the parton shower evolution as being driven by the logarithmic integration over
the transverse momentum of the emitted particle. However, since k| ~ w#f, one can trade logarithmic
integration over the transverse momentum for the integration over emission angle

dk dd 1d
kp _do_1dg (193)
ki 0 2 ¢
The natural ordering of the emission angles, i.e. larger emission angles closer to a hard process followed
by smaller emission angles at the end of the cascade, allows to resum both soft and collinear logarithms
in an event.

Although the above discussion is sufficiently general to be used in QCD parton showers, there is
one aspect of it that is too QED-specific and, for this reason, warrants a clarification. Indeed, in QED, the
variety of charge-changing processes is very limited since in a splitting a — b + ¢, one of the particles
is always neutral. This is clearly not the case in QCD, where a color-charged gluon can split into a
quark-anti-quark pair. Since working with QCD amplitudes and introducing convenient notations for
color charges will take us astray, it is more useful to introduce a toy model that, on one hand, will be easy
to work with and, on the other hand, will not suffer from the limitation of QED described above. To this
end, we consider a soft photon emission amplitude off a final state with three charged particles

3
;€
M~ ZQZ-I%MO. (194)
i=1 !

3
Gauge-invariance dictates that > @); = 0, but does not impose constraints on individual charges. Upon
i=1
squaring the amplitude and summing over photon polarizations, we find

2 '~ biPj 2
M| ;Q@J(pmjk) [Mol”. (195)

Expressing this result in terms of the radiator function, we obtain

W = —-Q1Q3Wiy — Q1Q3Wi3 — Q3Q3Was. (196)

We then re-write charge products through charge squares, e.g. —QQy = (Q% + Q% — Q%) /2 using
Q1 + Q5 + Q3 = 0 and derive

1
W = 3 Q1 (Wiy + Wyg — Was) + Q5 (Wiy + Wag — Wis) + Q5 (Wis + Wag — Wip)| . (197)

We would like to re-write this expression in a way that will make an interpretation in terms of
successive independent emissions possible. To this end, we split each radiator function into a sum of
relevant terms and average each such term over respective azimuthal angles. We also consider a kinematic
configuration where the opening angle between p; and p, is much smaller than the opening angle between
P12 and ps, c.f. Fig. 9.
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Fig. 9: Soft emissions after azimuthal ordering, see Eq. (202).

To see how the hierarchy of angles can be exploited, consider the term in Eq. (197) that is propor-
tional to Q% and write

Wig + Wig — Wy — Wl[é] + WI%] + WE;] + Wl[?’;] - W2[§] - Wz[g}

(198)
1 1 1 1 2 3 3
—owly+ (ol wi - vl - wi ) fwld - wil).

We now study the different terms separately. We find

(Wl[é] _ Wl[é]) + (Wl[;] _ Wz[g]) _ (0(&13 — &1x) — 0(&12 — &) (0(E2s — Eor) — 0(12 — Sox))

glk 52]4:
0
= [ aoe [l —wl) + vl - W] = m g~

(199)

for 0,5 < 6;3. This result implies that the combination of radiator functions displayed in Eq. (199) does
not lead to large logarithmic corrections and, for this reason, can be neglected. A similar analysis of the
last term in Eq. (198) leads to a similar conclusion

Wi —wl = 0(&13 — &sr) (€23 — Ean) N /ko(Wl[g] —wh = ms g (200)
€3k €3k 023

Hence, for the kinematic case that we are interested in, the following replacement is valid with the
logarithmic accuracy
Wig + Wi3 — Was — 2Wq,. (201)

Similar arguments allow us to simplify the radiator function in Eq. (197) and write it as
1 2 12 3
W QW + Q3W] + (Qu + Q) Wigh + Q3Wid. (202)

Here Wl[ézg describes emission off the “parent parton” of the two partons 1 and 2. It reads W1[§2zl, =
0(&12,3 — S126)0(E12,8 — E12)/E12k-

The interpretation of Eq. (202) is straightforward. It shows that soft radiation can be described
by independent emissions off four particles that appear in the amplitude — partons 1,2 and 3 and the
“parent” of the two partons 1 and 2. The radiation off each of these particles is proportional to its charge
squared. The radiation is restricted by the opening angles of the corresponding “dipoles”. For example,
the “parent” of 1 and 2 radiates to an opening angle between 77; ~ 75 an 73 but 1 and 2 radiate into
an opening angle between themselves. It should be clear from previous discussions that this structure
easily lends itself to a parton shower description provided that opening angles are chosen as independent
evolution variables.
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7.4 Parton showers connect perturbative and non-perturbative descriptions of hadron collisions

We have seen that parton showers can be used to generate unweighted events and, within certain approx-
imations, produce final states with arbitrary number of quarks and gluons starting from a few energetic
particles in the event. These initial hard particles provide seeds of energy flows that a hardly affected by
non-perturbative effects. These energy flows provide foundations for hadron jets, a trademark of high-
energy collisions. Collinear and soft radiation described by parton showers builds up these jets and fills
them with large number of partons. When relative transverse momenta of gluons and quarks generated
by parton showers become small, QCD turns into a non-perturbative theory and generation of further
emissions of quarks and gluons becomes meaningless. At this point, one employs phenomenological
models that describe a parton-to-hadron transition, i.e. they allow us to transform an ensemble of quarks
and gluons into a hadronic final state. Although the description of such a transition is empirical (see
e.g. Refs. [7,26]), it is very important since hadrons, not partons, hit particle detectors. Therefore, prop-
erties of hard events that we strive to understand are deduced from particle composition, multiplicities
and energy depositions of hadrons observed in particle detectors. Our ability to connect these measure-
ments with properties of the hard scattering relies on parton shower Monte Carlo and the description of
parton-to-hadron transition.

It is important to stress that the interplay between fixed orders and parton showers drives the
development of both tools. In particular, spectacular progress in our ability to perform sophisticated
fixed order computations lead to a possibility to describe better the kinematics of hard jets, as produced in
short-distance collisions, leaving the parton shower with a task that it does best — filling these jets with the
soft and collinear radiation. The ideas of merging and matching [27] emphasize the need to combine fixed
orders with parton showers; they also put additional pressure on parton shower algorithms to become
more refined theoretical tools with higher (and well-defined) parametric accuracy. The progress in this
field will be crucial for extracting maximal physics information from the LHC and making precision
physics at the LHC a viable opportunity.

8 Conclusions

The goal of these lectures was to describe how the theory of strong interactions — Quantum Chromody-
namics — is applied to describe hard collisions at the LHC. QCD is crucial for the success of the LHC
physics program since two strongly interacting particles — protons — are collided there. In spite of this
fact, if we look at the right observables, LHC physics is mainly determined by interactions of quarks
and gluons rather than hadrons and these interactions can be understood directly from the Standard
Model Lagrangian. Recent theoretical developments that include advances in fixed order computations,
resummations, parton shower algorithms and determination of parton distribution functions allowed us
to describe hard scattering data at the LHC with very high precision. We hope that this high precision
predictions for many LHC observabels will, one day, be used to find something unexpected and will, in
this way, completement direct searches for physics beyond the Standard Model at the LHC [29].
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Abstract

We discuss the status of the Standard Model (SM): the principles; the La-
grangian; the problems; open questions and the ways beyond. Then we con-
sider possible physics beyond the SM: New symmetries (Gauge, SUSY); New
particles (gauge, axion, superpartners); New dimensions (extra, large, com-
pact, etc) or a New Paradigm (strings, branes, gravity). In conclusion, we
formulate the first priority tasks for the future HEP program.

Keywords
Lectures; physics beyond the Standard Model; supersymmetry; extra dimen-
sions; grand unification; Axions, String theory

1 Introduction: The Standard Model

Physics of elementary particles today is perfectly described by the Standard Model of fundamental inter-
actions which accumulates all achievements of the recent years. It is usually said that with the discovery
of the Higgs boson the Standard Model is completed. Nevertheless, it still contains many puzzles and
possibly requires some modification in future. The search for new physics beyond the Standard Model
is inevitably based on comparison of experimental data with predictions of the Standard Model since the
particles observed in the final states are the well-known stable ones and new physics as a rule manifests
itself in the form of excess above the SM background.

It is instructive to remind the main principles in the foundation of the Standard Model and possible
ways to go beyond it. They are:

— Three groups of gauged symmetries SU(3) x SU(2) x U(1)

— Three families of quarks and leptons in representations (3 x 2,3 x 1,1 x 2,1 x 1)

— Brout-Englert-Higgs mechanism of spontaneous EW symmetry breaking accompanied by the
Higgs boson

— Mixing of flavours with the help of the Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-
Maki-Nakagava-Sakato (PMNS) matrices

— CP violation via the phase factors in the flavour mixing matrices

— Confinement of quarks and gluons inside hadrons

— Baryon and lepton number conservation

— CPT invariance which leads to the existence of antimatter

The principles of the Standard Model allow its small modifications with respect to the minimal
scheme. Thus, for instance, it is possible to add new families of matter particles, additional Higgs
bosons, the presence or absence of right-handed neutrino, Dirac or Majorana nature of neutrino is fully
acceptable.

The formalism of the Standard Model is based on local quantum field theory. The SM is described
by Lagrangian which is built in accordance with the Lorentz invariance and invariance under three gauged
groups of symmetry and also obeys the principle of renormalizability, which means that it contains only
the operators of dimension 2, 3 and 4 [1].

L= Egauge + EYukawa + ﬁHigg& (1)
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A

2
Here y are the Yukawa and ) is the Higgs coupling constants, respectively, both dimensionless and m is
the only dimensional mass parameter.

Liiggs = -V =m*H'H — Z(H'H)2.

The symmetries of the SM allow one to fix all the interactions of quarks and leptons which are
performed by the exchange of the force carriers, namely, by gluons, W and Z bosons, photons and
the Higgs boson in the case of strong, weak, electromagnetic and Yukawa interactions, respectively.
The only freedom is the choice of parameters: 3 gauge couplings g;, 3 (or 4) Yukawa matrices y’oi 3
the Higgs coupling A, and the mass parameter m. All of them are not predicted by the SM but are
measured experimentally. The existence of the right-handed neutrino leads to two additional terms in
the Lagrangian, the kinetic one and the interaction with the Higgs boson. If the neutrino is a Majorana
particle, then one should also add the Majorana mass term.

The Standard model has some drawbacks which, however, are manifested at very high energies
where it can possibly be replaced by a new theory. Below, we list some of them.

1) The running couplings of the SM tend to infinity at finite energies (the Landau pole [2]). This
is true for the U (1) and the Higgs couplings (see Fig.1, left). Thus, the running of the U (1) coupling in

Landau ghost pole

05

= log(B)

0.0

T = T n .
5 10 15 20 25 30 35 40
logy (A/GeV)

Fig. 1: The dependence of the abelian gauge and the Higgs couplings on momenta transfer (left). The behaviour
of the coupling in the vicinity of the Landau pole (right).

the leading order is described by the formula

, @10
) @)
a1(Q7) 1— 31910 10g(Q2 /M2)

and goes to infinity at Q* = Mzexp( ﬁggo ) ~ 10*! GeV (see Fig.1 right). The Landau pole has a wrong

sign residue that indicates the presence of unphysical ghost fields - intrinsic problem and inconsistency
of a theory, which leads to the violation of causality. And though it takes place at energies much higher
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than the Planck mass where, as we assume, quantum gravity might change everything, formally a theory
with the Landau pole is not self consistent.

2) Radiative corrections lead to the violation of stability of the electroweak vacuum. The whole
construction of the SM may be in trouble being metastable or even unstable. This is also related to the
behaviour of the Higgs coupling which crosses zero and then becomes negative at the energies close to
10" GeV (see Fig 2. [3]) However, the situation strongly depends on the accuracy of the measurement

O10p ¢ v 0 e
008k M, =125 GeV 1 200 1 Instability
30 bands in
3 o6 X M, =173.1 £0.7 GeV > g
= 006 - A
2 \ (M) = 0.1184 + 0.0007 3 1501 /S@,x\ =
g = oY =
T oo04f - W i
g = 2
2 % [l -
£ oml Z 100 Stability £
E g I3
= =t
& =% 5
& 000 2 =
= 50 H =
-0.02}
0 e —
~0.04 | 5
102 10* 10° 108 10" 10" 10™ 10'° 10" 10% 0 50 100 150 200
RGE scale ¢ in GeV Higgs mass M, in GeV

Fig. 2: Dependence of the Higgs coupling on energy scale for various values of the top quark mass in the region
where it crosses zero and becomes negative (left) and the regions of stability of the Higgs potential as functions of
the top quark and the Higgs boson masses (right).

of the top quark and the Higgs boson masses and on the order of perturbation theory. The tendency when
accounting for higher orders is that with increasing accuracy the instability point moves toward higher
energies and possibly might reach the Planck scale (see Fig. 3 [4]). The situation may change if there are
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Fig. 3: The same as Fig.2 (right) but with bigger resolution. The left panel corresponds to the NLO corrections
while the right panel to the NNLO ones. One can see that the allowed spot moves towards the stability border line

new heavy particles beyond the SM.

3) New physics at the high energy scale might destroy the electroweak scale of the Standard Model
due to radiative corrections. This is because contrary to quarks, leptons and intermediate weak bosons the
mass of the Higgs boson is not protected by any symmetry. For this reason the radiative correction to the
mass of the Higgs boson due to the interaction with hypothetical heavy particles, which are proportional
to their mass squared, destroy the electroweak scale. The example of such interaction in the Grand
Unified theories is shown in Fig.4. The existing mass hierarchy My /Mayr ~ 10714 might be broken.
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Fig. 4: The one loop diagram which gives the contribution to the renormalization of the Higgs boson mass due to

the interaction with hypothetical heavy particles

Notice that this is not a problem of the SM itself (the quadratic divergences are absorbed into the
redefinition of the bare mass which is unobservable), but leads to a quadratic dependence of low energy
physics on unknown high energy one that is not acceptable. The way out of this situation might be a new

physics at intermediate energies.

The Standard Model puts some questions, the answers to which might lie beyond it. They are:

— why is the symmetry group SU(3) x SU(2) x U(1)?
— why are there 3 generations of matter particles?

— why does the SM obey the quark-lepton symmetry?

— why does the weak interaction have a V' — A structure?
— why is the SM left-right asymmetric?

— why are the baryon and lepton numbers conserved?

— etc.

It is not clear also how some mechanisms inside the SM work. In particular, it is not clear

— how confinement actually works

— how the quark-hadron phase transition happens

— how neutrinos get a mass

— how CP violation occurs in the Universe

— how to protect the SM from would be heavy scale physics

There are other questions to the Standard Model:

Is it self consistent quantum field theory?

Does it describe all experimental data?
— Are there any indications for physics beyond the SM?

Is there another scale except for the EW and the Planck ones?

Is it compatible with Cosmology? (Where is Dark Matter?)

2 Possible Physics Beyond the Standard Model

Let us look at the high energy physics panorama from the point of view of the energy scale (see Fig.5).
Besides the electroweak scale ~ 102 GeV and the Planck scale ~ 10'? GeV there is a scale of quantum
chromodynamics A ~ 200 MeV, the whole spectra of quark, lepton, intermediate vector boson and the
Higgs boson masses, all related to the electroweak scale. Presumably, there is also a string scale ~ 1018
GeV, the Grand unification scale ~ 10'6 GeV, the Majorana mass scale ~ 10'? GeV, the vacuum stability
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Fig. 5: The high energy physics panorama from the point of view of the energy scale

scale ~ 10! GeV and finally somewhere in the interval from 102 to 10'°

scale.

GeV there is a supersymmetry

So far there are no indications that all these scales and new physics related to them exist and high
energy physics today stays in a kind of fog masking the horizon of knowledge. But sooner or later the
fog will clear away and we will see the ways of future science. At the moment we live in the era of data
when theory suggests various ways of development and only experiment can show the right road.

The way out beyond the Standard Model is performed along the following directions:

1. Extension of the symmetry group of the SM : supersymmetry, Grand Unified Theories, new
U(1) factors, etc. This way one may solve the problem of the Landau pole, the problem of stability, the
hierarchy problem, and also the Dark Matter problem.

2. Addition of new particles: extra generations of matter, extra gauge bosons, extra Higgs bosons,
extra neutrinos, etc. This way one may solve the problem of stability and the Dark Matter problem.

3. Introduction of extra dimensions of space: compact or flat extra dimensions. This opportunity
opens a whole new world of possibilities, one may solve the problem of stability and the hierarchy
problem, get a new insight into gravity.

4. Transition to a new paradigm beyond the local QFT: string theory, brane world, etc. The main
hope here is the unification of gravity with other interactions and the construction of quantum gravity.

Note the paradox in modern high energy physics. If usually a new theory emerges as a reply to
experimental data which are not explained in an old theory, in our case we try to construct a new theory
and persistently look for experimental data which go beyond the Standard Model but cannot find them
so far. The existing small deviations from the SM at the level of a few sigma such as in the forward-
backward asymmetries in electron-positron scattering or in the anomalous magnetic moment of muon
are possibly due to uncertainty of the experiment or data processing. The neutrino oscillations indicating
that neutrinos have a mass will probably require a slight modification of the SM: however, there might
also be described inside it. Dark Matter, almost the only indication of incompleteness of the SM, yet
might be related to heavy Majorana neutrinos and require nothing else.

Nevertheless, there is a vast field of theoretical models of physics beyond the Standard Model. The
question is which of these models is correct and adequate to Nature. Note that the prevailing paradigm
in most of the attempts to go beyond the SM is the idea of unification. It dates back to the unifica-
tion of electricity and magnetism in Maxwell theory, unification of electromagnetic and weak forces in
electroweak theory, merging of three forces in Grand unified theory, attempts to unify with gravity and
creation of the theory of everything on the basis of a string theory. This scenario, though it did not find
any experimental verification, still seems possible and has no reasonable alternative.
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3 New Symmetries

Extension of the symmetry group of the SM can be performed along two directions: extension of the
Lorentz group and extension of the internal symmetry group. In the first case, we are talking about
supersymmetric extension.

3.1 Supersymmetry
Supersymmetry is a boson-fermion symmetry that is aimed to unify all forces in Nature including gravity
within a singe framework [5-9]. Supersymmetry emerged from attempts to generalize the Poincaré
algebra to mix representations with different spin [5]. It happened to be a problematic task due to “no-
go” theorems preventing such generalizations [10]. The way out was found by introducing the so-called
graded Lie algebras, i. e. adding anti-commutators to usual commutators of the Lorentz algebra. Such a
generalization, described below, appeared to be the only possible one within the relativistic field theory.

If @ is a generator of the SUSY algebra, then acting on a boson state it produces a fermion one
and vice versa

Q |boson) = |fermion), @ |fermion) = |boson).

Combined with the usual Poincaré and internal symmetry algebra the Super-Poincaré Lie algebra con-
tains additional SUSY generators ¢, and ny [7]

[P,uv PI/] = O)

[P,uy Mpa] = i(guppa - guUPp)a

[Muua Mpo] =1 (gl/pM;w = 9o Myup — gupMyo + g;wMVp)7
[Bry Bs] = Z'C'f*tha [BT7 PM] = [Bra Mua] = 07

[ ) )

ZavPM]:[_g’PM]:Ov . 3)
Qi M) = 5 (0)5Q, G Myn) = =3 Qa2
[Qh @} = 207(0") 5P
QL. B = (0,)iQ0, Q4. B = —Q%4 (b)),
{QL. QLY =2€apZ", Zij =aljb,, ZV =7,
{Qa @)} = —2¢,32", [Zij, anything] = 0, "

a,d=1,2 i,j=1,2,...,N.

Here P, and M), are the four-momentum and angular momentum operators, respectively, B, are the
internal symmetry generators, Q° and Q' are the spinorial SUSY generators and Z;j are the so-called
central charges; o, &, 3, f are the spinorial indices. In the simplest case, one has one spinor generator
Q. (and the conjugated one Q) that corresponds to the ordinary or N = 1 supersymmetry. When
N > 1 one has the extended supersymmetry.

Motivation for supersymmetry in particle physics is based on the following remarkable features of
SUSY theories:

Unification with gravity The representations of the Super-Poincaré algebra contain particles with
different spin contrary to the Poincaré algebra where spin is a conserved quantity. This opens the way to
unification of all other forces with gravity since the carriers of the gauge interactions have spin 1 and of
gravity - spin2, and in the case of supersymmetry, they might be in the same multiplet. Starting with the
graviton state of spin 2 and acting by the SUSY generators, we get the following chain of states:

. .3 . .1 .
spin2 — sp1n§ — spinl — spin 3 — spin 0.
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Thus, the partial unification of matter (the fermions) with forces (the bosons) naturally arises from an
attempt to unify gravity with other interactions.

Taking infinitesimal transformations J. = €*Q,,, 0z = Q4€%, and using Eqn. (4), one gets
{56a SE} =2 (6G“€)PH, (5

where ¢, € are the transformation parameters. Choosing ¢ to be local, i. e. the function of the space-time
point € = €(x), one finds from Eqn. (5) that the anticommutator of two SUSY transformations is a local
coordinate translation, and the theory, which is invariant under the local coordinate transformation is the
General Relativity. Thus, making SUSY local, one naturally obtains the General Relativity, or the theory
of gravity, or supergravity [6].

Unification of gauge couplings To see how the couplings change with energy, one has to consider
the renormalization group equations. They are well known in the leading orders of perturbation theory
in any given model. Besides, one has to know the initial conditions at low energy which are measured
experimentally. After the precise measurement of the SU(3) x SU(2) x U(1) coupling constants at
LEP, it became possible to check the unification numerically. Using these numbers as input and running
the RG equations one can check the unification hypothesis. Taking first just the SM, one can see that
the couplings do not unify with an offset of 8 sigma. On the contrary, if one switches to supersymmetric
generalization of the SM at some energy threshold, unification is perfectly possible with the SUSY
scale around 1 TeV that gives additional indication at the low energy supersymmetry. The result is
demonstrated in Fig. 6 [11] showing the evolution of the inverse of the couplings as a function of the
logarithm of energy. In this presentation, the evolution becomes a straight line in the first order. The
second order corrections are small and do not cause any visible deviation from the straight line.

Unification of the Coupling Constants
in the SM and the minimal MSSM

AP g f
= 60 Eeat /g = 60 Eewta

—

E SM MSSM
50 F 50 F

402 174 / 402 i,
30 F 30 oo

wi S >
10 Fopp 10§¢,M

1/as E Lo,

0 5 10 15 0 0 5 10 15

10log Q lOlOg Q

Fig. 6: The evolution of the inverse of the three coupling constants in the Standard Model (left) and in the super-
symmetric extension of the SM (MSSM) (right).

Protection of the hierarchy Supersymmetry provides natural preservation of the hierarchy and pro-
tection of the low energy scale against radiative corrections. Moreover, SUSY automatically cancels the
quadratic corrections in all orders of perturbation theory. This is due to the contributions of superpartners
of ordinary particles. The contribution from boson loops cancels those from the fermion ones because of
an additional factor (—1) coming from the Fermi statistics, as shown in Fig. 7.

One can see here two types of contribution. The first line is the contribution of the heavy Higgs
boson and its superpartner (higgsino). The strength of the interaction is given by the Yukawa coupling
constant \. The second line represents the gauge interaction proportional to the gauge coupling constant
g with the contribution from the heavy gauge boson and its heavy superpartner (gaugino).
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Fig. 7: Cancellation of the quadratic terms (divergencies).

Explanation of the EW symmetry breaking To break the Electroweak symmetry, we use the Brout-
Englert-Higgs mechanism of spontaneous symmetry breaking. However, the form of the scalar field
potential is taken ad hoc. On the contrary SUSY models provide such an explanation. One originally
starts with unbroken potential shown in Fig.8 (left) and then arrives at the famous Mexican hat potential
Fig.8 (right) as a result of radiative corrections [12]. Thus, supersymmetry provides the mechanism of
radiative EW symmetry breaking in a natural way.

v Vv

¢

Fig. 8: EW symmetry breaking

Provides the DM particle Supersymmetry provides an excellent candidate for the cold dark matter,
namely, the neutralino, the lightest superparticle which is the lightest combination of superparnters of
the photon, Z-boson and two neutral Higgses.

IX}) = N1|Bo) + No|W¢) + N3|Hy) + Ny|H).

It is neutral, heavy, stable and takes part in weak interactions, precisely what is needed for a WIMP.
Besides, one can easily get the right amount of DM with the electroweak annihilation cross-section.

A natural question arises: what is the content of SUSY theory, what kind of states is possible? To
answer this question, consider massless states. Let us start with the ground state labeled by the energy
and the helicity, the projection of the spin on the direction of momenta, and let it be annihilated by Q; [7]

Vacuum = |E, \), Qi|E,\) = 0.

Then one- and many-particle states can be constructed with the help of creation operators as

State Expression # of states
vacuum |E,\) 1
1-particle Qi|E,\) = |B, X+ 1) N
2-particle QiQj|E, XN = |E, X+ 1) W
N-particle Q1-..QN|IEN) = |[Ex+ &) 1
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N
. N _ . .
The total # of states is: Z ( 3 > = 2V = 2N~ posons + 2V fermions. The energy F is not
k=0
changed, since according to (4) the operators (); commute with the Hamiltonian.

Thus, one has a sequence of bosonic and fermionic states and the total number of the bosons equals
that of the fermions. This is a generic property of any supersymmetric theory. However, in CPT invariant
theories the number of states is doubled since CPT transformation changes the sign of helicity. Hence,
in the CPT invariant theories, one has to add the states with the opposite helicity to the above mentioned
ones.

Let us consider some examples. We take N = 1 and A = 0. Then one has the following set of
states:
N=1 A=0
helicity 03 helicity 0 —

CPT
=

# of states 11 # of states 1 1

1
2

Hence, the complete N = 1 multiplet is

N =1 helicity —-1/2 0 1/2
# of states 1 2 1

which contains one complex scalar and one spinor with two helicity states.

This is an example of the so-called self-conjugated multiplet. There are also self-conjugated multi-
plets with NV > 1 corresponding to the extended supersymmetry. Two particular examples are the N = 4
super Yang-Mills multiplet and the N = 8 supergravity multiplet

N=4 SUSYYM \A=-1

helicity -1 -1/2 0 1/2 1
# of states 1 4 6 4 1
N =8 SUGRA X\ = -2
-2 -3/2 -1 -1/2 0 1/2 1 3/2 2
1 8 28 56 70 56 28 8 1
One can see that the multiplets of extended supersymmetry are very rich and contain a vast number of
particles.

In what follows, we shall consider simple supersymmetry, or the N = 1 supersymmetry, contrary
to extended supersymmetries with /N > 1. In this case, one has the following types of the supermultiplets
with lower spins:

- chiral supermultiplet (¢, ¢)) containing the scalar state ¢ and the chiral fermion ;
- vector supermultiplet (A, A,) containing the Majorana spinor \ and the vector field A,;
- gravity supermultiplet (g, g) containing graviton g of spin 2 and gravitino g of spin 3/2.

Each of multiplets contains two physical states, one boson and one fermion. From these multiplets
one constructs all supersymmetric models with N=1 supersymmetry.

To construct a supersymmetric generalization of the SM [13], one has to put all the particles into
these multiplets. For instance, the quarks should go into the chiral multiplet and the photon into the
vector multiplet. The members of the same multiplet have the same quantum numbers and differ only by
spin. Since in the SM there are no particles of different spin having the same quantum numbers, one has
to add the corresponding partner for all particles of the SM, thus doubling the number of particles (see
fig. 9 [14]) The particle content of the MSSM then appears as shown in Table 3.1. Hereafter, the tilde
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Standard particles SUSY particles

e nY

Higgsino

Higgsino

Quarks . Leptons ’ Force particles Squarks J Sleptons 0 SUSY force
particles

Fig. 9: The minimal supersymmetric generalization of the standard Model

Superfield  Bosons Fermions SU(3)SU(2 Uy(1) |
Gauge
G2 gluon @ gluino g 8 0 0
% Weak WF (W*,Z)  wino, zino w* (&%, 2) 1 3 0
\'% Hypercharge B () bino b(%) 1 1 0
Matter
L; L;=(v,é)L L; = (v,e)r 1 2 -1
E, sleptons { B = én leptons E; = ¢ 1 1 2
Q; Qi = (4,d)L Qi = (u,d), 3 2 1/3
U; squarks U, = ugR quarks ¢ U; = u§ 3* 1 —4/3
D; D; =dg D; =d5, 3* 1 2/3
Higgs .
Hl . H 1 . . H 1 1 2 -1
H, Higgses { s higgsinos { i 1 9 1
S Singlet s singlino S 1 1 0

Table 1: Particle content of the MSSM and the NMSSM (the last line)

denotes the superpartner of the ordinary particle. In the last line an extra singlet field is added which
corresponds to the so-called Next-to-Minimal model (NMSSM) [15].

The presence of the extra Higgs doublet in the SUSY model is a novel feature of the theory. In
the MSSM one has two doublets with the quantum numbers (1,2,-1) and (1,2,1). Thus, in the MSSM,
as actually in any two Higgs doublet model, one has five physical Higgs bosons: two C' P-even neutral
Higgs, one C'P-odd neutral Higgs and two charged ones.

The interactions of the superpartners are essentially the same as in the SM, but two of three par-
ticles involved into the interaction at any vertex are replaced by the superpartners. Typical vertices are
shown in Fig. 10. The tilde above the letter denotes the corresponding superpartner. Note that the cou-
pling in all the vertices involving the superpartners is the same as in the SM as dictated by supersymmtry.

The above-mentioned rule together with the Feynman rules for the SM enables one to draw dia-
grams describing creation of the superpartners. One of the most promising processes is the e*e™ anni-

hilation (see Fig. 11). The usual kinematic restriction is given by the c.m. energy mg 7, . < V/s/2.
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Fig. 10: The gauge-matter interaction, the gauge self-interaction and the Yukawa interaction.
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Fig. 11: Creation of the superpartners at electron-positron colliders.

wt

At the hadron colliders the signatures are similar to those at the eTe™ machines; however, here one has
wider possibilities. Besides the usual annihilation channel, one has numerous processes of gluon fusion,
quark-antiquark and quark-gluon scattering (see Fig. 12) [16]. The creation of superpartners can be
accompanied by the creation of ordinary particles as well. They crucially depend on the SUSY breaking

pattern and on the mass spectrum of the superpartners.

The decay properties of the superpartners also depend on their masses. For the quark and lepton
superpartners the main processes are shown in Fig. 13. One can notice that the line of superpatners shown
in blue is never broken. At the final state one always has a lighter superpartner. This is a consequence of

additional new symmetry.
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Fig. 12: Examples of diagrams for the SUSY particle production via the strong interactions (top rows for §j, 4G
and gq, respectively) and the electroweak interactions (the lowest row).
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Fig. 13: Decay of superpartners
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The interactions of superpartners in the MSSM obey new U (1) symmetry called R-symmetry [17]
which is reduced to the discrete group Z and is called R-parity. The R-parity quantum number is

for the particles with the spin S. Thus, all the ordinary particles have the R-parity quantum number
equal to R = +1, while all the superpartners have the R-parity quantum number equal to R = —1.
Conservation of the R-parity has two important consequences: the superpartners are created in pairs and
the lightest superparticle (LSP) is stable. Usually, it is the photino 7, the superpartner of the photon
with some admixture of the neutral higgsino. This is the candidate for the DM particle which should be
neutral and has survived since the Big Bang.

Breaking of SUSY in the MSSM Usually, it is assumed that supersymmetry is broken sponta-
neously via the v.e.v.s of some fields. However, in the case of supersymmetry, one can not use scalar
fields like the Higgs field, but rather the auxiliary fields present in any SUSY multiplet. There are two ba-
sic mechanisms of spontaneous SUSY breaking: the Fayet-Iliopoulos (or D-type) mechanism [18] based
on the D auxiliary field from the vector multiplet and the O’Raifeartaigh (or F'-type) mechanism [19]
based on the F' auxiliary field from the chiral multiplet. Unfortunately, one can not explicitly use these
mechanisms within the MSSM since none of the fields of the MSSM can develop the nonzero v.e.v.
without spoiling the gauge invariance. Therefore, the spontaneous SUSY breaking should take place via
some other fields.

The most common scenario for producing low-energy supersymmetry breaking is called the hid-
den sector scenario [20]. According to this scenario, there exist two sectors: the usual matter belongs to
the "visible" one, while the second, "hidden" sector, contains the fields which lead to breaking of super-
symmetry. These two sectors interact with each other by an exchange of some fields called messengers,
which mediate SUSY breaking from the hidden to the visible sector. There might be various types of the
messenger fields: gravity, gauge, etc. The hidden sector is the weakest part of the MSSM. It contains a
lot of ambiguities and leads to uncertainties of the MSSM predictions.

All mechanisms of the soft SUSY breaking are different in details but are common in the results.
To make certain predictions, one usually introduces the so-called soft supersymmetry breaking terms
that violate supersymmetry by the operators of dimension lower than four. For the MSSM without the
R-parity violation one has in general

- EBreaking = (N

1 - - ~ o~ ~ o~ ~ -
=" mdileil® + (2 > MoAaha + BH Hy + AU,Q.Us Hy + AL Q. DsHy + AaLbLaE{;’H1> :

where we have suppressed the SU (2) indices. Here (p; are all the scalar fields, Ao are the gaugino fields,
Q,U,D and L, E are the squark and slepton fields, respectively, and H; o are the SU(2) doublet Higgs
fields.

Equation. (7) contains a vast number of free parameters which spoils the predictiive power of the
model. To reduce their number, we adopt the so-called universality hypothesis, i. e., we assume the
universality or equality of various soft parameters at the high energy scale, namely, we put all the spin-0
particle masses to be equal to the universal value mg, all the spin-1/2 particle (gaugino) masses to be
equal to m /5 and all the cubic and quadratic terms proportional to A and B, to repeat the structure of
the Yukawa superpotential. This is an additional requirement motivated by the supergravity mechanism
of SUSY breaking. The universality is not a necessary requirement and one may consider nonuniversal
soft terms as well. In this case, Eqn. (7) takes the form

- LBreaking = (8)
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mq/9 ~ ~ ~ ~ ~ ~ ~ ~
=m2 Y Jpil? + (T/ > Xada + BuHiHy + Aly5,QaUs Ha + yQa DsHy + ygbLaEgH1]> .
A [

Manifestation of SUSY Search for supersymmetry was and still is one of the main tasks in high
energy physics. In particle physics this is direct production at colliders at high energies, indirect mani-
festation at low energies in high precision observables like rare decays or g — 2 of the muon and search
for long-lived SUSY particles. In astrophysics this is a measurement of the dark matter abundance in
the Universe, search for the DM annihilation signal in cosmic rays and direct interaction of DM with the
nucleon target in underground experimrnts. So far there is no positive signal anywhere.

Under the assumption that supersymmetry exists at the TeV scale the superpartners of ordinary
particles have to be produced at the LHC. Typical processes of creation of superpartners in strong and
weak interaction are shown in Fig.14 [21]. A typical signature of supersymmetry is the presence of

e—p

b
XO

8j.Er

Fig. 14: Creation of superpartners in weak (left) and strong (right) interactions. The expected final states are also
shown

missing energy and missing transverse momentum carried away by the lightest supersymmetric particle
x? which is neutral and stable.

So far the creation of superpartners at the LHC is not found, there are only limits on the masses of
hypothetical new particles. To present and analyze the data, two different approaches are used: the high
energy input and the low energy input. In the first case, one introduces universal high energy parameters
like mo, my /2, Ao, tan 3 of the MSSM [13] and performs the analysis in this universal parameter space.
The advantage of this approach is that one has a small number of universal parameters for all particles.
The disadvantage is that this set it model dependent (MSSM, NMSSM, etc). In the second case one
uses the low energy parameters like masses of superpartners, mg, 114, 11, Or m4,tan 3. The advantage
is that it is model independent, the disadvantage is that one has many parameters and they are process
dependent. Both the approaches are used in practice.

As one can see from Fig.15 [22], the progress achieved at the LHC run is rather remarkable. The
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boundary of possible values of masses of the scalar quarks and gluino have reached approximately 1500
and 1000 GeV, respectively. For the stop quarks it is almost two times lower. This is because the created
squark always decays into the corresponding quark and in the case of the top quark, due to its heaviness,
the phase space decreases and so does the resulting branching ratio. For the lightest neutralino the mass
boundary varies between 100 and 400 GeV depending on the values of other masses. The constraints on
the masses of charged weakly interacting particles are almost two times higher than those for the neutral
ones but depend on the decay mode. Let us stress once more that the obtained mass limits depend on
the assumed decay modes which in their turn depend on the mass spectrum of superpartners, which is
unknown. The presented constraints refer to the natural scenario.
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Fig. 15: Search for supersymmetry: the universal parameter plot (upper row) and the superpartner mass plot (lower
row)

The enormous progress reached by the LHC is slightly disappointing. The natural question arises:
Are we looking in the right direction? Or maybe we have not yet reached the needed mass interval?
The answers to these questions can be obtained at the next runs of the accelerator. For the doubled
energy the cross-sections of the particle production with the masses around 1 TeV rise almost by an
order of magnitude, and one might expect much higher statistics. Taking the gauge coupling unification
seriously, SUSY may have some chance to be seen at the LHC, and a good chance at the FCC. The mass
range reach of the high luminosity LHC and the FCC collider are shown in Fig.16.

3.2 Grand Unification

Grand Unification is an extension of the Gauge symmetry of the SM. Grand Unified Theories (GUT)
unify strong, weak and electromagnetic interactions in the framework of a single theory based on a simple
symmetry group [24]. In this case the internal symmetry group of the SM, namely, SU(3) x SU(2) x
U (1) becomes a part of a wider group Ggyr. All known interactions are considered as different branches
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Fig. 16: Search for supersymmetry at the LHC and FCC [23]

of a unique interaction associated with a simple gauge group. The unification (or splitting) occurs at high
energy

Low energy = High energy
SU.(3)® SUL(2)® Uy(l) = Ggur (or G™ + discrete symmetry)
gluons W, Z photon =- gauge bosons
quarks leptons = fermions
g3 92 g = gGcur

At first sight this is impossible due to a big difference in the values of the couplings of strong,
weak and electromagnetic interactions. The crucial point here is the running coupling constants. Ac-
cording to the renormalization group equations, all the couplings depend on the energy scale. In the SM

(0}
v}
S tron
g strong
Y
o
s
o GUT
c
) weak
—
-~
n
electromagnetic
. . GeV
T T
102 1016

Fig. 17: The running coupling constants in the GUT scenario

the strong and weak couplings associated with non-abelian gauge groups decrease with energy, while
the electromagnetic one associated with the abelian group on the contrary increases. Thus, it becomes
possible that on some energy scale they become equal (see Fig.17).

According to the GUT idea, this equality is not occasional but is a manifestation of unique origin
of these three interactions. As a result of spontaneous symmetry breaking, the unifying group is broken
and unique interaction is splitted into three branches which we call strong, weak and electromagnetic
interactions.

The symmetry group of a Grand Unified Theory should be sufficiently wide to include the group
of the SM and should have appropriate complex representations to fit quarks and leptons inside them.
This means that the rank of this group (the maximal number of linearly independent generators that
commute with each other) should be equal or larger to that of the SM group, i.e. 4. Remind the
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classical groups of rank I: SUj;1,SO941,SO9;, Spy;. Thus, the minimal group of rank 4 is SU(5).
SU(5) GUT - Minimal GUT

SU(5) is a minimal group (rank 4) into which SU(3) ® SU(2) ® U(1) can be embedded and
which has complex representations needed for chiral fermions. This group satisfies all the requirements
mentioned above. Particle content of the SU(5) GUT is the following:

auge sector. = R = 1,2,...24, are the generators o . Itisa
G W, = WiT4, A =1,2,...24, T4 are the g f SU(5). It
24 — plet which can be represented as a traceless 5 x 5 matrix
1 1
Xy Yy
¢ 1 2 2
GZ P} - \/T—E]Bulg )(/J YH
X3 Y3
W,u — H H
*1 *2 *3 143 3
X, X, X, 745 + 1/ 56 B W/j
*1 *2 *3 - 143 3
Yu Yu Yu 4 _§Au + \V %Bu

Among 24 gauge bosons there are 8 gluons G, 3 weak bosons Wﬁt and Ai and 1 U(1) boson B,,. There
are also 12 new fields X, and Y),. They are usually called lepto-quarks because they mediate lepto-quark
transition leading to baryon No violation. The gauge multiplet has the following SU(3) @ SU(2)
decomposition

24 =

(8,1)  +(1,3)
gluons W and Z

All fermions are taken to be left-handed. Right-handed particles are replaced by the corresponding left-
handed conjugated ones. The minimal fundamental representation of SU(5) is 5. However, it is more
convenient to use the conjugated one which has appropriate SU(3) ® SU(2) ® U(1) quantum numbers

+(3,2) + (3,2)
leptoquarks

It is naturally identified with d-quark and electron-neutrino doublet
5" = ( i? Sﬂ dg: e, Ve)Left

To find place for the other members of the same family, we have to go beyond the fundamental
representation. Surprisingly, the next (after 5) representation, 10 = (5 X 5)4sym has precisely correct
quantum numbers

10 = (3,2,1/3) + (3", 1, —4/3) + (L. 1, -2)

Itis a 5 x 5 antisymmetric matrix and its fermion assignment is

0 u§ —u§ wp dp
0 uf u9 d2
u§g — u
10 = 0 wug d3 , m
0 et er — €ERr
0

Left

Thus, all known fermions exactly fit to (5* + 10) representations of SU(5). Now new fermions
appear. Note that there is no room for the right-handed neutrino vr. Hence either neutrino is massless
in the SU(5) model or it could be a singlet that does not take part in gauge interaction. In spite of the
left- right asymmetry of the model there are no anomalies in the gauge currents. They are automatically
cancelled between contributions of 5* and 10.
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SO(10) - optimal GUT. The next popular GUT is based on the SO(10) group of rank 5. The
advantage of this model is that all the fermions of the same generation belong to a single irreducible
representation 16

16 = (ug ug uz dy da ds ve €~ uf u§ ug d§ ds d§ ve e+)Left
Note that contrary to the SU(5) model the right-handed neutrino (left-handed antineutrino) is present
now. This means that the neutrino in the SO(10) model is massive. The gauge field in the SO(10)
model has dimension 45. The SO(10) multiplets find their natural decomposition in terms of that of
SU(5)

16 = 5*+10+1 fermions,

45 = 24+10+10*+1 gauge bosons.
E(6) GUT The next example is the model based on the exceptional group F(6) of rank 6. It is

left-right symmetric
E6) D> SUc(3)®SUL(3) ® SUR(3).

Fermions belong to a single fundamental representation 27 which has the following decomposition under
SO(10)
271=16+10+1,

while the gauge bosons form an adjoint representation 78. This model contains a lot of new particles. Its
attractiveness is mainly due to the appearance of £(6) GUT in superstring inspired models.

The GUT symmetry is broken spontaneously via the same Brout-Englert-Higgs mechanism. In
the case of SU(5) it occurs in two stages: one introduces two Higgs multiplets: 24 which breaks SU (5)
down to SU(3) ® SU(2) ® U(1) and 5 which breaks SU(3) ® SU(2) @ U(1) down to SU(3) @ U(1).
The v.e.v are chosen to be

v
%
< Bgy >= |4 , < Hs >=
~3/2V

o O O O

-3/2V v/\V2

where V ~ Mgyt ~ 101 Gev and v ~ 250 Gev .

The symmetry breaking in the SO(10) model can be achieved in two different ways and needs at
least three different scales My > My > - - - My

S SU(B) M sU@B) @ SsUR) UL MY SU®B) @ U®)
SO(10) M,
N\ SO(6) ® SO(4) ~ SU(4) ® SUL(2) ® SUR(2)

The Grand Unified Theories solve many problems of the SM, for instance, the absence of the
Landau pole, reduction of the number of parameters, all particles might sit in a single representation (16
of SO(10)), unification of quarks and leptons, open the way to baryon and lepton number violation, etc.
However, they produce new problems. This is first of all the hierarchy problem. Indeed, the unification of
the couplings takes place at the GUT scale ~ 10'5 — 10'6 GeV where spontaneous symmetry breaking
takes place. The new heavy particles acquire masses of the order of this scale. Interacting with the
Higgs boson of the SM they create the radiative corrections to its mass of the order of their own, thus
destroying the hierarchy (see Fig.4). The solution of this problem might be obtained in SUSY GUTs
where these unwanted corrections are canceled with the contributions of superpartners in all orders of
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PT. This way supersymmetry stabilizes GUTs eliminating the influence of unknown heavy physics on
low energy observables preserving hierarchy.

Since in GUTs quarks and leptons belong to the same representation of the gauge group, the
interactions with the new gauge bosons leads to the processes where quarks convert into leptons and vice
versa, i.e. to the violation of the baryon and lepton numbers, contrary to the SM. The key prediction of
GUTs is proton decay. It takes place according to the process shown in Fig.18 (left) with creation of 7°
meson and positron. The proton life time is proportional to the mass of the heavy X boson 7p ~ M?$

. D - E S
K ~

R %o G T

d d u u

Fig. 18: The diagrams giving a contribution to proton decay in the usual GUT (left) and in the supersymmetric
version (right)

that gives the value bigger than 1030 years. The modern experimental data give the lower bound ~ 1034
years. At the same time, in the supersymmetric case there might be other modes of proton decay with
creation of K meson and antineutrino (see Fig.18 right). In this case, the decay rate is additionally
suppressed due to the loop with superpartners inside. Experimental constraint here is weaker ~ 1033
years. The search for the proton decay is continued. The observation of such a decay would be the
confirmation of the GUT hypothesis.

3.3 Extra symmetry factors

A less radical change of the symmetry group of the SM is the presence of additional symmetry factors
like U(1)" or SU(2)', etc. These additional factors are typical for the string theory models and might
continue the symmetry pattern of the SM. The presence of such factors leads to the existence of additional
gauge bosons A’, Z' W', etc. At colliders they might appear as characteristic single or double jet events
with high energy (see Fig.19 [25]).
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W.Z, Higgs —-qq ¥
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Fig. 19: Single jet and dijet events with high transverse energy

Experimentally studied are the processes with Z’ boson production (dimuon events), W produc-
tion (single muon/jets), resonant ¢¢ production, diboson events and monojet events with missing energy
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(see Fig.20 [26]). So far there are no positive signatures and we have just the bounds on the masses of
these hypothetical particles of an order of TeV.
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Fig. 20: Search for additional gauge bosons at the LHC

The other popular example of hypothetical new symmetries is the additional U(1)" factor asso-
ciated with the so-called dark photon. The mixture with the ordinary photon due to the non-diagonal
term £ ~ F,,,VF/W leads to conversion of the ordinary photon into the dark one that might be observed
experimentally. There are already some dedicated experiments. Presumably the dark photon might be
the dark matter particle.

4 New Particles

The Standard model can be extended introducing new particles as we have seen by example of super-
symmetry or additional symmetry factors. However, there are many other possibilities of addition of new
particles which are not related to the extension of the symmetry group.

4.1 Extended Higgs sector

Possible extension of the Higgs sector of the SM is an actual question which might be answered in the
near future. Is the discovered Higgs boson the only one or not? What are the alternatives to the one
Higgs doublet model?

The nearest extension of the SM is the two Higgs doublet model [27]. It is also realized in the
case of the Minimal Supersymmetric Standard Model (MSSM) [13]. Here the up and down quarks and
leptons interact with different doublets each of which has a vacuum expectation value. In this case, one
has 5 Higgs bosons: two CP-even, one CP-odd and two charged ones (see Fig.21 (left)).

The next popular step is the introduction of an additional Higgs field which is a singlet with respect
to the gauge group of the SM. In the case of supersymmetry, this model is called the NMSSM, the next-to
minimal [15]. Here one has already seven Higgs bosons. The sample spectrum of particles for various
models is shown in Fig.21, right. Note that in the case of the NMSSM, one has two light CP-even Higgs
bosons and the discovered particle might correspond to both H; and to Hs. The reason why we do not
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Fig. 21: The field content and the spectrum in various models of the Higgs sector

see the lightest Higgs boson H in the second case is that it has a large admixture of the singlet state and
hence very weakly interacts with the SM particles.

How to check these options experimentally? There are two methods: to measure the couplings of
the 125-GeV Higgs boson with quarks, leptons and intermediate gauge bosons and check whether they
deviate from the predictions of the SM. In the latter case they correspond to the straight line in the plot
representing the couplings as functions of the masses of particles (see Fig.22 [28]). Here the name of the
game is high precision which can be achieved increasing the luminosity.
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Fig. 22: Dependence of the Higgs couplings on the masses of quarks, leptons and intermediate gauge bosons

The task for the near future is the precision analysis of the discovered Higgs boson. It is necessary
to measure its characteristics like the mass and the width and also all decay constants with the accuracy
ten times higher than the reached one. Quite possible that this task requires a construction of the electron-
positron collider, for instance, the linear collider ILC. Figure 23 shows the expected results for the Higgs
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Fig. 23: The measurement of the mass and the width of the Higgs boson in various channels at the ILC: ete™ —
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boson mass measurement at the ILC in various channels [29].

It is planned that the accuracy of the Higgs mass measurement will achieve ~50 MeV that is 5-7
times higher than the achieved one. Another task is the accurate determination of the constants of all
decays which will possibly allow one to distinguish the one-doublet model from the two-doublet one.
Figure 24 shows the planned accuracies of the measurement of the couplings of the Higgs boson with the
SM particles at the LHC for the integrated luminosity of 300 1/fb (left), which is ten times higher than
today. For comparison we also show the same data for the ILC (middle). The accuracy of measurement
of the couplings at the ILC will allow one not only to distinguish different models but also check the
predictions of supersymmetric theories (right).
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Fig. 24: The measurement of the Higgs boson couplings at the LHC and ILC [30]
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The second way is the direct observation of additional Higgs bosons.
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Fig. 25: The search for the heavy and charged Higgs bosons at the LHC

The search for additional Higgs bosons, both the neutral and the charged ones, are performed
now at the LHC in various channels. Up to now no signature is seen and we have only the constraints
on the masses and parameters of the interaction. Unfortunately, there are no clear predictions for these
parameters as it was with the 125-GeV Higgs boson. The results of experimental analysis are shown in
Fig.25 [31]. The search for additional Higgs bosons in the interval 200 < mpy < 1000 GeV did not give
positive results so far.

4.2 Axions and axion-like particles

A completely different type of particles is represented axions and axion-like particles. They are related
to the problem of CP-violation in strong interactions. As is well known, in the SM CP-violation is
due to the phase factors in the quark and lepton mixing matrices. In the quark sector this phase is
very small d;3 = 1.2 £ 0.1 rad. However, strong interactions due to the axial anomaly produce a new
effective interaction g—;GéHQCD which has a topological nature and changes the CP-violating phase
0 = QQCD + N f5.

muei‘s/ 2 0 Uu o -
Lsy € —qr, 0 mge? . d - éGGeQCD
0 0 R
The presence of this phase leads to the appearance of the neutron dipole moment d,, = —4 x

1073 x @ [e fm]. At the same time, the experimental bound on the neutral dipole moment is very strict:
|dn| < 3 x 10713 [e fm] that gives # < 10719, Such a small number requires some explanation. And
it was found transforming the angle 6 into the dynamic field a(x) = 6(z) f, whose vacuum mean value
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defines the CP-violating phase. This field interacts with gluons

Qs

1
L= 5(@@)(8"&) e

G4, G a ©)

and develops a dynamical potential (see Fig.26). In the minimum of the potential it equals zero and

V(e) A generated by QCD

non-pertrubative dynamics
(instantons)

T
T 0 T
Fig. 26: The axion potential generated by QCD non-perturbative dynamics

then acquires a small value generated by non-perturbative dynamics. The axial symmetry related to this
field is broken spontaneously, which leads to the appearance of a goldstone boson that later obtains a
mass. This particle got the name of axion and the mechanism of dynamic suppression of 6 was called
the Peccei-Quinn mechanism [32].

The axion is characterized by two free parameters, its mass m, and the interaction with gluons
1/ fa- The search for axions has not given a result so far. The allowed regions in parameter space
are shown in Fig.27 [33]. One can see that the allowed masses are extremely small and the scale of
interaction f, is very high.

Later it became clear that coherent oscillations of the axion field ( remind that axion is a boson)
may produce condensate that can be the form of Dark Matter. Despite the small mass of the axion, the
axion Dark matter might be cold since it is not in the state of thermal equilibrium. Therefore, if the axion
exists, some amount of Dark Matter of the axion type is inevitable.

4.3 Neutrinos

We know now 3 generations of matter particles. At the moment, there is no theoretical answer to the
question of this fact. We have only the experimental data that can be interpreted as an indication of the
existence of three generations. They assume the presence of the quark-lepton symmetry since refer to
the number of light neutrinos and, due to this symmetry, to the number of generations.

The first fact is the measurement at the electron-positron collider LEP of the profile and width of
the Z-boson. The Z-boson can decay into quarks, leptons and neutrinos with the total mass less than its
own mass and measuring the width of the Z-boson, one can find out the number of light neutrinos. This
is not true for neutrinos with the mass bigger than 45 GeV. The fit to the data corresponds to the number
of neutrinos equal to N, = 2.984 4 0.008, i.e. 3 (see Fig.28 left) [34].

The same conclusion follows from the fit of the spectrum of thermal fluctuations of the cosmic
microwave background (CMB). The number of light neutrinos as well as the spectra of their masses
are reliably defined from the CMB shape (see Fig.28 right). The obtained number is: N, =< 3.30 &+
0.27 [35], i.e. is also consistent with 3 but still leaves some space for an additional sterile neutrino.

The search for a sterile neutrino is on the way. Its existence may eliminate some tension in neutrino
oscillation data coming from the LSND and MiniBoone experiments due to an admixture of the fourth
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component, which gives additional contribution to neutrino transformation probabilities

Py = 1= 2|Uc*(1 — |Uea|?)
Pl/ S N 2‘Ue4|2‘Ue4|2

W

for 4rE/Am3, << L << 4wE/Am%,. Nevertheless, a recent direct search for a sterile neutrino
gave negative results and imposed constraints on the mass and the mixing of the fourth neutrino (see

Fig.29 [36]).

At last, there are complimentary data on precision measurements of the probabilities of rare decays
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Fig. 29: Constraints on the mass and mixing parameters of a sterile neutrino

where hypothetical additional heavy quark generations might contribute. According to these data, the
fourth generation is excluded at the 90% confidence level [37].

A natural question arises: Why does dNature need 3 copies of quarks and leptons? All what we
see around us is made of protons, neutrons and electrons, i.e. of u and d quarks and electrons - particles
of the first generation. The particles made of the quarks of the next two generations and heavy leptons,
copies of the electron, quickly decay and are observed only in cosmic rays or accelerators. Why do we
need them?

Possibly, the answer to this question is concealed not in the SM but in the properties of the Uni-
verse. The point is that for the existence of baryon asymmetry of the Universe, which is the necessary
condition for the existence of a stable matter, one needs the CP-violation [38]. This requirement in its
turn is achieved in the SM due to the nonzero phase in the mixing matrices of quarks and leptons.The
nonzero phase appears only when the number of generations N, > 3.

With the discovery of neutrino oscillations neutrino physics has entered the new phase: the mass
differences of different neutrino types and the mixing angles were measured. At last, the answer to the
question of neutrino mass was obtained. Now we know that neutrinos are massive. This way, the lepton
sector of the SM took the form identical to the quark one and it was confirmed that the SM possesses
the quark-lepton symmetry. Nevertheless, the reason for such symmetry remains unclear, it might well
be that it is a consequence of the Grand unification of interactions. However, the answer to this question
lies beyond the SM.

At the same time, the neutrino sector of the SM is still not fully understood. First of all, this
concerns the mass spectrum. Neutrino oscillations allow one to determine only the squares of the mass
difference for various neutrinos. The obtained picture is shown in Fig.30 [39]. The color pattern shows
the fraction of various types of neutrino in mass eigenstates.

Besides the hierarchy problem (normal or inverted) there is also an unclear question of the absolute
scale of neutrino masses. One may hope to get an answer to this question in two ways. The first one is a
direct measurement of the electron neutrino mass in the $-decay experiment. According to the Troitsk-
Mainz experiment, the upper bound on the neutrino mass today is m,, < 2 eV [40]. The upcoming
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experiment KATRIN [41] will be able to move this bound up to < 0.2 eV. However, this might not be
enough if one believes in astrophysical data. The determination of the sum of neutrino masses from
the spectrum of the cosmic microwave background is an indirect but rather an accurate way to find the
absolute mass scale. At the early stage of the Universe during the fast cooling process particles fell out
of the thermodynamic equilibrium at the temperature proportional to their masses and their abundance
“froze down" influencing the spectrum. Hence, fitting the spectrum of the CMB fluctuations one can
determine the number of neutrino species and the sum of their masses. The result of the latest space
mission PLANK [42] looks like > m, < 0.23 eV. This number is still much bigger than the neutrino
mass difference shown in Fig.30. Thus, the absolute scale of neutrino masses is still an open question.

Another unsolved problem of the neutrino sector is the nature of neutrino: Is it a Majorana particle
or a Dirac one, is it an antiparticle to itself or not? Remind that particles with spin 1/2 are described by
the Dirac equation, the solutions being the bispinors. They can be divided into two parts corresponding
to the left or right polarization

uD—<”L>+(O), v # vk, mp=mg. (10)
0 VR

Both parts have the same mass since this is just one particle with two polarization states. At the same
time, in the case of a neutral particle the Dirac bispinor can be split into two real parts

uD:<2>+<§i> e, # M, (11)

each of these parts is a Majorana spinor obeying the condition vy = v}, i.e. if the neutrino is a Majorana
spinor, then it is an antiparticle to itself. These two Majorana spinors can have different masses. Hence,
if this possibility is realized in Nature, we have just discovered the light neutrino and the heavy ones can
have much bigger masses.

An argument in favour of the Majorana neutrino is the smallness of their masses. If one gets them
through the usual Brout-Englert-Higgs mechanism, the corresponding Yukawa couplings are extremely
small of an order of 10~'2. In the case of the Majorana neutrino one can avoid it using the see-saw
mechanism [43]: The small masses of light neutrinos appear due to the heaviness of the Majorana mass

L R
L 0 mp - m% B
Ml/ = R < mp M ) , M1 = ﬁ, mo = M. (12)

Thus, the neutrino Yukawa coupling may have the usual lepton value and the Majorana mass M might be
of the order of the Grand Unification scale. In this case, one also has the maximal mixing in the neutrino
sector.
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One can find out the nature of the neutrino studying the double 5-decay. If the neutrinoless double
[B-decay is possible, then the neutrino is a Majorana since for the Dirac neutrino it is forbidden. The
corresponding Feynman diagram is shown in Fig.31. It also shows the energy spectrum of electrons in
the case of the usual and neutrinoless 3-decay [46]. As one can see, two types of spectrum are easily
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Fig. 31: Neutrinoless double (- decay (left) and the energy spectrum of electrons in the case of a usual and
neutrinoless decay of the isotope "®Ge (center). The experimentally measured spectrum of electrons is shown on
the right [46]

distinguishable. However, practical observation is rather cumbersome. The histogram shown in Fig.31
(right) is the experimentally measured electron spectrum of the double S-decay. The solid line shows
the expected position of the maximum in the spectrum of two electrons corresponding to the double
neutrinoless S-decay.

As a result, today there are no clear indications of the existence of the double neutrinoless (-
decay. The experiments are carried out on the isotopes “8Ca,”® Ge,8? Se, 130T¢,136 X e, 150 N'd. Modern
estimates of the lifetime are [45]

Ty 92vBB("*%Xe) x  10°' yr =2.23 £0.017 stat + 0.22 sys,
Ty 200BB(**Xe) x  10% yr > 1.6 (90% CL).

It is an interesting question whether it will be possible to find the neutrinoless double beta decay increas-
ing the accuracy of the observation in principle since the effective coupling might be very small. It so
happens that the answer to this question depends on the hierarchy of neutrino masses: for the inverse
hierarchy the situation is optimistic and there is a lower limit on effective mass while for the normal
hierarchy the lower limit is absent and the effective mass can be unlimitedly small. The situation is
illustrated in Fig.32 [47]. Thus, the nature of the neutrino remains an open problem of the SM.

4.4 Dark Matter

The existence of Dark Matter is known since the 30s of the last century. However, the situation has
changed when the energy balance of the Universe was obtained and became clear that there is 6 times as
much of Dark Matter than ordinary matter (see Fig.33, left) [48]. The existence of Dark Matter, which is
known so far due to its gravitational influence, is supported by the rotational curves of the stars, galaxies
and clusters of galaxies (see Fig.33 right), the gravitational lenses, and the large scale structure of the
Universe [49]. Therefore, the question appears: What is the dark matter made of, can it be some non-
shining macro objects like the extinct stars, molecular clouds, etc., or these are micro particles? In the
last case Dark Matter becomes the object of particle physics.

According to the last astronomical data, at least in our galaxy, there is no evidence of the existence
of macro objects, the so called MACHOs. At the same time, Dark Matter is required for a correct
description of the star rotation. Therefore, the hypothesis of the microscopic nature of the Dark matter is
the dominant one. In this case, in order to form the large scale structure of the Universe, Dark Matter has
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Fig. 32: Effective neutrino mass in neutrinoless double beta decay. Green and pink areas correspond to the inverse
and normal hierarchy of neutrino masses, respectively
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Fig. 33: The energy balance of the Universe (left) [SO] and rotation curves of stars in the spiral galaxy (right) [51]

to be cold, i.e. nonrelativistic; hence, DM particles have to be heavy. According to the estimates, their
mass has to be above a few dozens of keV [52]. Besides, DM particles have to be stable or long-lived to
survive since the Big Bang. Thus, one needs a neutral, stable and relatively heavy particle.

If one looks at the SM, the only stable neutral particle is the neutrino. However, if the neutrino is
the Dirac particle, its mass is too small to form Dark Matter. Therefore, within the SM the only possibility
to describe Dark Matter is the existence of heavy Majorana neutrinos. Otherwise, one needs to assume
some new physics beyond the SM. The possible candidates are: neutralino, sneutrino and gravitino in the
case of supersymmetric extension of the SM [53], and also a new heavy neutrino [54], a heavy photon, a
sterile Higgs boson, etc. [55]. An alternative way to form Dark Matter is the axion field, the hypothetical
light strongly interacting particle [56]. In this case, Dark Matter differs by its properties.

The dominant hypothesis is that Dark Matter is made of weakly interacting massive particles -
WIMPs. This hypothesis is supported by the following fact: the concentration of Dark Matter after the
moment when a particle fell down from the thermal equilibrium is given by the Boltzmann equation [53]

dn,

Fr +3Hn, = — <ov> (ni - ni’eq), (13)

where H = R/ R is the Hubble constant, n,. ., is the concentration in the equilibrium, and o is the
Dark matter annihilation cross-section.The relic density is expressed through the concentration 7, in the
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following way:
MyNy 2 10%7 em3 sec™?

Qh? = 14
X Pe <ov > (14)

Having in mind that Qxh2 ~ 0.113 £ 0.009 and v ~ 300 km/sec, one gets for the cross-section
o~ 1073 em? = 100 pb, (15)

that is a typical cross-section for a weakly interacting particle with the mass of the order of the Z-boson
mass.

These particles presumably form an almost spherical galactic halo with the radius a few times
bigger than the size of the shining matter. The DM particles cannot leave the halo being gravitationally
bounded and cannot stop since they cannot drop down the energy emitting photons like the charged
particles. In the Milky Way, in the region of the Sun the density of Dark Matter should be ~ 0.3 GeV/sm?
in order to get the observed rotation velocity of the Sun around the center of the galaxy ~ 220 km/sec.

The search for Dark Matter particles is based on three reactions the cross-sections of which are
related by the crossing symmetry (see Fig.34) [49].

Fig. 34: The search for Dark Matter in three cross related channels

This is, first of all, the annihilation of Dark Matter in the galactic halo that leads to the creation of
ordinary particles and should appear as the “knee" in the spectrum of the cosmic rays for diffused gamma
rays, antiprotons and positrons. Secondly, this is the scattering of DM on the target which should lead to
a recoil of the nucleus of the target when hit by a particle with the mass of the order of the Z-boson mass.
And, third, this is a direct creation of DM particles at the LHC which, due to their neutrality, should
manifest themselves in the form of missing energy and transverse momentum.

In all these directions there is an intensive search for a signal of the DM. The results of this search
for all three cases are shown in Figs.35, 36. As one can see from the cosmic ray data (Fig.35), in
the antiproton sector there is no any statistically significant excess above the background [57]. In the
positron data there exists some confirmed increase; however, its origin is usually connected not with the
DM annihilation but with the new astronomical source [58]. The spectrum of diffused gamma rays like
antiprotons is consistent with the background within the uncertainties.

As for the direct detection of Dark Matter, there is no any positive signal so far. The results of
the search are presented in the plane mass—cross-section. One can see from Fig.36 [61] that today the
cross-sections up to 1074 sm? are reached for the mass near 100 GeV. In the near future it is planned to
advance two orders of magnitude.
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Fig. 35: Indirect search for Dark Matter: antiproton [57], positron [58], and diffuse ~y ray [59] data

The results of the DM search at the LHC are also shown in the plane mass—cross-section [62].
Here the signal of the DM creation is also absent. As it follows from the plot, the achieved bound of
possible cross-sections at the LHC is worse than in the underground experiments for all mass regions
except for the small masses < 10 GeV where the accelerator is more efficient. Note, however, that the
interpretation of the LHC data as the registration of DM particles is ambiguous and definite conclusions
can be made only together with the data from the cosmic rays and direct detection of the scattering of
DM.

All available experimental data combined (LHC,LUX,Planck) are still consistent with even the
simplest versions of SUSY (cNMSSM, NUHM). The remaining parameter space is directly probed by
direct WIMP searches with tonne scale detectors: DEAP-3600, XENONI1T, LUX/LZ. Complimentarity
with the LHC (cMSSM, NUHM are mostly out of reach of the 14 TeV run!)

The other possibility mentioned already is the dark photon. In the process of annihilation one may
produce the dark photon together with the ordinary one. It will decay later producing the pair of charged
particles which may be detected or invisible matter in the form of neutralino. The search for such decays
is running and new dedicated experiments are in progress. The results are presented in the plane of the
dark photon mass versus the mixing with ordinary photon (see Fig.37 [63]).

5 New Dimensions

The paradoxical idea of extra dimensions attracted considerable interest in recent years despite the ab-
sence of any experimental confirmation. This is mainly due to unusual possibilities and intriguing effects
even in classical physics (For review see, e.g. Refs. [64] ), and the requirement from the string theory
which allows for consistent formulation in the critical dimension equal to 26 for the bosonic and 10 for
the fermionic string [65]. This way the string theory stimulated the study of ED theories.

The natural question arises: why don’t we see these extra space dimensions? There are two
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possibilities: compact ED of small radius and localization of observables on a 4-dimensional hyper
surface (brane) (see Fig.38).

5.1 Compact Extra Dimensions

The idea of compact extra dimensions goes back to the so-called Kaluza-Klein theories [66]. We do not
see ED because their radius is too small for the present energies, say, equal to the Planck length, 10733
cm. The KK approach is based on the hypothesis that the space-time is a (4+d)-dimensional pseudo
Euclidean space [67]

Eyrqg= My x Ky,

where M} is the four-dimensional space-time and K is the d-dimensional compact space of characteris-
tic size (scale) R. In accordance with the direct product structure of the space-time, the metric is usually
chosen to be

ds? = Gun(2)diMdiN = g, (x)dztde” + Yy (2, y)dy™dy™. (16)
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To interpret the theory as an effective four-dimensional one, the field q@(x, y) depending on both coordi-
nates is expanded in a Fourier series over the compact space

=Y o (@)Yaly), (17)

where Y, (y) are orthogonal normalized eigenfunctions of the Laplace operator A, on the internal space
Ky,

An
AKdYn(y) = ﬁyn(y) (18)

The coefficients ¢(") (x) of the Fourier expansion (17) are called the Kaluza-Klein modes and play
the role of fields of the effective four-dimensional theory. Their masses are given by
An
m2 =m? + T3 (19)
where R is the radius of the compact dimension.
The coupling constant g(4) of the 4-dimensional theory is related to the coupling constant g4 g
of the initial (4+d)-dimensional one by

(20)

Viay R? being the volume of the space of extra dimensions.

Low scale gravity

Consider now the Einstein (4 + d)-dimensional gravity with the action

e o

4+d) [

RU+d) [
167TGN(4+d [GMN]’

where the scalar curvature R G MmN] is calculated using the metric G mN. Performing the mode
expansion and integrating over K4, one arrives at the four-dimensional action

SE:/d4x\/jg{ !

167G N(4)
Similar to eq.(20), the relation between the 4-dimensional and (4-+d)-dimensional gravitational (Newton)
constants is given by

RW [91(\2)1\7] + non-zero KK modes} ,

Gnu) = TGN(4+d)- 21
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One can rewrite this relation in terms of the 4-dimensional Planck mass Mp; = (G N(4))_1/ =12

10 GeV and a fundamental mass scale of the (4 + d)-dimensional theory M = (G N(4+d))7dii2. One
gets

Mpy = Vig M2, (22)
This formula is often referred to as the reduction formula.

The presence of ED leads to the modification of classical gravity. The Newton potential between
two test masses m1 and mo, separated by a distance r, is in this case equal to

1 1 1
V() = Gywmimz ) —e™™" = Gyaymima | —+ ) —e T
n n#0

The first term in the last bracket is the contribution of the usual massless graviton (zero mode) and the
second term is the contribution of the massive gravitons. For the size R large enough (i.e. for the spacing
between the modes small enough) this sum can be replaced by the integral and one gets [69]

d poo
1+Sd_1 <f> /e_zzd—le] ’
r/R

(23)
where S;_1 is the area of the (d — 1)-dimensional sphere of the unit radius. This leads to the following
behaviour of the potential at short and long distances

mime mima

V(r) = GN(4)

[1+Sd_1/e_mr/Rmd_1dm] = GN(4) ,
1

GN(4) mler > R,
V= d (24)
Gy ™2 Sa (%) I'(d) = Gn(ata TZ&Z}Q Si—1T(d) r < R,

The attempts to observe the modification of the Newton law did not come out with a positive result but
the accuracy was increased by two orders of magnitude. In Fig.39 [68] we show the allowed regions in
parameter space for the modified potential of the form V' = —G ™2 (1 + e/,

§
10% — T

~ ~=—— Stanford EXCLUDED
REGION

10° -
T
108 e

10"

Fig. 39: The allowed region in parameter space for the modified Newton potential

The ADD model

The ADD model was proposed by N. Arkani-Hamed, S. Dimopoulos and G. Dvali in Ref. [69].
The model includes the SM localized on a 3-brane embedded into the (4 + d)-dimensional space-time
with compact extra dimensions. The gravitational field is the only field which propagates in the bulk.

To analyze the field content of the effective (dimensionally reduced) four-dimensional model,
consider the field h sy (2, y) describing the linear deviation of the metric around the (4 + d)-dimensional
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Minkowski background nasn

Gun(z,y) = nun + harn (2, y) (25)

2
M1+d/2

Let us assume, for simplicity, that the space of extra dimensions is the d-dimensional torus. Performing
the KK mode expansion

hoarn (2, ) ZhMN mexp(—z i

(26)

(n)

where V) is the volume of the space of extra dimensions, we obtain the KK tower of states /()
with masses

1 n|
mnzﬁ\/n%—}—n%—k...%—nng, 27

so that the mass splitting is Am o« 1/R.

The interaction of the KK modes hS\Z)N(I‘) with fields on the brane is determined by the universal
minimal coupling of the (4 + d)-dimensional theory

Smt = /d4+di' \/ —GTMNiLMN(x, y),

where the energy-momentum tensor of the matter localized on the brane at y = 0 has the form
Tarw(x,y) = 030K L ()3 (y).

Using the reduction formula (22) and the KK expansion (26), one obtains that

4 1 4 v n
Sint = / d xTWZW Z d'z T“ 2)h) (x), (28)

which is the usual interaction of matter with gravity suppressed by M p;.

The degrees of freedom of the four-dimensional theory, which emerge from the multidimensional
metric, include [70,71]

1. the massless graviton and the massive KK gravitons hgf,) (spin-2 fields) with masses given by
eq.(27);

2. (d — 1) KK towers of spin-1 fields which do not couple to 7}, ;

3. (d* — d — 2)/2 KK towers of real scalar fields (for d > 2), they do not couple to T},,, either;

4. a KK tower of scalar fields coupled to the trace of the energy-momentum tensor 7}, its zero mode
is called radion and describes fluctuations of the volume of extra dimensions.

Alternatively, one can consider the (4 + d)-dimensional theory with the (4 + d)-dimensional massless
graviton Ay (, y) interacting with the SM fields with couplings ~ 1/M1+4/2,

In the 4-dimensional picture the coupling of each individual graviton (both massless and massive)
to the SM fields is small ~ 1/Mp;. However, the smallness of the coupling constant is compensated
by the high multiplicity of states with the same mass. Indeed, the number dN (|n|) of modes with the
modulus |n| of the quantum number being in the interval (|n|, |n| + d|n|) is equal to

M
N (|n]) = Sa—1|n|*"td|n| = Sg—1 Rm* dm ~ Sy MdI:_Ide_ldm, (29)
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where we used the mass formula m = |n|/R and the reduction formula (22). The number of KK
gravitons h(") with masses m,, < E < M is equal to

N~ [ ANl ~ S0 221 / "t = 5L MEr i
~ n ~ o m m = ~ .
0 a2 d Md+2
One can see that for £ > R~ the multiplicity of states which can be produced is large. Hence, despite
the fact that due to eq.(28) the amplitude of emission of the mode n is A ~ 1/Mp;, the total combined
rate of emission of the KK gravitons with masses m, < E'is
1 E4
~ g N B~ i

We can see that there is a considerable enhancement of the effective coupling due to the large phase
space of KK modes or due to the large volume of the space of extra dimensions. Because of this en-
hancement the cross-sections of processes involving the production of KK gravitons may turn out to be
quite noticeable at future colliders.

(30)

HEP phenomenology

There are two types of processes at high energies in which the effect of the KK modes of the
graviton can be observed in running or planned experiments. These are the graviton emission and virtual
graviton exchange processes [70]- [74].

We start with the graviton emission, i.e., the reactions where the KK gravitons are created as
final state particles. These particles escape from the detector so that a characteristic signature of such
processes is missing energy. Though the rate of production of each individual mode is suppressed by
the Planck mass, due to the high multiplicity of KK states the magnitude of the total rate of production
is determined by the TeV scale (see eq.(30)). Taking eq.(29) into account, the relevant differential cross
section [70] is

d*o Mg, y_ydom L
——— ~ 841 m ~ ;
dtdm Md+2 dt Md+2
where do,,, /dt is the differential cross section of the production of a single KK mode with mass m.

3D

At ete~ colliders the main contribution comes from the ete~ — ~h(™ process. The main
background comes from the process e e~ — vy and can be effectively suppressed by using polarized
beams. Figure 40 shows the total cross section of the graviton production in electron-positron collisions
[74]. To the right is the same cross section as a function of M for /s = 800 GeV [75].

Effects due to gravitons can also be observed at hadron colliders. A characteristic process at
the LHC would be pp — (jet + missing F). The subprocess that gives the largest contribution is the
quark-gluon collision gg — gh(™. Other subprocesses are g — gh(™) and gg — gh(™.

Processes of another type, in which the effects of extra dimensions can be observed, are exchanges
of virtual KK modes, in particular, the virtual graviton exchanges. Contributions to the cross section from
these additional channels lead to deviation from the behaviour expected in the 4-dimensional model. An
example is ete~ — ff with h(™ being the intermediate state (see Fig.41). Moreover, gravitons can
mediate processes absent in the SM at the tree-level, for example, ete™ — HH,eTe™ — gg. Detection
of such events with large cross sections may serve as an indication of the existence of extra dimensions.

The s-channel amplitude of a graviton-mediated scattering process is given by

1 prv pro 3(d—1) TVTY
= —5 T,—T = 32
A Ml%lzn:{ s —m2 po + d+2 s—m2 |’ (32)

where P, is the polarization factor coming from the propagator of the massive graviton and 7}, is the
energy-momentum tensor [70]. It contains a kinematic factor

1 1 1 M2, (A mi-1g
S = 2 Z 5 N S Od-1 dPlz " ;n
Mg, &~ s—my  Mp, Ma+ s—m
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Fig. 40: The total cross sections for ete™ — vv;; (i = e, u,7) and eTe™ — ~vh (faster growing curves) for
d = 2and M = 2.5 TeV [74] (left) and the cross section for ete™ — yh(”) at /s = 800 GeV as a function of
the scale M for A different number § of extra dimensions (right). Horizontal lines indicate the background. [75]

Fig. 41: The Feynman diagram for the virtual graviton exchange (left) and deviation from the expectations of the
SM (histogram) for the Bhabha scattering at a 500 GeV e e~ collider for the Left-Right polarization asymmetry
as a function of z = cos @ for M = 1.5 TeV and the integrated luminosity £ = 75 fb™* (right) [73].

_ [(d-1)/2] _ d—2k
o R IO R SIS € R S
k=1

Since the integrals are divergent for d > 2, the cutoff A was introduced. It sets the limit of applicability
of the effective theory. Because of the cutoff,the amplitude cannot be calculated explicitly without the
knowledge of a full fundamental theory. Usually, in the literature it is assumed that the amplitude is
dominated by the lowest-dimensional local operator (see [70]).

The characteristic feature of expression (33) different from the 4-dimensional model is the increase
of the cross section with energy. This is a consequence of the exchange of the infinite tower of the KK
modes. Note, however, that this result is based on a tree-level amplitude, while the radiative corrections
in this case are power-like and may well change this behaviour.

Typical processes, in which the virtual exchange via massive gravitons can be observed, are: (a)
ete™ — ~v7v; (b) ete™ — ff, for example the Bhabha scattering e e~ — eTe™ or Moller scattering
e e~ — e e ; (c) graviton exchange contribution to the Drell-Yang production. A signal of the KK
graviton mediated processes is the deviation in the number of events and in the left-right polarization
asymmetry from those predicted by the SM (see Figs. 41) [73].
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5.2 Large Extra Dimensions

The alternative to compact ED are the large ones which we do not see for the reason that observables are
localized on a 4-dimensional hyper surface called brane. The particles can be pressed to the brane by
some force, and to leave the brane, they have to gain high energy.

The Randal-Sundrum model [76] is a model of Einstein gravity in the five-dimensional Anti-de
Sitter space-time with extra dimension being compactified to the orbifold S* /Z5. There are two 3-branes
in the model located at the fixed points y = 0 and y = 7w R of the orbifold, where R is the radius of the
circle S'. The brane at y = 0 is usually referred to as A Planck brane, whereas the brane at y = TR
is called A TeV brane (see Fig.42). The SM fields are constrained to the TeV brane, while gravity
propagates in additional dimension.

D4 Brane D4 Brane

Plank| Bulk

y

y=20 y=m

Positive Negative
tension tension

Fig. 42: The Randall-Sundrum construction of the extra-dimensional space

The action of the model is given by
TR
S :(/fm/ (ww—G{mﬂnﬁﬂGMN]+A}
—7R
+ / d'ay/ g0 (Ly 7 +/ dia\/—g®) (Ls = 7). (34)
. (L1 —71) . (L2 —72)

where R ) is the five-dimensional scalar curvature, M is the mass scale (the five-dimensional "Planck
mass") and A is the cosmological constant; L; is a matter Lagrangian and 7; is a constant vacuum energy
onbrane j (j =1,2).

The RS solution describes the space-time with nonfactorizable geometry with the metric given by
ds? = e_ZU(y)nw,dx“daz” + dy?. (35)

The additional coordinate changes inside the interval —mR < y < wR and the function o (y) in the warp
factor exp(—20) is equal to
oy) = klyl, (k>0). (36)

For the solution to exist the parameters must be fine-tuned to satisfy the relations
o= —Ty = 24M3k, A = 24M3k2.

Here k is a dimensional parameter which was introduced for convenience. This fine-tuning is equivalent
to the usual cosmological constant problem. If £ > 0, then the tension on brane 1 is positive, whereas
the tension 75 on brane 2 is negative.
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For a certain choice of the gauge the most general perturbed metric is given by
ds? = e—2k|y| (an + ﬁuy(x7y)> datdz” + (1 + ¢(x))dy2

and describes the graviton field iLW(x, y) and the radion field ¢(z) [77].

As the next step, the field i, (z,y) is decomposed over an appropriate system of orthogonal and
normalized functions:

[e.e]
by (,) = D i) <:c>xﬁ%(y)- (37)
n=0
The particles localized on the branes are:
Brane 1 (Planck): Brane 2 (TeV):
- (0) _ 1 iton 1%
— massless graviton h, (), massless graviton hy,, (),
— massive KK gravitons hﬂf,) (x) with — massive KK gravitons hgﬁ) (x) with
masses m, = [Bnke ™ where masses my, = Bk,
Bn = 3.83,7.02,10.17,13.32, ... are — massless radion ¢(z).

the roots of the Bessel function,
— massless radion ¢(z).

The brane 2 is most interesting from the point of view of high energy physics phenomenology.

Because of the nontrivial warp factor e =27("/) | the Planck mass here is related to the fundamental 5-
dimensional scale M by
TR M3
M2, = erwR/ dye~2Fyl — — (€2k7rR _ 1) . (38)
—7mR

This way one obtains the solution of the hierarchy problem. The large value of the 4-dimensional Planck
mass is explained by an exponential wrap factor of geometrical origin, while the scale M stays small.

The general form of the interaction of the fields, emerging from the five-dimensional metric, with
the matter localized on the branes is given by the expression:

1
T /B d'w hyy (2, 00TS) + s /B d* (2, 0)T(2)\/— det 7, (TR)
1 2

Decomposing the field h,,, (x, y) according to (37) we can write the interaction Lagrangian as

1 | L 0@ NS Y @ L o
5 /B 2d z [ Mplhm,(z)T ; AﬂhWT " \/gTM , (39)

where A, = Mpje *™ ~ /M3 /k and Mp; is given by eq.(38) .

The massless graviton, as in the standard gravity, interacts with matter with the coupling M;ll. The
interaction of the massive gravitons and radion is considerably stronger: their couplings are oc A-1 ~
1 TeV~!. If the first few massive KK gravitons have masses M,, ~ 1TeV, then this leads to new effects
which in principle can be seen at future colliders. To have this situation, the fundamental mass scale M
and the parameter k are taken to be M ~ k ~ 1TeV.

HEP phenomenology

With the mass of the first KK mode M; ~ 1 TeV direct searches for the first KK graviton hM in
the resonance production at future colliders become quite possible. Signals of the graviton detection can
be [78]
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e an excess in the Drell-Yan processes ~ q7 — h(Y) — 111,
gg — AV = 1t

e an excess in the dijet channel qq, 99 — bV — qq, gg.

The plots of the exclusion regions for the LHC [78] are presented in Fig. 43.

1.00 P L B L B L B B
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Fig. 43: Exclusion region for resonance production of the first KK graviton excitation in the Drell-Yan (corre-
sponding to the diagonal lines) and dijet (represented by the bumpy curves) channels at the LHC. The dashed and
solid curves correspond to 10, 100 fb~! of integrated luminosity, respectively (left). Drell-Yan production of the
KK graviton for the LHC (right) for M; = 1500GeV and its subsequent tower states (right)

They show the exclusion region for resonance production of the first KK graviton excitation in the
Drell-Yan and dijet channels. The excluded region lies above and to the left of the curves.

The next plots present the behaviour of the cross-section of the Drell-Yan process as a function
of the invariant mass of the final leptons. It is shown for two values of M; = 1500 GeV for the LHC
in Fig. 43 [78]. One can see the characteristic peaks in the cross section for one or a series of massive
graviton modes.

The possibility to detect the resonance production of the first massive graviton in the proton -
proton collisions pp — A1) — ete~ at the LHC depends on the cross section. The main background
processes are pp — Z/v* — eTe”. The estimated cross section of the process ) — ete asa
function of M; in the RS model is shown in Fig. 44 [79]. One can see that the detection might be
possible if M; < 2080 GeV .

To be able to conclude that the observed resonance is a graviton and not, for example, a spin-1
7' resonance or a similar particle, it is necessary to check that it is produced by a spin-2 intermediate
state. The spin of the intermediate state can be determined from the analysis of the angular distribution
function f(0) of the process, where 6 is the angle between the initial and final beams. This function is

Spin0 => f(0) =1,
Spinl => f(#) =1+ cos?,
‘ qq —hM) s ete™ f(0) =1—3cos?H+4cos,
S 2 =
prn - { g9 — h) s ete f(A) =1 —cos*6.
The analysis, carried out in Ref. [79], shows that angular distributions allow one to determine the spin of
the intermediate state with 90% C.L. for M; < 1720 GeV.

As the next step, it would be important to check the universality of the coupling of the first massive
graviton h(!) by studying various processes, e.g. pp — h) — IT1=, jets, vy, WTW—, HH, etc. If it
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Fig. 44: The cross-section times branching ratio, o - B, for K1) s ete~ in the RS model and the smallest
detectable cross-section times the branching ratio, (o - B)™" [79] (left) and the summary of experimental and
theoretical constraints on the parameters M; and n = (k/M pl)e’”R (right) [78]. The allowed region lies as
indicated. The LHC sensitivity to graviton resonances in the Drell-Yan channel is represented by diagonal dashed
and solid curves, corresponding to 10 and 100 fb~! of integrated luminosity, respectively

is kinematically feasible to produce higher KK modes, measuring the spacings of the spectrum will be
another strong indication in favour of the RS model.

The conclusion is [78] that with the integrated luminosity £ = 100 fb~! the LHC will be able to
cover the natural region of parameters (My,n = (k/Mp;)e*™ ) and, therefore, discover or exclude the
RS model. This is illustrated in the r.h.s. of Fig. 44.

We finish with a short summary of the main features of the ADD and RS models.
ADD Model.

1. The ADD model removes the Mgy /Mp; hierarchy, but replaces it by the hierarchy % ~

(#ﬂ)yd ~ 10~¢. For d = 2 this relation gives R~'/M ~ 107!, This hierarchy is of a
different type and might be easier to understand or explain, perhaps with no need for SUSY;

2. The model predicts the modification of the Newton law at short distances, which may be checked
in precision experiments;

3. For M small enough high-energy physics effects, predicted by the model, can be discovered at
future collider experiments.

RS model

1. The model solves the Mgy /M p; hierarchy problem without generating a new hierarchy.

2. A large part of the allowed range of parameters of the RS model will be studied in future collider
experiments, which will either discover new phenomena or exclude the most "natural” region of
its parameter space.

3. With a mechanism of radion stabilization added the model is quite viable. In this case, cosmolog-
ical scenarios, based on the RS model, are consistent without additional fine-tuning of parameters
(except the cosmological constant problem) [80].
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6 New Paradigm

The most radical way out of the SM is the change of the paradigm of local quantum field theory and
transition to non-local theories. And the first attempt of this kind is the string theory - the theory of
one-dimensional extended objects [65]. The natural development of this idea is the consideration of the
objects of an arbitrary dimension which are called branes (from membrane - two-dimensional surface).
The theory of these objects is in progress but some qualitative features are widely discussed.

6.1 String Theory

The string theory describes one-dimensional extended objects which in their motion swap a two-dimensional
world surface. The action for such objects is the straightforward generalization of the action for a point-

4 £ 4 A 4
Xt =X¥(1,0
Xt = XH(1) = (1,0)
World-line World-surface y
Particle Open string Closed string

Fig. 45: From a point-like particle to a one-dimensional string

like particle

dXm dXv 1 9 dX+r dXv
= — —— N = —— — —— = Ny |- 4
S m/ dr\| ===, = S 27T%/ d a\/ det(dga dgﬂnﬂ> (40)

The strings may be open and closed. The spectrum of string excitations

EM =Y Nu(+N,) € Z, N,=o" ok, (41)
n
contains zero modes associated with observed particles and heavy massive modes. The lowest string
states are:

openstring o/ |0 >— A* — [dPx/—g tr(F,F") this state is associated with photon
closed string  o/,a" |0 >— ¢",... — [ dPx\/—g R+ ... this state is associated with graviton

The spectrum of open strings contains spin 0, 1/2 and 1 states associated with gauge and matter fields,
the spectrum of closed strings contains spin 2 state associated with gravity. Besides the vibrational
modes, strings contain also the modes connected with the winding of the world line on a string. All
together these modes define the full spectrum of a string. Thus, for a string on a circle with radius R
one has the momentum states with M? = m?/R?2, the winding states with M? = w?R?/ l‘é and the full
spectrum M? = m?/R? + w?R?/ lé. The string is characterized by a minimal size called the string
length g = v/o/. Tt is assumed that this size is close to the Planck length.

Quantum theory of strings is formulated in critical dimension of space-time where it is free from
conformal anomalies. For the bosonic string this critical dimension is equal to 26 and for the fermion
string to 10. Besides, the string spectrum may contain taxions, particles with negative mass squared. To
get rid of these states, one considers a supersymmetric fermion string which is free from taxions. Its
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spectrum starts from zero modes which are usually associated with point-like particles of local quantum
field theory.

To get from the string theory the effective 4-dimensional low energy theory containing massless
modes, one needs to perform compactification of extra dimensions. The properties of the compact 6-
dimensional manifold define the properties of the obtained low energy theory. Thus, the degeneracy of
the compact manifold in size and shape manifested in the existence of the scalar fields called moduli,
defines the values of the couplings, and different topologies define the symmetry group and the field
content of the 4-dimensional theory. The gravity action defined in D dimensions and the matter field
action defined on a p-brane

1 1
So=pz [ eVIRE et [ @) @)
s s
being compactified to 4-dimensions take the form
\% v
Sy = = d*e/—gs Ry + -+ 3 d'z /=gs tr(F, F*™) + - (43)
S S
‘\'I-/ \Y-/
167G N 16793 5

The existing multiple possibilities of multidimensional theories do not allow one at the moment to
choose the preferable scheme and to make definite predictions.

Phenomenologically, the most acceptable is the so-called heterotic string. In this case, one has the
unification of the gauge and the Higgs fields that allows in particular to predict the coupling constants
and get the top-quark mass of the order of 170 GeV. In this theory one also gets the cancellation of
anomalies which is possible for a fixed gauge group of associated GUT: SO(32) or Eg x Eg. This
theory possesses the right-handed neutrino and the Majorana mass term, permits the proton decay. The
effective low energy theory gives the desired unification with gravity and contains the mechanism of
spontaneous supersymmetry breaking via effects of supergravity in the hidden sector.

The string theory contains not only strings but other extended objects of various dimensions. The
emerging picture of the world consists of branes, the open strings end up on the branes and the open
strings propagate in the bulk.

6.2 M-theory and the Theory of Everything

There are five types of consistent string theories free from conformal and gauge anomalies and of taxions
(type 1IA, type 1IB, type I, and two Heterotic) [81]. All five string theories are only consistent in 10
space-time dimensions, all five have world-sheet supersymmetry and lead to space-time-supersymmetry
in 10 dimensions. They are believed to be different vacua of a single unified "theory" called M —
theory. However, there is no adequate formulation of this theory. The other vacuum of M-theory is
11-dimensional supergravity (see Fig.46 [82]) It is assumed that the ultimate unified theory will be the
"theory of everything", i.e. will describe on a fundamental level all laws of Nature. The form of this
theory, however, is still unknown. It is not clear which degrees of freedom are fundamental. Moreover, is
is quite possible that there are different, dual to each other, descriptions of the same reality. The example
of such a duality is the so-called AdS/CFT correspondence when some characteristics of a theory can be
described as in the framework of the 4-dimensional conformal field theory and also in the framework of
classical gravity in the 5-dimensional de Sitter space [83]. Here we are still far from detailed predictions
which allow experimental tests.

7 Conclusion. The priority tasks of high energy physics

The successes of the Standard Model and the enormous efforts for its tests and search for new physics
at accelerators as well as in non-accelerator experiments define the future of high energy physics in the
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Fig. 46: The string landscape and M theory

coming years. The experiments at the Large Hadron Collider are at the edge of modern knowledge. The
success of these experiments is the success of all high energy physics. However, the peculiarity of the
modern situation is that there is no field where we may expect the guaranteed discovery. We make the
first steps into the unknown land and try to unveil the mystery. We have to be persistent and patient.
There are many theoretical models which suggest new physics at different scales. Which of these models
happens to be correct and adequate to Nature we have to find experimentally. Today we may talk about
priority tasks. They are:

Investigation of the Higgs sector;

Search for particles of Dark Matter;
— Study of the neutrino properties in non-accelerator experiments;

Search for new physics (supersymmetry);

The areas that were left behind come to the front: confinement, exotic hadrons, dense hadron
matter

Further development of high energy physics crucially depends on the results of these searches.
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Electroweak symmetry breaking after the Higgs discovery
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Abstract

I give a pedagogical introduction to the physics of electroweak symmetry
breaking. Higgs boson production and decay at the LHC and the consistency of
the Higgs measurements with triviality arguments, vacuum stability, and pre-
cision electroweak measurements are discussed. Effective Lagrangian tech-
niques are used to understand potential deviations from the Standard Model
(SM) predictions.
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1 Introduction

The experimental discovery of the Higgs boson [1,2] implies that the Weinberg Salam Standard Model
(SM) is a valid low energy theory at the weak scale. All current measurements are consistent with
this statement and physics in the electroweak symmetry breaking (EWSB) sector beyond that predicted
by the SM is highly constrained by current experimental results, both at the LHC and from precision
electroweak measurements. These lectures summarize the underlying theoretical framework of the SM
and its experimental predictions and discuss possible high scale extensions of the theory in terms of an
effective field theory.

Section 2 contains an introduction to the SM and Section 3 discusses theoretical restrictions on
the EWSB sector. Section 4 presents the basics of Higgs production and decay, along with a summary
of experimental results. Pedagogical discussions of the gluon fusion production rate at leading order
and the determination of the Higgs width are also found in Section 4. Extensions of the SM in terms
of an effective field theory are presented in Section 5 and Section 6 contains some conclusions. There
are many excellent reviews of Higgs physics and the reader is referred to them for additional details and
further references [3-9].

2 Weinberg-Salam Model
The Weinberg- Salam model is an SU (2) 1, x U (1)y gauge theory containing three SU(2) 1, gauge bosons,
Wi ,I =1,2,3,and one U(1)y gauge boson, B,,, with kinetic energy terms,

1 1
Lk = —ZW,{VWW = 5 BuB", (1)

where the index I is summed over and,
Wi, = oWl —0.W, +ge"*wWIwr,
B, = 0,B,—-0,B, . )

The SU(2)z, and U(1)y coupling constants are g and ¢’, respectively. Coupled to the gauge fields is a
complex scalar SU(2) doublet, ®,
+
o= ( o ) . 3)

2519-8041- © CERN, 2018. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence. 133
https://doi.org/10.23730/CYRSP-2018-003.133


https://doi.org/10.23730/CYRSP-2018-003.133

S. DAWSON

The scalar potential is given by,
2
Vi) =2 o'e | 4| ate ) . @

where A > 0.

The state of minimum energy for ;2 < 0 is not at ¢° = 0 and the scalar field develops a VEV'!.
The direction of the minimum in SU(2), space is not determined, since the potential depends only on
the combination ®f® and we arbitrarily choose

@=(0). )

With this choice, the electromagnetic charge is,’
3+Y
g="11 ©
where we assign hypercharge Y = 1 to ®.
Therefore,
Q(®) =0 (7)

and electromagnetism is unbroken by the scalar VEV. The VEV of Equation (5) yields the desired
symmetry breaking pattern,
SU(Q)L X U(l)y — U(l)EM (8)

The scalar contribution to the Lagrangian is,
Ly = (D"e)!(D,@) — V(). ©)

where? ,
D=0, + ’igT W+ i%BuY. (10)

In unitary gauge there are no Goldstone bosons and only the physical Higgs scalar remains in the spec-
trum after spontaneous symmetry breaking. In unitary gauge,

1 0
().

which gives the contribution to the gauge boson masses from the scalar kinetic energy term of Equa-
tion (9),

1 1 1 2 0
2 /
M= ~ 72(0,11) <2gT- W, + 729 Bu) < v ) . (12)

The physical gauge fields are two charged fields, W=, and two neutral gauge bosons, Z and 1.
1
V2
—g'B,, + gW?

Zr = 9o = —sinfw B, + cos HWWS

!There is no mechanism or motivation for determining the sign(y?) in the SM.

The 77 are the Pauli matrices with T'r(7777) = 267..

3Different choices for the gauge kinetic energy and the covariant derivative depend on whether g and ¢’ are chosen positive
or negative. There are no physical consequences of this choice.

+ _ 112
Wr = (W, FiW;)
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B, + g W3
AF = %ECOSHWB#—%SinHWWi. (13)

/g2 + g/ 2
Equation (13) defines a mixing angle,

/

9

Since the massless photon must couple with electromagnetic strength, e, the coupling constants define
the weak mixing angle Oy,

sin Oy = (14)

e = gsinfy = gsw
e = g cosby =gew. (15)

The gauge bosons obtain masses from the Higgs mechanism, as demonstrated in Equation (12):

1 1
M}, = 19%2, M2 = 1(92 + g My=0. (16)

If we go to a gauge other than unitary gauge, there are Goldstone bosons in the spectrum and the
scalar field can be parameterized,

1 er (0
(I)_ﬂe%(v—}—h)' 7

In the Standard Model, there are three Goldstone bosons, & = (wi, z), with masses My and My in the
Feynman gauge.

Fermions can easily be included in the theory. We write the fermions in terms of their left- and
right-handed projections,

1
YR = 5(1 Fs)Y . (18)

From the four-Fermi theory of weak interactions [9], we know experimentally that the 1¥/-boson couples
only to left-handed fermions and so we construct the SU(2) 1, doublet,

LL:<Z§>. (19)

From Equation (6), the hypercharge of the lepton doublet must be Y;, = —1. In the limit where the
neutrino is massless, it can have only one helicity state which is taken to be vy. Including neutrino
masses requires interactions beyond the standard construction of the Weinberg-Salam model*. The SM
is therefore constructed with no right-handed neutrinos. Further, we assume that right-handed fields do
not interact with the T boson, and so the right-handed electron, e, must be an SU(2), singlet with
Y., = —2. Using these hypercharge assignments, the leptons can be coupled in a gauge invariant manner
to the SU(2), x U(1)y gauge fields,

/ /
Liepton = iEr7" (au + i%YeBu> er+iLiA" (aﬂ + igr W+ r‘;YLB#) L. (o)

All of the known fermions can be accommodated in the Standard Model in this fashion. The SU(2)y,
and U(1)y charge assignments of the first generation of fermions are given in Table 1. The quantum
numbers of the 2"¢ and 3"? generation are identical to those of first generation.

*A pedagogical introduction to v masses can be found in Ref. [10].
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Table 1: Quantum numbers of the SM fermions.

—_
[\]
—_

A fermion mass term takes the form
['mass = _m@d} = _m<1/)L¢R + ¢R¢L) . (21)

As is obvious from Table 1, the left-and right-handed fermions transform differently under SU(2), and
U(1)y gauge transformations and so gauge invariance forbids a term like Equation (21). The Higgs
boson, however, can couple in a gauge invariant fashion to the down quarks,

Ly=~-Y;Q;Pdg + h.c., (22)
After the Higgs obtains a VEV, we have the effective coupling,

0

1 _
—Y;—(ur, dr) ( vt h

V2

which can be seen to yield a mass term for the down quark,

Y, = mav2 (24)

v

) dr + h.c. (23)

In order to generate a mass term for the up-type quarks we use the fact that
~ ¢°
D = ind* = < _ ) (25)
—¢
is an SU(2) 1, doublet, and write the SU(2), invariant coupling

L, = —Yu@LéuR + h.c. (26)

which generates a mass term for the up quark. Similar couplings can be used to generate mass terms for
the charged leptons. Since the neutrino has no right handed partner in the SM, it remains massless.

For the multi-family case, the Yukawa couplings, Y; and Y,,, become Ny x Np matrices (where
Np is the number of families). Since the fermion mass matrices and Yukawa matrices are proportional,
the interactions of the Higgs boson with the fermion mass eigenstates are flavor diagonal and the Higgs
boson does not mediate flavor changing interactions. This is an important prediction of the SM.
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The parameter v can be found from the charged current for u decay, y — evev,, which is mea-
sured very accurately to be Gp = 1.16638 x 107® GeV 2. Since the momentum carried by the W
boson is of order m,, it can be neglected in comparison with My, and we make the identification,

Gr g° 1
— = = 27
V2 8MZ, T 2% 27
which gives the result
v=(V2Gp)? =246 GeV . (28)

One of the most important points about the Higgs mechanism is that all of the couplings of the
Higgs boson to fermions and gauge bosons are completely determined in terms of coupling constants and
fermion masses. A complete set of Feynman rules can be found in Ref. [5]. The potential of Equation
(4) had two free parameters, 1 and A, which can be traded for,

2

2 _ M
YT Tax
mi = 20°\. (29)
The scalar potential is now,
2 2 2
m m m
V=tp?tg hpd g 30
2 * 20 + 82 (30)

The self-interactions of the Higgs boson are determined in terms of the Higgs mass. There are no remain-
ing adjustable parameters and so Higgs production and decay processes can be computed unambiguously
in terms of the Higgs mass.

3 Theoretical Constraints
3.1 Bounds from Precision Measurements

The Higgs boson enters into one loop radiative corrections in the Standard Model and precision elec-
troweak measurements test the consistency of the theory® . In the electroweak sector of the SM, there are
four fundamental parameters, the SU(2)y, x U(1)y gauge coupling constants, g and ¢’, as well as the
two parameters of the Higgs potential, which are usually taken to be the vacuum expectation value of the
Higgs boson, v, and the Higgs mass, mj. Once these parameters are fixed, all other physical quantities
can be derived in terms of them (and of course the fermion masses and CKM mixing parameters, along
with the strong coupling constant «s). Equivalently, the muon decay constant, G, the Z-boson mass,
Mz, and the fine structure constant, «, can be used as input parameters. Experimentally, the measured
values for these input parameters are [11, 12],

G, = 1.16638(1) x 107° GeV 2

My = 91.1876(21) GeV

o™l = 137.035999679(94)

mp = 125.09 + .21(stat) £ .11(syst) GeV . 31

The W boson mass is thus a prediction of the theory and is defined through muon decay,

M2 — fye’
Y VARG - M, /M)
M2 Ao
M2, = 2{1 +./1— } ) 32
& 5 VIGAE (32)

>An introductory review of precision measurements in the SM can be found in Ref. [13].
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At tree level, the SM prediction from Equation (32) is,
My (tree) = 79.829 GeV (33)
in slight disagreement with the measured value [11],

My (experiment) = 80.379 £ 0.012 GeV . (34)
In order to obtain good agreement between theory and the experimental data, it is crucial to include
radiative corrections. The prediction for My can be written as [14],
T
Mz = ——
V2G NS%/V

where Argys summarizes the radiative corrections. The dependence on the top quark mass, my, is
particularly significant as Argys depends on m; quadratically,

[1 + ATSM:| , (35)

G, N, (¢
Arky = ——E—= (W>mf + log(my) terms, (36)
V28712 \ s,
where N, = 3 is the number of colors. The dependence on my, is logarithmic,
a 11 m? m? vt
Arh ~ ———log( —2& ot —|. 37
BT Og(M%) O\ 7)

The top quark does not decouple from the theory even at energies far above the top quark mass. This is
because the top quark coupling to the Higgs boson is proportional to m;.

The agreement between the radiatively corrected prediction for the W mass given by Equation
(35) with the measured value is a strong test of the theory. In a similar fashion, the full set of electroweak
data can be used to test the self consistency of the theory, as demonstrated in Figure 1 [15]. Similar
studies have been performed by the GFITTER collaboration [16]. (The most restrictive data points are
the measurements of the Zbb coupling and the W boson mass.) When the experimental values of My,
my, and my, are omitted, the fit is in good agreement with the directly measured values of the masses.
Note that the fit excludes a large (~ 100’s of GeV/) value of my, and so even before the Higgs boson was
discovered, we knew that if there were no new physics contributions to the predictions for electroweak
quantities such as My, the Higgs boson could not be too heavy.

3.2 Oblique Parameters

Extensions of the SM with modified Higgs sectors are significantly restricted by the requirement of
consistency with the electroweak measurements. A simple way to examine whether a theory with a
complicated Higgs sector is consistent with electroweak experiments is to use the oblique parameters.
Using the oblique parameters to obtain limits on BSM physics assumes that the dominant contributions
resulting from the expanded theory are to the gauge boson 2-point functions [17, 18]. Combinations of
the 2— point functions define S, 7" and U. New physics effects are determined by subtracting the SM
contribution, e.g. AS = Spsy — Ssur.

A simple example is a model with a a real scalar singlet, .S, added to the SM. After imposing a Z»
symmetry under which § — —S, the most general scalar potential is [19]

b
Vo= —u20fe - m282 £ \@13)? 4+ % 1052+ 25, (38)

After spontaneous symmetry breaking, both ® and S obtain VEVs and the mass eigenstates h and H are
a mixture of S and ® (s = (5)),

h \ ([ cosa —sina V2¢o — v
<H><sina cosa)( S—s >’ (39)
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Fig. 1: Experimental limits on My and m; from precision electroweak measurements. The straight bands are the
direct measurements of My and my [15].

with physical masses, my, and Mpg. The singlet cannot couple directly to fermions or gauge bosons, so
the only physical effect on single Higgs production is through the mixing of Equation (39). The mixing
affects the SM-like Higgs couplings to both fermions and gauge bosons in an identical fashion and all
SM couplings are suppressed by the factor cos a. This model is particularly simple since it can be studied
in terms of My and the mixing angle o. For my,, My >> My, Mz, the contributions to the oblique
parameters are,

T, M3,
AS = ESIH O[lOg(Tn%
M2
AT = —stinQalog<f£>
167cy, mp,
AU = 0. (40)

and for any given value of M, an upper limit on sin « can be determined [20]. Limits from the oblique
parameters are an important tool in understanding what BSM models are allowed experimentally and in
restricting the parameters of the models.

3.3 Restrictions from Triviality

Theoretical bounds on the Higgs boson mass can be deduced on the grounds of triviality, which can be
summarized as the requirement that the Higgs quartic coupling remain finite at high energy scales. If the
quartic coupling becomes infinite, the theory is no longer perturbative, while if the quartic coupling goes
to zero, the theory is non-interacting. The Higgs quartic coupling, A, changes with the effective energy
scale, A, due to the self interactions of the scalar field:

d\  3\?

—_— = 41
dt  4n?’ “1)
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Fig. 2: Dependence of the Higgs quartic coupling on the renormalization scale [21].

where ¢ = log(A?/v?). In the SM, however, there are also contributions due to gauge boson and fermion
loops®. Including the top quark contribution, Equation (42) becomes,

dx 3
ﬁ:w{v—yf)\—yf}, (42)

where Y; = my/v. For small A ( small my,), the Yt4 term dominates and the quartic coupling decreases
with energy,

472 v?
The scaling of A has been performed to 2— loops [21], including contributions from gauge and Yukawa
couplings and the result is shown in Figure 2. The quartic coupling becomes negative at a high scale that

is quite sensitive to m; and o, suggesting that at this scale some new physics is required to force A to be
positive which is need in order for the potential to be bounded from below.

4 2
AA) ~ A(v) — 31 Iog<A> : (43)

4 Higgs Production and Decay

In this section we review the SM rates for Higgs production and decay. Numerical values, including the
most precisely known higher order calculations, have been tabulated by the LHC Higgs cross section
working group [22].

4.1 Higgs Decays

Expressions for the SM Higgs decay widths at leading order can be found in Ref. [5], and the QCD cor-
rected rates, with references to the original literature, are given in Refs. [4,8]. The QCD NLO corrected
decay rates can be found using the public code, HDECAY [23].

SWe neglect the gauge contributions here.
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411 h— ff

The Higgs couplings to fermions are proportional to fermion mass and the lowest order width for the
Higgs decay to fermions of mass m ¢ is,

GF’I?’L?]VCZ
421

where S = /1 — 4m?c /m3 is the velocity of the final state fermions and N.; = 1(3) for charged

leptons (fermions). The largest fermion decay channel is A — bb, which receives large QCD corrections.
A significant portion of the QCD corrections can be accounted for by expressing the decay width in terms
of a running quark mass, m¢(1), evaluated at the scale ¢ = my. The QCD corrected decay width can
then be approximated as [24,25],

L(h— ff) = myBy (44)

., 3GF as(m?
I'(h — qq) = ﬁﬁmg(m%)mhﬁg’ <1 + 5.678(7Th) +-- ), (45)
where a (m,%) is defined in the M S scheme with 5 flavors. In leading log QCD, the running of the b

quark mass is,
2y7(=12/23)
2 as(m )] { 2 }

m =m 1+ 0(a3) ¢, 46
o) = m | 24 (@) (@6)

where my(m?) = m implies that the running mass at the position of the propagator pole is equal to the
location of the pole. For my,(m?) = 4.18 GeV/, this yields an effective value my(my, = 125 GeV) |p=
2.8 GeV (at NLL, my(my, = 125 GeV) |npr= 2.7 GeV). Inserting the QCD corrected mass into the
expression for the width thus leads to a suppression of the width by ~ .4. Using the running b mass
absorbs the large logarithms of the form log(m% / m%) and is important for numerical accuracy. The
electroweak radiative corrections to 4 — ff amount to only a few percent correction [26].

412 h—>WW,ZZ

The Higgs boson can also decay to gauge boson pairs. At tree level, the decays h — WW* and h —
Z Z* are possible (with one of the gauge bosons off-shell), while at one-loop the decays h — ¢gg,~7,
and vZ occur.

The decay width for the off-shell decay, h — ZZ* — f1(p1) f2(p2)Z(ps), is,
(mp—Mz)? | A2

r = dg* | dm3; ——— 47

/0 q / ma3 25673’ (47)

where m;; = (p; + pj)%, miy = ¢% and m3y, + m3, + m3; = m2 + M2, N(m3, M%,¢%) = ¢* —

2¢2(m3 + M2) + (m3 — M2)?, and m3, |mazmin= <m% +ME -2+ ﬁ) . The amplitude-squared
18,

| A(h— Zff)I? = 32(gi +g7) GE My

[2MZq% — misg® — mp M7 + miz M7 + miymji — mis
(% = M3)* +T5 M7

] ;o (48

with grr = T35 — Qfs%/v, JgRf = —Qfs%,v, and T3 = j:%. We see that the amplitude is peaked at low ¢.
Integrating over dm3,,

dar —
dfqg(hﬁsz) = (97 +98) GEJ/A(m3, M2, q?)

My
487r3m2
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.[(12M%q2 + A(m32, M2,4%) 49)

(@ — I3+ 3013
The result for h — W ff can be found by making the appropriate redefinitions of the fermion - gauge
boson couplings.

Performing the ¢? integral and summing over the final state fermions [27],

T(h— WW*) = gf;i’y(%)
T(h— Z2%) = 2()452::%,[,75” <7 - %Osiv + 1?%%)1?(%?) , (50)
where
F(z) = |1—2?| (‘L;:cQ—l;’erlQ)
+3(1 = 62 + 42%) [z | 450 ZZ J: iox4) cos™! (3”3;; 1) . (51)

The NLO QCD and electroweak corrections to the off-shell decays, h — V*V* —4-fermions , V =
(W, Z), are implemented in the public code, PROPHECY4f [28].

4.1.3 h — gg

The decay of the Higgs boson to gluons only arises through fermion loops in the SM and is sensitive to
new colored particles that interact with the Higgs,

Gra? m3
D(h—g9) = o= rZFm (79) [*, (52)

where 7, = 4mZ2/mj, and Fy j5(7,) is defined to be,

Fl/Q(Tq) =27, [1 +(1- Tq)f(Tq)] . (53)

The function f(7,) is given by,

[sinl <\/ﬁ)r ifr, > 1

f(rq) = 2
—1 {log<ﬁ> —ar| , ifrg <1,

(54)

with
re=1+./1-1, (55)
In the limit in which the quark mass is much less than the Higgs boson mass,
2m mg
F1/2 — —5 IOg . (56)
m, M,
On the other hand, for a heavy quark, 7, — oo, and F /5(7,) approaches a constant,

4

Equations (56) and (57) make it clear that the top quark loop is the dominant contribution. QCD correc-
tions to the decay h — gg are known at NLO for a finite top quark mass and increase the rate by roughly
60% [29].

142



ELECTROWEAK SYMMETRY BREAKING AFTER THE HIGGS DISCOVERY

= 1;\ T L B B L — T T L — g —_ 1035‘ 3t
g - S 3 C tH
S r 2 O ni 12
P10 : i 18
+ 10¢ 3
o E 3
m r ]
s N / ]
.8))102 E E
T L ]
107 /
3 i ]
10 10’2y
103 ‘ ‘ C
T F SNV SR - \ ~ 80100 200 300 1000
80 100 120 140 160 180 200
My [GeV] M, [GeV]

Fig. 3: SM Higgs Branching ratios (LHS) and total width for a SM-like Higgs boson of arbitrary mass (RHS) [22].
In this figure, H is the SM Higgs boson.

414 h — vy

The decay h — 7y arises from fermion and W loops and is an important mode for Higgs measurements
at the LHC, despite the smallness of the branching ratio. At lowest order the width is, [5]

I'(h —

o GF 3 2 : 2 2
= NCZ(;)ZF;, T3 3 58

where the sum is over fermions and W bosons with F} /2(74) given in Equation (53), and
Fw(tw) = 24 3mw[l + (2 —mw) f(rw)], (59)

with Ty = 4M§V / m,%, N.; = 1(3) for leptons (quarks), and @Q); is the electric charge in units of e. In the
(unphysical) limit 7y — oo, Fyr — 7 and we see that the top quark and W contributions have opposite
signs. The decay h — ~ is therefore sensitive to the sign of the top quark Yukawa coupling through
the interference of the W and ¢ loops. Similarly, the rate for h — Z+y receives contributions from both
fermions and the W boson. The analytic formula is given in [5] and the Z~ width is quite small.

The Higgs branching ratios are shown in Figure 3 for a SM Higgs boson of arbitrary mass [22]. The
width of the curves is an estimate of the theoretical uncertainties on the branching ratios. The branching
ratios assume SM couplings and no new decay channels and include all known radiative corrections [22].
Also shown in Figure 3 is the Higgs total decay width as a function of Higgs mass. For mj, = 125 GeV/,
the total width is very narrow, I', = 4 MeV.

4.2 Higgs Production in Hadronic Collisions

At the LHC, the dominant production mechanisms are gluon fusion, followed by vector boson fusion,
shown in Figure 4. The associated production mechanisms of the Higgs with vector bosons or top
quarks have smaller rates, but these channels are theoretically important and are shown in Figure 5.
It is immediately apparent that gluon fusion and ¢th production are sensitive to the top quark Yukawa
coupling, while vector boson fusion and associated hV, V' = (W, Z), production probe the gauge-Higgs
couplings.

The total rates for Higgs production in various channels are shown on the LHS of Figure 6 for
arbitrary Higgs mass at 13 T'eV (LHS) and as a function of center-of-mass energy (RHS) for the physics
Higgs mass. The curves include the most up-to-date theoretical calculations, and the width of the curves
represents an estimate of the uncertainties [30]. We will discuss each production channel in turn in this
section.
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Fig. 4: Contribution to Higgs boson production from (LHS) gluon fusion and (RHS) vector boson scattering. In
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Fig. 5: Contribution to Higgs boson production from (LHS) associated V' h production and (RHS) ¢th production.
In this figure, H is the SM Higgs boson.
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Fig. 6: Total Higgs production cross sections [30]. In this figure, H is the SM Higgs boson.

4.2.1 gg — h

The primary production mechanism for a Higgs boson in hadronic collisions is through the couplings to
heavy fermions, gg — h, which is shown on the LHS of Figure 4. This process is dominated by the top
quark loop and the loop with a bottom quark contributes roughly —5% to the SM cross section.

The lowest order (LO) amplitude for g*(p) + g (q) — h from a quark of mass myg in the loop
is,
Qs

v v m2 4
A (ghgP ) = 47TU5AB <g“ 7h —p q") Fya(1g)en(p)en(q)
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2

Qg ,/m v )
- _37r7v5AB <gu Th -P q“) eu(p)ev(q) if mg >>my, . (60)

The partonic cross section can be found from the general resonance formula,

1672 11
(2 + 1) - 1 20(h = gg)a(s — m}), 61)

o(g9 — h) = -~ ol

where the factors of 6%1 and i are the color and spin averages, J = 0 is the Higgs spin, s is the gg partonic
sub-energy, and the factor of 2 undoes the identical particle factor of % in the decay width I'(h — gg).
The lowest order partonic cross section for gg — h is,

. a? s
6(99 = h) = 1024702 | ZFl/Z(TQ) ? 5<1 - mg)
7 h
N S
= 60(99 — h)5<1 - 2) : (62)
my,

In the heavy quark limit, the cross section is independent of the top quark mass and becomes a constant,

a2

576mv2 (63)

The heavy fermions do not decouple at high energy and the gluon fusion rate essentially counts the
number of SM-like chiral quarks.

Go(gg — h) ~

The Higgs boson production cross section at a hadron collider can be found by integrating the
partonic cross section, og(pp — h), with the gluon parton distribution functions, g(z, 11),

1
. dx z
o(pp = h) = 002/ —9(z, M)g<, u), (64)
. X x
where o is given in Equation (62), z = m,% /S, u is the factorization scale and S is the hadronic center
of mass energy. It is particularly interesting to consider the theoretical accuracy at N>LO [31],

o(pp — h)[13 TeV] = 48.58 4 5% (theory) £ 3.2%(PDF + as) , (65)

where the theory uncertainty arises predominantly from the scale choice and the PDF+a uncertainty is
the PDF and correlated uncertainty on .

The measured Higgs rate immediately rules out the possibility of a 4*" generation of SM chiral
fermions. Imagine that there are heavy fermions, 7 and B, with identical quantum numbers as the SM
top and bottom quarks . The new fermions would contribute to Higgs production from gluon fusion as
on the LHS of Figure 4. From Equation (63), we would have,

a? 2
o —h) — 5 1+1+1
o0(99 = ) 5767rv2[ th }

— 960(SM), (66)

where the factors in the square bracket represent the contributions of the SM ¢, 7 and B. This is obviously
excluded by the measured rate for gluon fusion Higgs production, which is in good agreement with the
SM prediction.

The tensor structure of Equation (60) is exactly that required for the production of a spin-0 particle
from 2-gluons with momentum, g(k1) and g(ks). Starting from a G, G*” term in the Lagrangian and
considering only the Abelian contributions for now,

GuG"™ = (0,Gy — 0,G,)(0"G” — 9"GM). (67)
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Fig. 7: QCD corrected rate for gluon fusion as a function of the factorization and renormalization scale [31].

Making the replacement 0, — ik,
GG = —(k1uG — kG (K Gy — k3 GY)
= —2(k1 koG - Ga — k1 - Gi2ka - G1>

545
= —2k1 - k2G1,G2y [QW - ﬁ] . (68)

Comparing Equations (60) and (68)” suggests that the heavy quark limit for the gluon fusion production
of a Higgs boson can be obtained from the effective dimension-5 Lagrangian

Qg h A A
L = —-—G, G 69
EFT = Jory " m )
The effective Lagrangian of Equation (69) has been used to calculate the QCD corrections to
gluon fusion to NLO, NNLO, and N3LO [31]. The result is shown in Figure 7. Note that there is a large
correction (approximately a factor of 2) going from LO to NLO. The corrections at each order remain

sizable and the dependence on the factorization scale, p is reduced at higher order.

4.2.2 pr distribution of Higgs Bosons

At LO, the Higgs boson has no pr and a transverse momentum spectrum for the Higgs is first generated
by the process, gg — gh, which is an NLO contribution to the gluon fusion process [32]. As pr — 0,
the partonic cross section for Higgs plus jet production diverges as 1/ p%,

do C3as [ 1 m}zl 4 m%b 4
a9 9 = %w{p—%[(“ﬂ “+(7)]
4 2\?  2p?
__<1_%) +ﬂ}7 (70)
S S S

where 6¢ is the LO gg — h cross section given in Equation (62), and s,¢ and u are the partonic
Mandelstam invariants. The pr spectrum for Higgs plus jet at LO is shown in Figure 8, where the
contributions from the gg and qg, gg initial states are shown separately. Also shown is the m; — oo
limit of the spectrum that is derived from the effective Lagrangian of Equation (69) . The effective
Lagrangian approximation fails around pr ~ 2m,. In this process, there are several distinct momentum
scales (pr, mp, my), as opposed to gluon fusion where there is only a single scale (my,/m;) at LO. The

"The extra factor of % comes from the neglected color factor, T'r(T4T?) = %6 AB-
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Fig. 8: Lowest order pr spectrum for Higgs plus jet production from Equation (70) and the large m; approximation
of Equation (69).
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Fig. 9: QCD corrected pr spectrum for Higgs plus jet production at v/'S = 8 T'eV [33,34]. In this figure, H is the
SM Higgs boson.

expansion in Tn—’: for gg — gh receives corrections of O(mi?, SL—%%) and for pr 2, 2my, the EFT large top
quark mass expansion cannot be used to obtain reliable distributions.

NLO, NNLO, and N3LO radiative corrections to Higgs plus jet production have been calculated
[33-36] using the m; — co approximation. The lowest order result of Equation (70) is then reweighted
by a K factor derived in the m; — oo limit for each kinematic bin. The effects of the higher order
corrections are significant and increase the rate by a factor of around 1.8 as shown in Figure 9. The
singularity of the LO result at pr = 0 is clearly visible in Figure 9 and we note that after the inclusion
of the NLO corrections, the pr spectrum no longer diverges as pr — 0.

The terms which are singular as pr — 0 can be isolated and the integrals performed explicitly.
Considering only the gg initial state [37],

do L 3o, 1 m?2 _
m(pp — gh) p2.50™ Uoﬁp_2 [6 log(p—;) - 2ﬁ0] g(ze¥)g(ze ™) + ... (71)
T T T

where z = m2 /S, By = (33 — 2ny¢)/6, and n;y = 5 is the number of light flavors. Clearly when
pr << mp, the terms containing the logarithms resulting from soft gluon emission can give a large
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Fig. 10: h — ZZ — 4 lepton signal at 13 T'eV [40,41].
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Fig. 11: Contributions to gg — ZZ — 4l. The dominant contributions to the triangle and box diagrams are from
the top quark.

numerical contribution. The logarithms of the form o log™(m? /p%) can be resummed [37, 38] to
improve the theoretical accuracy in the regime pr — 0 [39].

4.2.3 Measuring the Higgs width with gg — h — ZZ

Gluon fusion with the subsequent Higgs decay to ZZ — 4 leptons or ~yy were the Higgs discovery
channels. The h — ZZ — 4 lepton signals at 13 T'eV are shown in Figure 10 [40,41] and the Higgs
resonance is clearly visible. Making a direct measurement of the Higgs width by fitting a Breit-Wigner
function to the resonance shape is not possible since the detector resolution is O(1 — 2) GeV, much
larger than the Higgs width, I'y, ~ 4 MeV .

A clever idea uses the properties of the longitudinal Z polarizations [42,43]. Consider the process
g9 — ZZ — 4l shown in Figure 11. The Higgs contribution is shown on the LHS of Figure 11 and the
partonic cross section from the Higgs contribution alone is generically given by,

L Algg = 1) 2| Ah > 22) >
(s — m}%)2 + F%m%

6(g9 = h— ZZ) ~ / (72)

We allow the effective gg — h and h — ZZ — couplings to be scaled from the SM values by arbitrary
factors k4(s) and kz(s), where we explicitly note that the « factors can in principle depend on scale,

| A(gg — h) |*| A(h — ZZ) P~ k5(s)k%(s) | €21+ €22 |, (73)

where €/, are the Z polarization vectors.

The interesting observation is that Equation (72) behaves very differently above the Higgs reso-
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nance and near the resonance. Above the resonance, s >> mi, Equation (72) becomes,

HQ S /‘i2 S . 2
&(gg—>h—>ZZ)ab"”€~/ds a(8)rz )‘;Zl 22| (74)
S

For transverse polarizations, nothing particularly interesting happens, but because of the electroweak
symmetry breaking the longitudinally polarized Z bosons have a novel feature. Defining the momenta
of the outgoing Z bosons as pz; and pz2 and remembering that the longitudinal polarization is approxi-
mately given by,

I3 2
e (pg) ~ T2 4 O<MZ> : (75)

we observe that e, - €1, ~ P40522 ~ -4 Equation (74) has the approximate form for s >> m2,
zZ Z

s)ky(s)

2
K
6(99 — h — Zp,Z1)%v¢ ~ /ds 9(M4 (76)
7Z

We note that Equation (76) exhibits no dependence on the Higgs width.

Near the Higgs resonance, we can use the narrow width approximation, which amounts to the

replacement,
1 us

2
(s =m3)? + (mulh)? - mhrhé(s - mi) "

and Equation (72) is approximately,

g (mi;) K7 (mj,)

(g9 = h— ZZ)" ~ T

(78)

The idea is that by measuring the gg — h — ZZ rate above and on the resonance, information
can be extracted about the Higgs width. Assuming the « factors do not depend on scale,

a.above

O-O’n

Lp ~ (719)

At 8 TeV, approximately 15% of the cross section has my; > 140 GeV, so this is a promising
idea. If the x factors have an energy dependence, they do not cancel in Equation (79) and the interpre-
tation of the measurement becomes more complicated.

Of course, a real calculation needs to include both the diagrams of Figure 11, along with the
interference, and this has been done by several groups with results shown in Figure 12. The importance
of including the interference terms is apparent, but the long tail at high m,; (shown in red) is clear.
ATLAS and CMS have used this technique to place limits on the Higgs width [44,45],

Ty < (4—-5T3M, (80)

There are some big assumptions in this extraction of the Higgs width, the most obvious of which
is the assumption that the  factors are the same on and off the Higgs resonance peak. This is clearly a
false assumption, since in a quantum field theory all couplings run. If there are anomalous hZ Z (or hgg)
couplings, than the running could be changed significantly [46,47]. For example, a contribution to the

EFT of the form,

h
L~ %;ZWZW (81)
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Fig. 12: Contributions to gg — ZZ — 4l at 8 TeV. The Higgs contributions are shown in red, while the total rate
from gluon fusion including interference is given in magenta [49].

would give contributions of O <1{"’2) and would cause my; to grow above the peak, and would invalidate

the extraction of I';,. Additional colored particles in the ggh loop would also change the interpretation
of the g9 — ZZ — 4 lepton result as a measurement of the Higgs width [48].

It is worth noting that an ete™ collider with an energy of /s = 500 GeV can make a 5%
measurement of I';, with an integrated luminosity of 500 GeeV [50]. First the measurement of eTe™ —
Zh is made by tagging the Zh events where the recoil mass is consistent with a Higgs boson. This is
done using conservation of momenta and determines o (Zh). Next we can measure the h — ZZ rate to
determine BR(h — ZZ). The Higgs width is then determined in a model independent fashion,

T, = T(h— ZZ)BR(h — ZZ)
o(Zh)
BR(h = 22) 82)

4.2.4 Vector Boson Scattering

The vector boson scattering (VBS) process is shown on the RHS of Figure 4. It can be thought of as
2 incoming quarks each radiating a W or Z boson, which then form a Higgs. Vector boson fusion
also offers the opportunity to observe the 2 — 2 scattering process, VV — VV, (V = Z, W), which
is extremely sensitive to new physics in the electroweak sector. The V'V — V'V sub-process plays a
special role in Higgs physics since the Higgs exchange contributions unitarize the scattering amplitude.

VBS production of a Higgs occurs through the purely electroweak process qg' — ¢g’h which has
a distinctive experimental signature and vanishes in the limit v = 0. The outgoing jets are peaked in
the forward and backward regions and can be used to tag the VBF event. This can easily be seen by
considering the top leg of the RHS of Figure 4:

q(p) = ¢ (@ (k). (83)
In the lab frame,
p = E(1,0,0,1)
p = E'(1,0,sin6,cos0). (84)

The integral over the final state phase space for the VBS scattering cross section has a generic contribu-
tion,

/ (Phase Space) / 0do / 6do (85)
g [(p—p'2)2 — M2]? REE'(1— cosf) — M2]2 02 — MZ/EE)?
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which is enhanced in the § — 0 region for E, E' >> M ‘2/ In addition, these forward tagging jets have
a large invariant mass and small p7. Typical cuts on the jets are,

pr, > 20 GeV, | y; |< 5, ys — i |> 3, Mj; > 130 GeV . (86)

The decay products from the intermediate V'V scattering are mostly contained in the central rapidity
region. These characteristics can be used to separate VBS scattering from QCD gluon initiated events
and the non-VBS contributions can be suppressed to ~ 1 — 2% [51]. The ability to separate the Higgs
signal into gluon initiated events and VBF events is crucial for the extraction of Higgs coupling constants.

4.2.5 Associated Production

At the LHC the process qg — V h offers the hope of being able to tag the Higgs boson by the V' boson
decay products [52], although as shown in Figure 6 the rate is significantly smaller than the dominant
gg — h production mechanism. The cross section for W h production is,

GEMY | Vig P 1y sAwh
5(q7, — WER) = w1 Vi A2
oty = Woh) = sm iz s |V e |

87)

where A\, = 1 — 2(M3, +m3)/s + (M3, —m3)?/s* and V;; is the CKM angle associated with the
qiq;W vertex. The rate for Zh is about a factor of 3 smaller than that for Wh and analytic results can be
found in Ref. [4]. The NNLO QCD and NLO electroweak corrections are known, so there is relatively
little uncertainty on the prediction [53, 54].

The V'h associated channel has recently been used to observe the decay h — bb [55, 56], using
the jet substructure techniques first proposed in Ref. [57]. The idea is that by going to high transverse
momentum for the Higgs, the backgrounds can be significantly reduced. Jet substructure techniques are
discussed in the lectures of Schwartz at this school [58].

4.2.6 tth Production

The top quark Yukawa coupling, Y7, can be directly measured in the tth process shown on the RHS
of Figure 5. Recall that the gluon fusion production of the Higgs is also proportional to the top quark
Yukawa, but in addition it can receive enhanced contributions from the bottom quark Yukawa interactions
in some BSM scenarios, along with contributions from new colored scalars. The NLO QCD [59-62] and
electroweak corrections [63,64] for tth production are known and contribute to very precise predictions
[30]:

VS =8TeV oy = 133 pbT (scale) £ 4.3%(PDF + )
VS =13TeV oun = 507 pb %% (scale) g0 + 3.6%(PDF + a).  (88)

Although numerically small, electroweak corrections spoil the direct proportionality of the lowest order
cross section to Y;2.

This process has large backgrounds from ¢tbb and tZjj. In order to suppress the backgrounds,
many tth searches are done in the boosted regime, where the electroweak Sudakov logarithms become
relevant. A definitive measurement of this channel has not yet been made, and will be one of the impor-
tant milestones of the coming LHC run.

The associated production of bbh is not relevant in the SM, but can be important in models with
enhanced b Yukawa couplings.
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Fig. 13: Contributions to gg — hh in the SM. The dominant contribution to the triangle and box diagrams are
from the top quark. In this figure, H is the SM Higgs boson.

4.2.7 Double Higgs Production

Finally, we need to measure the parameters of the Higgs potential, Equation (30), to determine if elec-
troweak symmetry breaking really proceeds as in the SM. In the SM, the Higgs potential is,

m2
vV = 7hh2+>\3h3+>\4h4, (89)

where A\3M = m2 /(2v) and A§™ = h?/(8v?). It is apparent that the Higgs self- couplings are weak,
MM = 130, MM =03, (90)

The only way to directly probe the k3 coupling is by double Higgs production and the dominant produc-
tion mechanism is gluon fusion as shown in Figure 16. The result is sensitive to new colored particles
running in the loops, along with modifications to the Higgs tri-linear self-coupling and the top quark
Yukawa coupling (Equations (89) and (26)).

The large m; limit has been used to compute QCD corrections to NLO [65] and NNLO [66]. In
this approach, a K factor is computed:
d
K = YONNLO 1)
doro

where the distributions in Equation (91) are computed in the m; — oo limit and are then used to rescale
the lowest order distributions computed with finite m,® [67-70]. The exact NLO result for double Higgs
production including all top mass effects is now known and can be used to obtain distributions [71, 72].
The effects of including the top quark mass exactly at NLO are significant and reduce the total cross
section by ~ 14% at 14 TeV from the B.i. NLO HEFT limit. Including the top quark mass effects also
has significant effects on distributions, as demonstrated in Figure 15.

The dependence of hh production on A3 from various production mechanisms is shown in Figure
16 [73] as a function of d3 = ﬁ ?
3

The best current limits from the 8 T'eV data on double Higgs production are,

o(pp — hh)
<29 ATLAS,
o(pp — hh) |sm
olpp = hh) 4 CMS , (92)

o(pp — hh) |sum

which still leaves a way to go before we get to an interesting regime. The ATLAS limit is from the bbbb
final state [74], while the CMS limit is from the bb~y~y final state [75]. ATLAS estimates that a luminosity
of 3 ab~! will be sensitive to 63 > 8.7 and d3 < —1.3 [76]. This is clearly not the precision measurement
we desire and the need to measure the Higgs tri-linear coupling is one of the major motivations for a
100 T'eV collider.

8This is termed the B.i. NLO HEFT in Figure 15.
The curve labelled EFT loop-improved is identical to the B.i. NLO HEFT approximation.
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Fig. 14: LO transverse momentum distribution for double Higgs production in the SM, compared with the large
m, limit, along with the first correction of O(s/m?).
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Fig. 17: Double Higgs production in the Zs symmetric singlet model with a heavy neutral scalar of mass My =
300 GeV [77].
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Fig. 18: Experimental limits from the LHC on hh production in a BSM theory containing an s— channel scalar
resonance with mass M x [30].

The fact that the SM rate for double Higgs production is quite small makes it an ideal place to
search for new physics. Many models (singlet, 2HDM, MSSM, NMSSM, etc) [77-81] contain heavy
neutral scalars that can decay into 2 SM Higgs bosons with a significant (~ 30%) branching ratio.
In these models, there is an s— channel resonance from the heavy Higgs particle, and there will be
interference between this new scalar and the SM Higgs giving the classic dip structure shown in Figure
17 for the example of the singlet model. Limits on resonant decays in the generic BSM process, gg —
X — hh for various final states are shown in Figure 18, where for heavy resonances, the most important
search channel is the 4b final state.

It has been proposed that indirect limits on A3 may be extracted from the dependence of elec-
troweak radiative corrections to single Higgs production on the Higgs tri-linear coupling. This coupling
enters the rate for gg — h at 2— loops and contributes to the tth, V' h, and VBS processes at 1— loop.
Of course )3 is not a free parameter in the SM, and some care must be taken with the renormalization
prescription. Ref. [82] obtains the allowed 20 region from a fit to single Higgs production,

—9.4 < 03 < 16. (93)

Similar allowed regions are obtained in Refs. [§3—85]. The allowed parameter space from current fits to
single Higgs production are not significantly different from the expected limits on A3 with 3 ab~! at the
LHC.
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5 Effective Field Theory and the Higgs Boson
5.1 Higgs Boson Coupling measurements

The production of the Higgs boson in Run-I at the LHC produced results which basically agree with the
SM predictions at the 10 — 20% level [86]. Preliminary Higgs coupling results at 13 TeV [56,87-91],
are also in reasonable agreement with expectations. The rates are as predicted, and there are no non-SM
like light (EW scale) particles observed.

What we need is a way to quantify small deviations from the SM predictions. The simplest way is
to introduce an arbitrary scaling into the SM interactions,

_ M
L. = zf,@f%ffh + kg My W W, h + ngc—;Z“Zuh. (94)

In the SM, all k parameters are 1, so a deviation would indicate some physics not contained in the SM.
Of course, Equation (94) is not SU(2);, x U(1)y gauge invariant, but it serves as a starting point for
study.

For a given production and decay channel, : — h — 7,

9 o(i — h)
K, = —/————
J(Z — h)SM
I'(h — )
2
K = ——————. 95
! L(h — j)sm ©)
The x formalism also rescales the total width,
_ I
I, = Yxw%I['(h— XX)+T'(h — invisible) (96)

where I'(h — invisible) is any unobserved decay. This approach assumes that there are no new light
resonances, no new tensor structures in the Higgs interactions beyond those of the SM, that the narrow
width approximation for Higgs decays is valid, and is based on rescaling total rates (that is, no new
dynamics is included).

A combined CMS/ATLAS fit is shown in Figure 19. This particular fit does not allow for new
physics in the gg — h and h — 7~ channels, but instead parameterizes the effective couplings in terms
of the SM interactions of the Higgs with the top and bottom (k) and with the 1V and top (k) as,

Ko ~ L1.06k7 + .01k; — 0Tk

K2~ L59kjy + 07k7 — 66Kk . (97)

Similar results are shown in Figure 20, and again the results are in general agreement with the SM pre-
dictions. With the addition of 13 T'eV data, the Higgs couplings should become even more constrained.
In particular, the ¢¢th and bbh coupling measurements have been significantly updated from Figure 20.

ATLAS and CMS have various types of fits. In some fits, they separate Higgs bosons from different
production and decay channels. Other fits allow for unobserved decay channels, or new contributions to
gluon fusion or the decay to v. None of the fits show any significant deviation from the SM predictions.

Finally, a fit to all Higgs production and decay channels yields the combined ATLAS/CMS result
(861,

= % = 1.0 & 0.07(stat) % 0.04(syst) = 0.03(theory) . (98)
From Equation (98), it is clear that the accuracy of the theoretical predictions will soon be the limiting
factor in the interpretation of Higgs measurements.

To improve on the fits to total rates, we need to construct an effective field theory, which is the
topic of the next section.
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5.2 Effective Field Theory Basics

The effective field theory (EFT) Lagrangian we use assumes that there are no new light degrees of
freedom and is constructed by writing an SU(2);, x U(1)y invariant Lagrangian as an expansion in
powers of v/A, where A is some high scale where we envision that there is a UV complete theory
[94,103],
05 0,6

Lerr = Lsy + Einoﬁ - Ziﬁo? + e (99)
and O} is a dimension-n operator constructed from SM fields. The EFT allows for a systematic study of
BSM physics effects in a gauge invariant fashion and radiative corrections can be implemented order by
order in .

The only possible dimension-5 operator violates lepton number conservation and is typically ne-
glected in studies of Higgs physics. There are many possible bases for constructing the dimension-6
operators, of which the most well-known are the Warsaw [95], HISZ [96], and SILH [97] bases. By
using the equations of motion, there is a mapping from one basis to the next [98,99]. Note that the HISZ
basis does not contain fermion interactions.
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There are several approaches to using the dimension-6 truncation of the EFT of Equation (99).

One could calculate an amplitude to O <X22> ,

AG
A Asu+ 55T (100)
Squaring the amplitude,
AG
[ AP~ s+ =555 7, (101)

we obtain results that are guaranteed to be positive-definite. The problem is that Equation (101) contains
terms ~ (A%AiFT) that are of the same order in v?/A? as the neglected dimension-8 terms. The expansion
only makes sense if

| Abpr P<<| ASnALrr | (102)
which can be arranged in some BSM models [100] .

We begin by considering a simple EFT with just 2 non-SM terms,

oY,
L~ Lsy + 4—@(@@)(;/4 GHA 4 < 1’;;@%(@@) + h.c.> . (103)

After spontaneous symmetry breaking, the top mass is shifted,
Yiv v2e
=—(1—-—%]). 104
my /2 < A2 (104)
The Higgs coupling to the top quark is no longer proportional to m; and Equation (103) becomes
Qg cg A fuvA - h v2e

When flavor indices are included in the fermion interactions, Equation (103) can generate flavor violation
in the Higgs sector [101].

Both ¢, and ¢; contribute to gg — h,10

( ) (9 ) 2( — ) 7m,21 L}4
o(gg—h)=o0 g—>h3M(1—|—2 3¢ c>+(’)( , )7 (106)
AZVT T m3?’ A2

and so gluon fusion cannot distinguish between ¢, and ¢; [102-107]. The tth process is independent
of ¢4 at leading order and can be used to obtain a measurement of ¢;. Once radiative corrections (both
QCD and electroweak) are included, however, the situation becomes murkier and the ¢th rate is no longer
directly proportional to c;.

We turn now to a discussion of the effects of dimension-6 operators in the electroweak sector. As
an example, we consider the SILH basis relevant for gauge-Higgs interactions [97],

2 2
c he=g Y
Lsin = 2A2<aﬂ| |2) +2AT2<<I>TD“<I>) +<ff|<1>|2f <I>fR+hc>— o

igew R virrd ig'cp — Y
+51 (qﬂo D%) <D WW> +h (@TD%> (D BW>

Caveat emptor: Practically every EFT paper uses different normalization and sign conventions for the EFT operators. The
only way to check results like Equation (106) is to start from the definition of the operators in the Lagrangian.
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Note that the normalization of the operators is arbitrary and merely reflects a prejudice about the origins
of the new physics, I = 1,2, 3 are SU(2) indices and we have not written terms involving only fermions,
or terms that do not contain a Higgs field. Many of the operators of Equation (107) introduce momentum
dependence into the Higgs couplings to SM fermions and so the kinematic distributions of the Higgs will
be affected.

We briefly discuss some of the phenomenological effects of Equation (107). Three of the co-
efficients are strongly limited by precision electroweak measurements as parameterized by the oblique
parameters,

2

AT = %CT
M2
AS = A—gV(cW+cB). (108)

Using the fit from Ref. [15], | er | £ O(.03) and | ey +cw | S O(.1) for A ~ 1 TeV.

The coefficient cg modifies the Higgs boson kinetic energy. The physical Higgs field needs to be
rescaled, )

CHY
h—=hll——=% 109
(1) -
in order to have canonically normalized kinetic energy. This shift introduces a dependence on cy into all
2

of the Higgs decay widths. The tree level Higgs decay widths to O(§z) in the SILH formalism are,

F(h—)WW*) . 1_1)72 o — 2 c +CHW
T(h— WW*) s AZ|HTIN\W T 62
I'(h — ZZx) B v? 9 9 caw + tan® acyp
Th = 227 sy 1—A2[CH—g cw + tan® Owep + 162
7 2
L(h = ff) lsm A

(110)

The loop processes, gg — h and h — <7, also receive corrections from the EFT operators. The
expressions for Higgs decays in the SILH Lagrangian have been implemented into an update of the
HDECAY program, EDECAY [108]. In the Warsaw basis, they can be obtained using the SMEFTsim
code [109]. Fits to the EFT coefficients can be performed using total Higgs rates (as is done in the
formalism) or including information from distributions [83, 110]. The kinematic information provides a
significant improvement to the fits from using only the total rates.

Some of the operators of Equation (107) not only affect Higgs production, but they also change
the WW Z and W W~ vertices. Assuming CP conservation, the most general Lorentz invariant 3—gauge
boson couplings can be written as [111,112]

LV = —igWWV [g}/ (WJ,;W_MVV — Wl;,W—HLVV) + /‘CVWJWV_VMV
AV
wit W‘“VV””] , (111)

Tz
M2, pp
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where V = (Z,7), gww~ = e, and gwwz = gew. Inthe SM, g7 = ¢] =% =7 =1, A% = X7 =0
and SU (2) gauge invariance implies,

A= N
$2
gof = &7+ (W -1). (112)
‘w
The fields in Equation (111) are the canonically normalized mass eigenstate fields. These coeffi-
cients can be mapped to EFT coefficients in a straightforward manner and a subset of the dimension-6
coefficients contribute both to gauge boson pair production and Higgs production [110, 113, 114].

A consistent fit must include not only Higgs data, but also fits to anomalous gauge couplings. In
Figure 21, we show fits to 3 of the EFT couplings that contribute to both W W~ and Higgs production,
including only LEP data on W W~ pair production, only LHC data on W W~ and Higgs production,
and the resulting fit combining the two. The LHC results have now surpassed the LEP results in terms
of precision [110]. This figure includes the full set of dimension-6 squared contributions. In terms of the
parameters of Equation (111),

2A%

fw = @(91 - 1)
2A2

fo = Sp| (e =D —dlof - 1)
w
42

fwww = 55 A7, (113)
392 M,
w

Global fits to EFT coefficients in the SILH basis can be found in Ref. [83,115] and in the Warsaw
basis in Ref. [113]. Many of the EFT coefficients are only weakly constrained. These results illustrate,
however, that fits performed to only a single operator typically significantly overestimate the sensitivity.
As of this writing, the experimental collaborations have not performed such global EFT fits.

Finally, it is interesting to ask what the target precision is for measuring EFT coefficients. In any
given UV complete model, these coefficients can be calculated, and the scale A will be of the same order
of magnitude as the mass of the new particles. This suggests that as direct searches for new particles get
more and more precise, it is necessary to measure the EFT coefficients more and more precisely. In a
specific UV complete model, not all coefficients will be generated, and the pattern of non-zero coeffi-
cients will be a guide to the underlying model. The EFT coefficients for numerous models with heavy
scalars [116—120] and heavy vector-like quarks [121, 122] are known and suggest that measurements of
O(2 — 3%) will be necessary to probe models with new particles at the 2 — 3 T'eV scale.

6 Outlook

The discovery of a SM-like Higgs boson opened a new era in particle physics. We do not yet know if
we have discovered a Higgs boson or the Higgs boson. To make this determination, the measurements
of Higgs interactions need to be improved to the few % level and the Higgs self-interactions need to be
observed. These precision measurements will begin during the high luminosity run of the LHC, but will
require a future high energy hadron collider or eTe™ collider to reach the desired accuracy. A limiting
factor will be the precision of theoretical predictions—predictions accurate at the few % level will require
a dedicated effort in the coming years and improvement of our knowledge of PDFs. I have not discussed
models with extra scalar particles other than the singlet model. One of the most important efforts of
the Higgs program in the next few years will be the search for additional Higgs-like particles. The
observation of another scalar would be the cleanest possible indication of new BSM physics in the scalar
sector.
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1 Introduction

Neutrinos are shy particles in the laboratory, but make several relevant contributions in cosmology and
astrophysics. They could be responsable for the observed matter excess of the Universe [1], and possi-
bly also the dark matter [2]. We know that there were three species of relativistic neutrinos in thermal
equilibrium in the plasma when the Univers was a few minutes old at the moment of Big Band Nuceosyn-
thesis [3], because the observed primordial ratios of light elements depend on the energy density at the
time. Additional constraints on the summed-mass, and number of light neutrinos in equilibrium are ob-
tained from the observed anisotropies in the Cosmic Microwave Background (CMB) [4]. In the following
1010 years of the life of our Universe, stars were born, radiated photons and neutrinos, and died — the
massive ones in supernova explosions [5] (whose explosion probably required assistance from neutri-
nos), thereby spreading heavy elements through the Universe and making our life possible. Humanity
became acquainted with neutrinos only in the previous century, and in the last decades, they have given
us laboratory evidence [14, 15] of New Physics beyond the Standard Model (SM). This has generated
significant interest in the community — so many excellent review articles are available. Some review
articles that I have read (much more complete than this introduction), can be found in reference [6], and
useful websites in reference [8].

1.1 Notation

I use chiral (2-component) spinors, but 4-component spinor notation, where a 4-component spinor x has
4 degrees of freedom labelled by {4+ FE, +s}, and can be written in the chiral decomposition

=() ce={T ol S S =0 Y _01(]1)

where ¥y, = Prx,%r = Pgryx with P, = (1}75). Recall that chirality is not an observable, but

becomes helicity (the projection of spin along the direction of motion +£5 - k=41 /2) in the relativistic
limit, and is simpler to calculate with than helicity.

In later sections of these notes, the chiral subscript on the fermions may suppressed (for instance,
in the leptogenesis section, I write N for Np).

The Higgs vev v = 174 GeV.
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2 Neutrino interactions
2.1 Weak neutrino Interactions in the Standard Model

The Standard Model (SM) contains 3 generations of lepton doublets, and charged singlets:

Vel, VuL VrL
€aLe{< er > , ( L ) , < - )} ear € {€Rr, R, TR}

which here are listed in the charged lepton mass eigenstate basis, to which a greek index is commonly
attributed. I do not include a vg in the SM because data did not require m, when the SM was written
down, and because vy has no gauge interactions, so a vy is not required in each generation for anomaly
cancellation. However, some authors consider that the SM can be defined including three vz and neutrino
Dirac masses, in which case they do not count neutrino masses as evidence for “New Physics”.

A Lagrangian which reproduces all the observed interactions of neutrinos and charged leptons is:

—— .7 S —H*
L = ilrY"Dulra +i€raY' Dyera — |(Val, €al)Ya ( 1704 > €aRr + h.c.} 2)

where o € {e,u, 7} is a sum over generations, £ is in the charged lepton mass basis, the covariant
derivatives are

.9 avrra | - .
D,=0,+ i50 Wi +ig'Y(L)By , Dy =0, +ig'Y (er)B, 3)

B*# is the hypercharge gauge boson, the fermion hypercharge is Y (f) = T3 + Qem, and HT =
(—H*, H%) gives masses mq = ya (H") to the charged leptons.

The first term of eqn (2) EZ YD lLq gives:

9__ 7 W+
— 2 cos Oy 1 NoMEL vy,
v, er )" - ( ) “4)
( ) ( %W# eA, — .7, ) er,
where sy = sinfy, tanfy = g¢'/g, and the photon and Z fields are defined as A, = cw B, +
SWWE s Ly = —sw By + wag. This gives the familiar Feynman rules illustrated in figure 1. These
W, Zy
§ I el 5) ; g (1—75>
(/5\\ _?I\/Eﬁy“ ( 2 / \‘ _@2 cos Oy 7“ 2
eLa/ Vg ]/OZ/ Vg

Fig. 1: W,Z Feynman rules in the SM with massless neutrinos

Feynman rules illustrate that, in the SM, there is no flavour change in the lepton sector — lepton flavour
is conserved.

The Lagrangian of eqn (2) does not only reproduce all lepton interactions (except neutrino oscilla-
tions); it is also the most general renormalisable, SU(2) x U(1)-invariant £ for those particles. In order
to see that, one has to show how to get rid of flavour-changing kinetic or Yukawa terms such as:
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Since such terms are gauge invariant, the most general Lagrangian can be written as

b r Sbo
il Zoey" Dyl + ier! 237" Dyely — 1y [VelbaHeh + hec. (5)
and the next few paragraphs aim to show that eqn (5) can be transformed into the canonical version give
in eqn (2).

The first step is to diagonalise Z, which must be hermitian because £ should be real. It can
therefore be diagonalised as V ZV1 = Dz where V is unitary and Dz diagonal, as

T /e 7 ‘e 77 /! —b
P2y DU = E[lf[VZTDZVZ]bc]ng = ' Dy, PO =101 P

where at the last equality, the eigenvalues of Z were absorbed into the definition of the fields. This is
allowed, because the magnitude of a fermion field cannot be measured.

The basis transformation and field rescaling that removed the Z matrix affect the definition of the

Yukawa matrix. Defining Yo = Dgl/ 2Vz"§fe (and implicitly performing similar operations to remove
Z(©)) | the Lagrangian now can be written

—T _
L o= ity PO +ichPeh—{ (¢ [YeloeH)ek +he}

where [Ye] is in principle an arbitrary 3 X 3 matrix. A diagonal charged-lepton mass matrix can be
obtained by different unitary transformations on left and right:

Vi[YeVi = D,

(Notice that the Yukawa index order is LR in these notes). The matrices Vr,, Vr can be obtained by
diagonalising the hermitian matrices [Ye][Ye]l = VLTDEVL and [Ye|'[Ye] = V}%DEVR.

2.2 Gravitational interactions

Neutrinos also have gravitational interactions, as is expected form the equivalence principle, since they
carry 4-momentum. We know this because light elements (such as H, D, *He, and ” Li) were produced
in the first few minutes of the life of the Universe (“Big Bang Nucleosynthesis” [3]), and their primordial
abundances can be infered from observation. They depend on the age of the Universe at the time, which
depends on the energy density (dominated at the time by relativistic species), and allows to conclude that
three or four species of neutrino were in thermal equilibrium in the Universe at that time. Current Cosmic
Microwave Background data can constrain neutrino parameters [4], which also confirms that neutrinos
have gravitational interactions.

2.3 Historical problems

Since a long time, neutrinos have disappeared... The solar neutrino problem is the most long-standing:
the sun produces energy by a network of nuclear reactions, which should produce v,, which escape the
sun without interacting. The photons diffuse slowly to the surface. However, the observed v, flux from
the sun is ~ .3 — .5 that expected from the solar energy output. This problem was resolved by the SNO
experiment [14], who showed that the flux in all flavours was as expected from the photon output, and as
predicted by solar models.

There was also an “atmospheric neutrino problem”, which was a deficit in the neutrinos produced
in cosmic ray interactions in the earth atmosphere: such interactions produce many pions, who generi-
cally decay (7~ — uv, — evev,,) to twice as many v, + v/, as v, + .. However, there was a deficit
of v, + v, and the community became convinced that neutrinos had mass, when the SuperKamiokande
Collaboration [15] showed that there was a deficit of v, 7, from below, that could nicely be fit by
v, — v, oscillations.
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3 Neutrino masses

Before discussing oscillations and the kinematics of m,, let us first think about how to write a mass
term for neutrinos in £. Since it is known from cosmology that neutrino masses S eV, we start in the
effective QED and QCD invariant theory that is relevant below myy, and neglect the SU(2) invariance of
the Lagrangian. Then the only constraint on the neutrino mass is that it must be a Lorentz-scalar. The
only possibility that can be constructed with two chiral fermion fields is

mpy = mypr + mypyYr (6)

3.1 Dirac masses

The first way to construct such a mass term for an active vy, of the SM, is to introduce a chiral gauge
singlet fermion v for each SM generation. Then one can construct a fermion number conserving mass
term, as for other SM fermions: mvy, vg + mUg vy,. In the full SU(2)-invariant SM, this can be written
as:

7L, er) ( gf > Vi + h.c = NCH)vg + he — m = MNHp)

In three generations, the neutrino Yukawa coupling \ generalises to an arbitrary 3 X 3 matrix [A],7,
which can be diagonalised like other Yukawa matrices with different unitary transformations on left and
right: U[A] U};y = D,,. If this diagonalisation is performed in the charged lepton mass eigenstate basis,
the matrix U is the leptonic version of CKM sometimes called the PMNS matrix (Pontecorvo, Maki,
Nakagawa and Sakata).

3.2 Majorana masses

There is a second way to write a Lorentz-invariant mass term for vy, in our low-energy not-SU(2)-
invariant theory. This is called a Majorana mass term. It uses the fact that the charge conjugate of v, is
right-handed: charge conjugation on a Dirac fermion is defined as

0 0 0 1 ( V7 )
c . n . * i~ Kk 0 0 -10
P = —ivmed’ = —ivreort =iVt = 0 -1 0 0 VR
1 0 0 0

so applied to the v, this gives

(ve) = ( 8 ) « = <.O >* )
)

This allows to write a mass term with only v, (no new fields are required):

SPzn) + o) = Sl o) + () ove]

2
.m m
= —ZE[Z/EO'QVZ + VEUQVL} = S VLVL + h.c.
(where the second line is in 2 component notation for fermions, reviewed in appendix 12, which has the
attraction of being less cluttered).

Notice that the mass term involves either the field twice', or its complex conjugate x charge conju-
gate, so this mass violates fermion number by two units, and cannot be written in this way for a fermion

! The factor of % in £ is to avoid 2s in Feynman rules and physical parameters, because I work in conventions where v¢ and
v are considered identical. Recall that Feynman rules are obtained as 6™ L/dv™, so §(v°v)/dv = 2v.
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with gauge interactions (= with a conserved charge). So the simplest way to write this mass term in the
full SU(2) invariant SM is to write the dimension five operator (often called Weinberg operator)
K - m K
L=..+—CH)(H) + h.c. - —7gv§ + hc. , m=—(Hp)? 8)
2A 2 A
Since this operator is non-renormalisable, we assume it is induced by heavy new particles at the scale
M, whose interactions with active neutrinos are parametrised in K.

With multiple generations, the Majorana mass matrix %ﬁa [m}ag(uL)% is symmetric?, so can be
diagonalised as:

U'mU = D, . 9)
If the eigenvalues of m are non-degenerate, the matrix U can be obtained by diagonalising UtmimU =
D2.

The diagonalisation recipe of eqn (9) implies that the eigenvector equation for Majorana matrices
is modified with respect to the familiar case of a hermitian matrix H with eigenvalues h; and eigenvectors
U;: HU; = h;v;. In the Majorana case, eqn (9) implies mU = U*D,,, or mu; = m;u;, where the
eigenvectors ; are the colomns of U.

33 U

The leptonic mixing matrix, which lives in 3 generation space and rotates from the charged lepton mass
basis (index «) to the neutrino mass basis (index ¢), has three angles and at least one phase:

[ 1 0 0 C13 813671’6 C12 sio O
Uai = 0 C23 593 0 1 0 —S12 C12 0 P
L 0 —823 (23 —Slgeié 0 C13 0 0 1
[ €12C13 C13512 size” %
= —C23812 — C12813523€"°  C1aCa3 — S12813523€"°  ci3S03 | P (10)
S23512 — C12C23513€"0  —C12523 — Ca3S12513€"°  C13023

where P is a diagonal matrix discussed in section 3.3.1, two of the angles are large, and the CP-violating
phase ¢ is placed on the smallest one:

923271’/4 0122’71'/6 91320.15,80(5N1.47T

The current experimental determinations of the angles can, for instance, be found in [10, 11]. For com-
paraison, the magnitudes of off-diagonal CKM matrix elements [11] are much smaller

Ve ~0.04 Vs ~0.225 V, ~0.004

One of the reasons that the PDG quotes ranges for CKM matrix elements, and for leptonic mixing angles,
is that CKM matrix elements are probed in meson decays, whereas the dynamics of neutrino oscillations
makes it convenient to measure the angles of the leptonic mixing matrix.

3.3.1 Majorana phases

The diagonal matrix of phases P is the identity for Dirac neutrinos, and diag{e_i‘ﬁl/ 2 emit2/2 1} for
Majorana. The origin of these phases can be understood as follows:

1. suppose that all parameters in £ that can be complex (U and m,;), are complex

Fermion operators anti-commute, but the spinor contraction for the Majorana mass is also antisymmetric. This is easiest
seen in 2-component spinor notation: 4 ;€,007; = —Uf€p0l7, = U7 €0,07,;, Where o, p are spinor indices, and 75 is the
operator for mass eigenstare j.
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2. There are 3 angles and 6 phases in a generic unitary matrix U (There are 18 real parameters in an
arbitrary 3 x 3 complex matrix; then the Unitarity condition UUT = 1 reduces this to 9.)

3. There are five relative phases between the fields er, ur, 71, 1, 2, 3 ...s0 they can chosen to
remove all but one phase in the mixing matrix.

4. now check that the masses can be made real: for dirac masses, the phase of the mass can be
absorbed with vry. If vz 3 has a Majorana mass, between itself and anti-self, the absolute phase
of v13 can be chosen to make the mass real. This fixes all LH fermion phases, so the phases from
my1, My2 cannot be removed. They contribute extra CP Violation in processes where Majorana
masses appear linearly (not as mm*, so not in kinematics = not in oscillations). These phases can
be left on the masses, or rotated into the diagonal P given in eqn (10).

3.3.2 Where do mixing matrices appear?

As in the quark sector, the mixing matrix will appear at W vertices. This can be seen by writing the
{e%}, and {v%} in the mass eigenstate basis (means Ug, is unphysical), and the ¢* in the mass basis of

charged leptons:
L er, » YL L »*L T

so the Lagrangian becomes

Ukljk > ( U kl/k
U "D, L)+ (U "D, L)+ ..
i( VL er)y < er i( VL HL) Y u

The 3 x 3 mixing matrix U, ; appears at W+ vertices

9UZs—
e VL7“W+6L+

V2

while the Z vertex remains flavour-diagonal:

o Z 2 ajVL’y Z+UakVL —5]k; VL’}/MZ—’_Z/L .

3.4 Dirac vs Majorana

There is a discrete difference in the number of light degrees of freedom required for Dirac or Majorana
masses: a vy, with a Majorana (Dirac) mass requires one(two) light chiral fermions. However this distinc-
tion is not currently observable. There is also a continuous difference, that Majorana masses are Lepton
Number Violating(LNV) so give rise to AL = 2 processes e.g. 0v2(. There is also more CP violation
in the Majorana case (all but one of the Majorana  masses are complex), but this is only detectable in
LNV processes.

In the community, it is common to present Majorana vs Dirac as a “either—or” question. Which
it is, as a “model discrimination” question: are there three light majorana v with LNV masses, or three
light dirac v with LN conserving masses. However, if its neither of those models, it seems to the author
that the question is continous, not discrete, because the phenomenological question is the LNV rate (one
can’t measure number of light chiral fermions). For instance, if ones adds an undetectably small LNV
mass to a Dirac mass matrix; does that make the neutrinos Majorana? (There would be 6 chiral fermions
as for Dirac, and no observed LNV. This case has been studied recently in [16].)
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4 Two generation vaccuum oscillations

This section gives three derivations of the 2-neutrino oscillation probability in vaccuum. The first is
a relativistic quantum mechanics version, which in my opinion gives the right intuition and physics,
but contains several twiddles so the normalisation of the result is doubtful. The second is a quantum
mechanical derivation using the Schrodinger equation, which is easy to rederive and gives the correct
answer, but is a doubtable formalism for studying neutrinos (One can wonder if the Schrodinger equation
is appropriate for relativistic neutrinos, whether the v propagates with fixed k and variable energy, and
whether the notion of neutrino flavour eigenstate is useful, since we usually quantise mass eigenstates.).
The last is a quantum field theory justification for the Schrodinger equation version, whose purpose is to
justify the Schrodinger approach used for matter oscillations in a later section.

An insightful discussion clarifying many questions about neutrino oscillations can be found in
[17].

4.1 Relativistic Quantum Mechanics

We are interested in a physical process, where a muon decays at the production point, then later a muon
is produced in the detector. We do not know what happened between these two events, so we should sum
all the possibilities at the amplitude level.

We suppose a relativistic neutrino is produced in muon decay at ¢t = 0. We know how to quantise
and do perturbation theory with mass eigenstate particles, so we suppose that neutrinos propagate as
mass eigenstates. The amplitude to produce a mass eigenstate ¢ is

O(Um' .

The propagator for a scalar particle of mass m; to travel a distance L in time ¢ to the detector is

100,03 (1.0 x [ 325 ot

This position-space formula (which can be found in chapter 6 of Bjorken and Drell volume II) looks
unfamiliar, because propagators are usually given in momentum space. I suppose that including spin
would be a straightforward complication. The amplitude to produce a charged lepton e, at detector is
then:

Ao X ZUW' x e UEt=kiL) o Usj -
J
In the relativistic limit where m; < FE,p, one can take L ~ t so —i(E;t — p;L) ~ —i(E; — pj)L

E —p? m?2 . .
— J ~ g _J
(5oF p— L ~ —ig5Z L which gives

‘Aua‘Q _ ‘ZU —im; 2L/ (2E) U*]’2

In the 2 generation case, where the mixing matrix U is

U [ cos 81119}

—sinf cosf

one obtains

Pusr (t) =

. —im2 _
sin 6 cos @ <e maL/2E g ""3L/2E>‘
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A2
= sin?(26) sin? (L 4%2) A3y =m3 —m} (11)
A? L A% GeV
— w2 22 = )1 win2 s 2 , A= eY
Puosu(t) = 1—sin“26)sin <L4E> 1 — sin®(26) sin (1'27kmeV2 1B ) (12)

where F is the v energy and L is the source-detector distance (for atmospheric vs: E ~ 10 GeV and
L : 20km — 10000km. For reactor neutrinos, & ~ MeV and L ~ km). The probability for a muon
to decay in production and reappear in the detector (sometimes called the v, survival probability) is
illustrated in figure 4.1.

2 generation survival probability P( pu->i), 26 = 45,A mztm, E =GeV

P(p->p)
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4.2 neutrino oscillations in quantum mechanics(easy to rederive)

A relativistic neutrino, with momentum £, is produced in muon decay at ¢ = 0O (at Tokai/edge atmo-
sphere). It can be described as a quantum mechanical state: |v(t = 0)) = |v,). After it travels a distance
L in time ¢ to the detector, it can be written |v(¢)). We wish to calculate the probability with which it
produces an p in CC scattering at the detector:

Puosu(t) = [(wulv@®))? = 7

For two generations of massive neutrinos the flavour and mass eigenstates are related as v, = Uq;v;:

vy \ cosf sind v
v, )\ —sinf cosf vy )

If time evolution in the mass basis is described by a Schrodinger-like equation
d (v | B2 0 %) 2 _ 2 2
S(-[52]() e

lv(t)) = Z Upilvi(t)) = Z Uyje P v))

then one obtains

so the amplitude for the neutrino to produce a charged lepton « in CC scattering in detector after time ¢
is:

[(alv)| = > Uue FitUz;
J
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2,2 2
m3z—m; _ A3y
2F - 2E

So in the 2 generation case, usingt = L, F'53— FEy ~
given in equations (12) and (11).

one obtains the probabilities already

One can anticipate that if the neutrino propagates distances L > F /A2, some sort of decoherence
should occur, and one should sum the probabilities to propagate the various mass eigenstates. Issues of
quantum coherence and decoherence have been discussed in [17]. Here are just some simple estimates
about the overlaps of wavepackets:

1. at production, the neutrino energy and momentum are not perfectly known (otherwise one could
compute the masses as y/E?2 — p2), so one should sum the amplitudes for a given v5 and v3 to
have various energies and momenta: this gives two wavepackets of masses msy, ms.

2
2. The group velocity of the packets is v; = %—5 =L ~1- %, so after a distance L, the packets

have separated by

m3 —m3 I~ L 1
E? N gosc E

3. one could expect the packets to not interfere, if they are separated by more than their size, which
by the uncertainty principle should by ~ 1/(d|p|), where §|p| ~ 0E ~ the energy uncertainty of
the packet. So one expects the oscillating sin?(A2L/4FE) to average to 1/2 when

(U2 — Ug)L ~

L _E

gosc - E '

4.3 A skeletal QFT derivation of oscillations

One can think that since neutrinos are relativistic, one should do oscillations in Quantum Field Theory.
The aim of this skeletal derivation, is to show that QFT is equivalent to the Schrodinger equation of the
previous subsection.

In second quantised field theory, in the Heisenberg representation where operators are time-
dependent, the equations of motion for the number operator 7 are

d A
%ﬁ = +i[H,n] (13)
where the Hamiltonian H for vaccuum oscillations can be taken as free = ﬁo ~ > wny. Recall the
free hamiltonian is the sum over all states of the number of particles x their energy. It is the integral of
hamiltonian density, with which it should not be confused (the dimensions are different).

In second quantised formalism, in the conventions of Peskin and Schroeder, the neutrino field can
be written:

~ 3 . . A~
ORI / (;iwl))s\/;*E(”p'%(ﬁ)us(p)+ezp‘9”b£*<ﬁ)vs(p>>
s=+,—

where s is helicity, I is generation, a' creates particles, et bl creates anti-particules. The cre-
ation/annihilation operators a are defined here for energy= mass eigenstates, but the formalism is co-
variant.

We want to know the time/space evolution of a beam neutrinos (no 7), of positive helicity, and, to
simplify the notation, the momentum is fixed to p. The number operator for such modes is

sy (7) = 6l (Pal (7)

which is covariant in generation space (indices I, J).
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The equation of motion for the number operator 7 is given in (13), where
Z/ Cwrr(1F) (L, () + 2! ) wir = /P +mid
The commutator can then be calculated as
SO = [ (B (B )+ (Bl (B () al! (a7
~atl (7). (7) (w2 (B (R)a2 (F) + o (Ralf (B)a () )
—whalt(ma2
— z< [ o —m)fi%(ﬁ)dﬂﬁ) (w1 W2)Cz]+ (p)aZ.(p) ] > (14)

which turns out to be the equation one would obtain for the neutrino density matrix in the quantum
mechanical formulation.

To see this connection, identify the vacuum-expectation value (R (5)) = [f++]'7(p) with the
density matrix for the 2-state neutrino system. The QM density matrix for [v(t)) = s|v1(¢t)) + c|va(t))
can also be constructed as

Fos] = [ sl @)) ()] sl (b)) {(va(t)] ]
i sclva() (1 (t)] - lva(t))(va(t))]

One can then check that the evolution of [f ] given by eqn (14) and by QM Hamiltonian

—momi
4w 5 5
ms5—m
0o M

4w

is identical.

5 Two generation matter oscillations

Neutrinos have weak cross sections which are very small:g ~ G%Eg Nonetheless, when the propagate
in matter, they have an amplitude to notice the matter, which is o« G and can contribute an effective
mass. This effect is described by coherent forward scattering of v in matter, as illustrated in figure
2, which will give an extra contribution to the Hamiltonian. This effect can be relevant for neutrinos
propagating in the earth, the sun or supernovae, here only the sun is discussed.

Uy, U, Ve e

Y/

p7n7e p7n7e

Fig. 2: Forward scattering interactions(the neutrino momentum is unchanged) of neutrinos with matter. The Z
exchange diagram affects all neutrinos in the same way, so gives a contribution to the Hamiltonian o< identity.
Therefore it does not induce phase differences between the propagation amplitudes of different v;, and can be
neglected from oscillation studies.
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To see how forward scattering on matter can give rise to an effective mass, one can use the Hamil-
tonian Hy.,y = Ho + H;ne in the QFT derivation of oscillations, with

Hipt ~ 2V2Gr / d*z(De(x)Y Ppive) (éva PLé(x)) (15)

evaluated in a medium with electrons. Only the charged current interaction of v, with e need be included,
because the NC interaction is the same for all the v, so could only induce a universal a contribution to
H proportional to the unit matrix. One can show that

(medium|év, Pré(x)|medium) — 50@% ;

so that Hy,y in the flavour basis (v, (v, — Vu)/\/i), is

[COSB —sinﬁ][o 0 M cos sin@] [Ve 0}
Hypat = ...+ +

sinf  cosf 0 A2/(2E) || —sinf cosd 0 0
_ n —%cos%—i—v f—zsin%
4A—2 sin 260 4A—2 cos 260

where V. = V2Gpne.

This matter hamiltonian can be diagonalised by a rotation through the angle 6,5, where

AZsin(2619)
2 ma = 1
tan(20mat) 2BV, — A2 cos(2612) "
Al = \/(A2029 —2EV)? + (A?s20)?

so we see that for V, < % cos(2612), matter effects are negligeable. However the matter mixing angle
becomes maximal (6,4 — 7/4) when V,, ~ % cos(2612), corresponding to the MSW resonance. And

forV > % cos(2612), v, propagates as a mass eigenstate. A useful expression for V,, which allows to
estimate where matter is relevant for which energy neutrinos, is

Ye
Ve = \/iGpnfj:SeV p

1014g/cm3
n 10g/em? earth
Y, = —5—, p=< 100g/cm? sun (17)
N + Ny

10*g/em? supernova

Finally, it is important to notice that V, is of opposite sign® for 7, which allows to determine the sign of
the vaccuum mass difference A%,. In particular, since matter effects are observed in solar neutrinos, one
concludes that m3 > m?.

5.1 matter of varying density

In order to understand the effect of solar matter on the neutrinos exiting the sun, one should consider
matter of varying density. For varying p(r), the matter Hamiltonian becomes time-dependent:

—% cos 26 + V(t) 4A—2 sin 26
% sin 26 4A—E cos 26

3 The sign arises because the interaction Hamiltonian of eqn (15) contains vy D a'a, bb'. The negative sign arises in
anti-commuting the bb', in order to annihilate the incident & before creating the outgoing one.
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Fig. 3: On the right, solar neutrino fluxes and sensitivities of various experiments. On the left, the effective neutrino

2

mass? as a function of density, normalised to 2m? ;. Figures from hep-ph/0606054.

so the mixing angle 6,,,+ becomes time dependent. This is simple to account for in the adiabatic limit,
where the time variation émat can be neglected compared to the oscillation timescale. Then one can
imagine that if oscillations occur, they are between the instantaneous mass eigenstates. In the case of the
sun, the adiabatic condition is satisfied, and it turns out that the matter effect can suppress oscillations.

The core of the sun produces v, in various nuclear reactions, with energies from 0.4 to 10 MeV (see
[13] for a review). The principle fluxes, as well as the sensitivities of different detectors, are illustrated
in figure 3.

1. From equations (16) and (17), one sees that V, > A2, /2F for the E ~ 8 MeV Boron neutrinos,
observed in SNO and SK. So these v,s are mass eigenstates when they are produced, and remain
mass eigenstates as they exit the sun, despite that their mass is adiabatically changing. They have
no amplitude to be any other state, so there no oscillations, and they exit the sun as the heavier
mass eigenstate vo. This is illustrated in the left in figure 3 : the neutrino just tracks the mass
eigenstate (upper line). The probability to produce an electron in a detector on earth is therefore
|U 62|22

Pee >~ sin2 912

2. On the other hand, the matter potential V. is negligeable for the v, with energies ~ MeV, who
therefore oscillate as in vaccuum. However the vacuum oscillation length ~ % < Rgyn, so the

2 A°L
E

oscillations decohere (sin — 1/2) and the probability of producing an electron in a detector

on earth is 1
P.=1- 3 sin? 261

This explains why the v, survival probability was higher at the Davis experiment [12], than in the water
cherenkov detectors [14].

6 Three generations

It is well-known that the SM has three generations. Nonetheless, in neutrino oscillations, some observ-
ables can be approximately calculated in the much simpler 2-generation formalism, because the dynamics
of oscillations selects a particular mass difference and allows to measure a particular angle *. This is the
first topic of this section.

*So in neutrino physics, one quotes experimental constraints on the angles 6, rather than the matrix elements as is quark
flavour physics.
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Secondly, the CP-violating part of the 3-generation oscillation probability is introduced, and the
current preference of T2K for 6 ~ —7/2 is discussed.

6.1 The drunken Unitarity triangle

The unitarity triangle is less discussed in lepton flavour physics than in quark flavour. This is perhaps
because one discusses the angles rather than the matrix elements in the lepton sector, however, I use it
here to illustrate why 2-flavour oscillations can be a good approximation to some observables.

The amplitude to oscillate from flavour « to 8 over distance L is:
Aap(L) = U1 U, + Ua2U52e*i(m%*m%)L/(2E) + Ua3U53e*i(m§*m§)L/(2E) ) (18)

At L = 0, this is just the unitarity relations A,z = 1 for o = 3, A,3 = 0 for a # 3, which just say the

rows of U are orthonormal. The three terms (complex numbers) can be represented as vectors adding to

zero in the complex plane, as in figure 4. At L = ¢ = 0, eqn (18) implies that two of the vectors rotate in
A

/AN
/

\\\ * Uer
Ul Ul Ul Ul

UnsUy UaUgy UesU,
Ul Ul

Fig. 4: Example unitarity triangles: for & = p, S = e the triangle is flattened, because U.3 ~ sin 613 ~ 0.015 is
small. For o = p, 8 = 7, the triangle is more equilateral.

2

the complex plane, with frequencies (m i m?)/2F, so oscillations can be visualised as time-dependent
non-unitarity.

As a first example of why the two-flavour approximation works, consider the amplitude to oscillate
from e to e at an energy and baseline combination such that 4F/L ~ m2 — m?2. This corresponds, for

instance, to reactor anti-neutrinos travelling to the Kamland detector. The amplitude is

Aee(L) =Ua :1 + UGQU:2€7i(mgim%)L/(2E) + U63U:367i(m§*m%)L/(2E) (19)

and is illustrated on the right in figure 4. At L ~ (m3 — m?)/2F, vector 2 rotates, at a frequency (m3 —

m?)/2E, whereas vector 3 spins rapidly at a frequency (m3 —m?)/2E. The two-flavour approximation
works because U3 = sinfl3 is small, so the rapid spinning of vector 3 can be neglected.

As a second example, consider the determination of #;3 at reactors. The amplitude is again given
in eqn (19), and the diagram is again on the right in figure (4).

However, in this case, the energy-baseline is chosen such that 4E/L ~ (m3 — m?), so only the
third vector rotates. The first and second are stationary, and U,z ~ 63 is obtained by measuring the
small 7, disappearance, corresponding to the decreased length of the vector in figure 4, resulting from

the rotation of the short vector “3”.

6.2 Whatis left?

Adding three generations of massive neutrinos to the SM introduces new parameters: 3 masses and a
mixing matrix containing three angles and at least one phase. The three angles are measured, as are
two mass-squared differences: (m3 —m?), |m3 — mj2| From matter effects in the sun, it is also known
that (m3 — m?) is positive. Remaining to be determined are the sign of (m3 — m?) (refered to as the
“hierarchy”: m3 > mo > m; is the normal hierarchy, mo 2 my > mg is inverse hierarchy), the absolute

mass scale, and the phase.
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6.3 The phase 6

The CP-violating phase § would be absent in 2 generations, so all three generations must contribute to
the oscillation amplitude, in order to have sensitivity to ¢.

To compactify the v, — vg oscillation amplitude (eqn (18)), it is convenient to define’ Tji = (m? —

m?)L/(2F), and the mixing matrix combination ® \; = U,;U, ;- Then

Pas(L) = A1+ Ao+ As[? = MA5 — Ao — M\ — AfAs — Ashs — A3y
FAIAFe T2 L AT Nge T2 N NEe T8 - \T \ze 081
F Ao \5e T2 1 A3 Age 052
= s —4 Y Re{UniU5Us,Us; } sin® =2
1<J
+2)  Im{UaiU3,Uz;Uss} sin (20)

1<j

To make a first acquaintance with the real part of this formula, one can take the 2 generation limit
(a=u, =r7,i=2,j = 3) and see that the formula (11) is recovered:

Pur(L) = 0—4Re{—cosfsinfsinfcosfb} sin? %
+0

2 2
. 9 . o (mg—m3)L

= 20 —2 =
sin“(20) sin

The imaginary part of the three-flavour oscillation probability (the last sum in eqn (20)) represents
CP Violation, and it will give a dependence on the phase §. To see that this term is CP Violating, one can
check that it has opposite sign in the transition probabilities for v, — vg vs U5 — Vg . The amplitude
A(va — vg) was obtained in section 4.1; following the same steps, but using that the Feynman rule for
eq — Vi is ~ U}, one sees that the Imagainary term in eqn (20) is of opposite sign in the two cases.

It can be checked that {UaiUEiU ;jUgj} is invariant under changes in the choices of phases of
fields. made in order to remove phases from U. Recall that in section 3.3.1, the 5 relative phases of
{eq, vj} were chosen in order to remove 5 phases from U. If the field phases were chosen differently, for
instance e, — e~ v — vje %, then Upj — €7 "%«U, ;e but the combination {Un;Uj;Us;Ups;}
is invariant, because e=“®> cancels between U,; and U;j , etc.

Indeed, the combination {U,;U Eanj U; j} is proportional to the area of the unitarity triangle area,
and to the Jarlskog invariant. Suppose the phases are chosen such that the base = U1 U}, of the central
triangle in figure (4) is real. Then base x height o Im{UMlU:IU;jUTj} forboth j = 2and 57 = 3
(its less simple to demonstrate that the third term of the imaginary sum is also o the triangle area). To
compactify the notation, it is convenient to define

7 2
J = 8c13513€23523¢12512 2n

where the area of the triangle and the Jarlskog invariant computed from the neutrino and charged lepton
mass matrices are propotional to .J sin 9.

631 013,6atT2K

The current T2K data [19] has some sensitivity to the CP violating phase §, and favours a maximal value
d ~ —3m/2. The aim of this section is to understand this preference.

SFrom the review [7].
%The dependence on the indices «, § is suppressed because they are fixed by the physical process under consideration.
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AtJPARC, a beam of muons, [or anti-muons], hits a target, and produces neutrinos of energy ~ 0.6
GeV, which travel 295 km underground to SuperK. In order to be sensitive to 613 and 9, SuperK then
searches for electrons, [or positrons]. The baseline and energy are chosen to maximise the appearance
probability of electrons via the angle sin #13. So at leading order, the vaccuum probability is

2 2
P;Le =~ sin2(923) sin2(2013) SinQ(@) 31 = M (22)

2 2F
However, s3; ~ A3, /A%, so the 291 oscillations could give some detectable contribution, in which case
a dependence on ¢ becomes possible in the three generation oscillation probability. But if CP violation
from the mixing matrix is allowed in the calculation, matter effects should also be included, because, like
the Imaginary term in the oscillation probability of eqn (20), they are of opposite sign for neutrinos and

anti-neutrinos.

So in principle, the relevant amplitude is
Ape = Upn Ul + UpoUlpe ™2 + UysUze™
where 7 = A2,,,L/2F, and U are the mass differences and mixing matrix in matter.

Matter effects in three generations are discussed, for instance, in [18]; here, the small matter effects
are only included in the leading two-generation mixing term, following the discussion of section 5, so
eqn (22) becomes

Ppe sin?(fa3) sin2(2513) SiDZ(%) (23)

where 2EV, /A3, < .1, and the mass difference and mixing angles in matter are given in eqn (16).
Then the three-generation mixing term that depends on  can be included in perturbation theory
by writing e =2t ~ 1 — jA3 L/2E:

~ T ~A% L
Pue ~ sin®(0a3) sin*(26,3) SinZ(%) + J =27 sin(Z31) cos(+6 + %)

where J is defined in eqn (21).

The current T2K data contains a larger ratio of v, to 7, (electrons to positrons) than expected for
any value of . So there is a preference for ¢ that flips the sign of the second term. Since T2K is on the
oscillation peak x3; ~ 7/2, this suggests that § ~ 37 /2.

If this observation is confirmed with more data, it is doubly interesting: first because it indicates
that CP violation is generic, and not just a property of the CKM matrix. Secondly, leptogenesis scenarios
require CP violation in the leptonic sector, so its presence supports them.

7 Mass pattern/hierarchy

Two possible mass patterns, or hierarchies, are consistent with current oscillation data:

normal hierarchy: m; < mg < ms3

inverted hierarchy: ms < m1 < mg

It is known that m2% > m? because there are matter effects for Boron neutrinos exiting from the sun.

The sign of the big mass difference m?,) — mj2 appears in oscillation probability:

1. when v and 7 travel through matter, because the matter contribution to the Hamiltonian is of
opposite sign for v and v...

2. in 3-neutrino oscillations, where interference between A2, and A%, occurs, suppressed by sin? 613

So there are proposals [20] to determine the hierarchy by studying atmospheric v, and 7, in high
statistics detectors such as PINGU or ORCA [21]. Determining the hierarchy is also among the aims of
the DUNE experiment [22].
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8 mass scale
8.1 cosmology —a probe of the neutrino mass scale

The mass of neutrinos can have effects on the growth of Large Scale Structure, and also on the Cosmic
Microwave Background (principally its evolution from recombination until today).

The participation of neutrinos in Structure formation is intuitive: they are “hot dark matter”, that
is, in the early Universe after matter-radiation equality, neutrinos still have non-trivial velocities. They
can therefore free-stream out of over-densities, rather than collapsing with the overdensity as cold dark
matter would do. However, since the neutrinos progressively slow down due to the expansion of the
Universe, they only succeed in escaping from small overdensities, which suppresses the power spectrum
of Large Scale Structure on small scales. The scale below which the power spectrum is suppressed allows
to identify the neutrino mass. However, if neutrino masses are small, the suppression factor is small.

The effect of neutrino masses on the CMB is more subtle, because neutrinos become non-
relativistic after recombination (= the moment when the CMB is born), so their masses affect the propa-
gation of CMB photons from recombination until today. This is pedagogically explained in [4]. One of
the subtleties of the CMB dependence on neutrino parameters, is that other physical processes, encoded
in other parameters of the cosmological ACDM model, can have some of the same effects. This was
explored in [23], who obtained bounds on the sum of neutrino masses > = ZZ my, [23]

¥ 5 01— .6eV now: PLANCK,+LSS/Lya (in ACDM)
S 0.6—1eV  now: PLANCK + ... (in 12 param ACDM)
— S 2Matm cosmo.indep. (Planck + EUCLID...)

~ Matm ACDM

8.2 Beta decay

3 decay provides a direct kinematic probe of the neutrino mass, because m? distorts the e spectrum in
n — p + e + v. The KATRIN experiment [24], which is running now, uses Tritium, so consider Tritium
[ decay:

SH 33He+e+v,, Q=FE.+E, =18.6eV

where the high-energy tail of the electron distribution turns down due to the neutrino mass E, = ) —
E, < Q — “me, “. The endpoint of e spectrum can be described as :

Rt Z U] \/(18.6 keV — E.)2 — m2, (24)

The current 5-decay bound is m,, < 2 eV; the Katrin sensitivity [24] is expected to be ~ 0.3 eV.

8.2.1 v-capture and the Cosmic Neutrino Background

It is known that in the early Universe at the moment of of Nucleosynthesis (BBN), there was a thermal
density of SM neutrinos, comparable to the density of photons. So today there should be a Cosmic
Neutrino Background, comparable to the CMB, consisting of ~ 100v/cm? [25]. Detecting these non-
relativistic neutrinos would be interesting, and also difficult since their energy ~ m,,.

A not unpromising detection possibility [26] could be neutrino capture Sdecay: n+vonpg — p+e.
One can compare the v capture rate on a nucleus NV, to the usual 3 decay rate as the ratio of the incident
CNB number density to the outgoing phase space density in 3 decay:

_ 3
nens  Téwp L (10 leV ~10-24
v phase space w2 @3 20keV
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However, in the capture case, the electron energy is £, = @ + m,, so is 2m,, larger than the upper
bound of the 8 decay spectrum. So with improved resolution, perhaps the CNB could be measured by
observing electrons beyond the end-point of the 5 decay spectrum.

8.3 Neutrinoless double beta decay

Neutrinoless double beta decay (0v20) is a Lepton Number Violating (LNV) process, to which Majorana
neutrino masses can contribute. Other lepton number violating scenarios (such as sparticles in R-parity
violating supersymmetry) can also contribute, but here only the Majorana mass contribution will be
discussed.

For some nuclei, single 8 decay is kinematically forbidden: for instance, ggGe is lighter than
8 As, s0 $5Ge has a double beta decay to 2§ Se + eev, ., with a lifetime ~ 102! yrs. The lifetime is long
because the matrix element is suppressed by ~ G% (two W are exchanged), as illustrated on the left in

figure 5. In the presence of Majorana masses, double beta decay can be neutrinoless, as illustrated on

U U
d d
er, €r
Ve Ve
Ve Ve
d_@ oL d. W ‘L
U U

Fig. 5: Double beta decay (left) and neutrinoless double beta decay(right)

the right in figure 5. This diagram can only occur for Majorana neutrino masses, which violate lepton
number, because two units of lepton number disappear into the mass insertion x on the neutrino line. As
a result, the electrons emerge back-to-back, with opposite momenta and half the available energy each.
So the signature of 024 is a line just beyond the end of the electron spectrum of 2v double beta decay.

8.3.1 The Ov203 matrix element

The matrix element for 0v23 can schematically be written

nuclear
IM? = | matrix x‘ E UZm;
i

element

2

for m, < @ ~ 100 MeV (the mass of heavier Majorana neutrinos would appear downstairs in the
propagator). The calculation of the nuclear matrix elements is involved; experts obtain results in different
models that can differ by factors of a few [27,28].

It is interesting to focus on the neutrino part of | M |?:
2 2 2 —ig 2 2 —ig 2 iz |2
IM|* o |ef3ciae” "Pimy + cigsTae” “P2ma + size” “mg

where the majorana masses appear linearly, so accompagnied by their phases (or equivalently, by the
Majorana phases from P of eqn (10). So this Lepton Number Violating process is sensitive to the
Majorana phases.
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Fig. 6: | M| for 0v2 mediated by majorana neutrino masses, plotted as a function of the lightest neutrino mass.
The green region is allowed for the inverse hierarchy, and the red region corresponds to the normal hierarchy.. The
plot is taken from 1601.07512 by Dell’Oro etal [28].

8.4 What can we learn/confirm?

Suppose that the only source of lepton number violation is the majorana masses of the SM neutrinos, the
largest of which is ~ \/|m3 — m3|. Then the rate is larger for the Inverse Hierarchy my ~ ma > mg :
i2

3 _. 1 o
M2 |Ze_’2¢m1+—e_’2¢ My + s33€~ Sms|?

4
Sl |34 e 92

For this hierarchy, which corresponds to the green band in figure 6, either 02/ is observed, or neutrino
masses are Dirac.

On the other hand, in the case of the Normal Hierarchy, ( m; < mgo < mgs), the contribution of
the atmospheric mass is suppressed by 3%3:

3 . 1 o 1/ 1
M = [7e70ma 4 267 mg + (15) e il
3 2o

mi +6_Z2(¢_¢)|2

sol

2
= Mg |

so the rate is lower, and for m; ~ mgo/3 and suitably chosen Majorana phases, the matrix element can
vanish, despite that the neutrinos are Majorana. This case corresponds to the red region of figure 6.

8.4.1 A curious example of EFT

From an Effective Field Theory point of view, it may seem curious to set restrictive bounds on the
coefficient of of the dimension 5 operator ﬁﬁH £¢H, from upper bound on coefficients of dimension
9 or 11 operators such as

(@y" Prd)(ry, Prd)(CH)(¢°H)  (qriy" PLa)(arjv,Pra)(briH) (673 H)
dim9  (uy"Pgrd)(tuy,Prd)ee’
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because New Physics is expected to appear in lower dimensional operators (those of higher dimension
would be suppressed by additional powers of 1/Ayp).

However, the naive expectation does not take into account the matching of the SMEFT onto a
QED xQCD invariant EFT at myy, where the Higgs gets a vev. Factors of GGz and v can change operator
dimensions in this process, for instance the coefficient of the dimension 11 operator is only suppressed
by one power of Ayp:
K B _
~ 1}47(U’Y“PRd)(UVuPRd)(gH)(ECH)
Furthermore, Avogadro’s number( ~ 6 x 10%?%) is large, allowing a great sensitivity to rare decays
of otherwise stable particles: 0v23 may occur 10! times in the age of the Universe, but it still be
observed by watching a tonne of material for a year.

9 Mechanisms and models for small neutrino masses

This section outlines a few models involving heavy New Particles, that are renormalisable and can gener-
ate Majorana masses for the SM neutrinos at tree level. They are refered to as “seesaw models”, because
the light SM neutrino masses are obtained as the ratio of larger scales. These models are attractive
because they involve a minimal number of new particles and couplings.

There are three models that generate the Majorana mass operator

K - _ K (Hp)?
—[(H|[¢(°H cC——
5 A[ |[(°H] — vv A
by tree-level exchange of at most one new particle per generation. The new particle can be an SU(2)
singlet fermion (the Type I seesaw [29]), an SU(2) triplet fermion(the Type III seesaw [32]), or a scalar

triplet (the Type II seesaw [30,31]).

9.1 The Type I seesaw, one generation

Consider the type I seesaw [29] in one generation, where a singlet fermion Ny, with all its allowed
renormalisable interactions, is added to the SM Lagrangian. It is allowed a Yukawa coupling with the
doublet lepton and the Higgs, and a Majorana mass, which is not bounded above by the weak scale
because the mass of IV is not generated by the Higgs vev. The leptonic Lagrangian, written in terms of
chiral fermions, is then:

—-H* HY M
L% = he(vL,er) (HO* >eR+ 7T, e1) (H— >NR + 5 NENR + he.

M__
MeCLER + mpU, Ng + ?N]%NR—I—h.C.

where the second line gives the masses after the Higgs gets a vev. The neutrino mass matrix can be
written (in notation where v§ = (vr,)¢)

== 0 mp v
[ L
7 %) Ly 7 ()
Unlike a Dirac mass matrix, where different fields appear on either side, in this “Majorana” mass matrix,
the same chiral degrees of freedom appear on either side: to the left are all the chiral fermions in barred-

left-handed form, and to the right, the same fermions appear in unbarred right-handed form.

2
The eigenvectors/values are approximately vy, with m, ~ mWD and Np with mass ~ M.
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9.1.1 Factors of 2 in the seesaw

A Majorana mass m,, appears in the low-energy £ as %%VL + h.c.. The previous section showed

that in the low-energy effective theory after electroweak symmetry breaking, the type-1 seesaw gives
m, = m2D /M. Here we want to check that the same result is obtained with the SU(2) invariant model
and operator.

The SU(2)-invariant Majorana mass operator is of dimension 5, and can be written

o X (CCH)(¢H) + h.c. = £(?«:n(SMVHN)(em(S’”'“‘%rM) + h.c.

2A 2A

where n, m, N, M are SU(2) indices that run from 1 to 2. In the high energy SM, with dynamical Higgs,
this interaction has Feynman rule:

i 0L K L Gy HY 4 s Y TH)) 25)
000050 H0H,; 2N 000H0H, iN M
K §c
= i O o VHN M
oA SH o, N0+ 0N i)
K
= —ZX((SZ'](SJ'J +616i7) (26)

Now to match this operator onto the seesaw model, in the seesaw model there is an s and a ¢ channel

Fig. 7: Seesaw diagrams matching onto the Feynman rule for the one-generation neutrino mass operator, given in
eqn (26). 1, 3, I, J are SU(2) doublet indices that run over 1,2.

diagram, as illustrated in figure 7, so one obtains % = /\T\; in agreement with the result from diagonalising

the mass matrix.

9.2 The type I seesaw in three generations

Add 3 singlet Ngs to the SM (the chiral projection subscript will be dropped in the following to stream-
line the notation). One can always choose to work in the mass eigenstate basis of the charged leptons
and Ngs, where the Lagrangian can be written

. 1
L = ESM+AaJ€a'HNJ—iNJMJNj‘i‘h.C. 27

The three generation type 1 seesaw adds 18 parameters to the Lagrangian: three (real) singlet masses, and
18 real parameters in the Yukawa matrix A, from which three phases can be removed by phase choices
on the doublets /.

In the presence of electroweak symmetry breaking, for M >> mp = Av, the mass matrix for SM
neutrinos is

m,] = AMIATw? | v =(H).
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In the effective low-energy Lagrangian, where the SM neutrinos have this Majorana mass matrix, there
are nine new parameters in the Lagrangian: the three neutrino masses m;, ma, m3 , and the 3 angles and
3 phases of Upsns. There are therefore 9 free parameters of the high-scale model which are inaccessible
at low energy, so in a later section of these lectures, it will not come as a surprise that they can be chosen
to reproduce the Baryon Asymmetry of the Universe.

An attractive feature of the seesaw, is that one can easily obtain the observed neutrino masses for
reasonable choices of the singlet masses M and Yukawas \. For instance, if the neutrino Yukawa matrix
ressembles that of the up-type quarks, with A ~ hy, then m,, ~ .1 eV is obtained for M ~ 10'5 GeV.
Or if one prefers an electroweak scale M ~ TeV, then A ~ 1076 (~ the electron Yukawa coupling)
generates m,, ~ .1 eV.

However, a disadvantage of the type I seesaw, is that even if the singlets are kinematically ac-
cessible at the LHC, their only coupling to the SM is their Yukawa, which is small and suppresses the
production rate.

Another drawback of the non-supersymmetric seesaw is that the neutrino loop contributions to the
Higgs mass can be uncomfortably large. A one-loop diagram is illustrated in figure 8. The loop is finite

Fig. 8: Loop contribution to the Higgs mass in the seesaw model .

and calculable [33]:

t 3
2 ANz, 0 muMy o
omy ~ — E $2 Mji ~ Sr2gh ¥ (28)
I

so for M Z 107 GeV, this loop gives a larger contribution to the Higgs mass-squared than its observed
value. Of course, the Higgs mass sitting in the Lagrangian is unknown, so a cancellation is possible
but requires a “tuning” for which no justification is known. Alternatively, the loop contribution can be
cancelled by another loop contribution, as arises in, for instance, supersymmetric models.

9.3 A low-scale tree model detectable at the LHC: the inverse seesaw

The “inverse seesaw” [34] is a model that gives Majorana masses of the observed magnitude to the SM
neutrinos, and contains heavy singlets that could be found at the LHC. There are more new particles than
in the type 1 seesaw.

For each generation, add two gauge-singlet, chiral fermions N, S, which share a ~ TeV-scale
Dirac mass. In the one generation case:

_ _ 1_
Ezﬁs]v1+)\N€-H—NMS—§SMSC (29)
where NV is the usual “right-handed neutrino” who interacts with the SM doublet leptons via the Yukawa

coupling, and N and S share a TeV-scale Dirac mass M. Then a small (~ keV) Majorana mass p is
added for S. In the limit © = 0, lepton number conserved, and L=1 for ¢, N, S¢. However m, = 0 in
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this limit, as can by writing the 1 generation mass matrix in Majorana form

0 mp 0 vy
(v N© S)|mp 0 M N
0 M pu se

For 1 = 0 the determinant vanishes, but S and N share a Dirac mass M, so v, must be massless. For
u # 0, the determinant is um%, so for M > mp > pu, the three masses are M, M, szu/MZ. It is
straightforward to check that for A ~ 0.1, M ~ TeV, and p ~ 0.1 keV, m, ~ .1eV is obtained. So as
advertised, this model gives naturally small m,,, and singlets with TeV masses and with O(1) yukawa
couplings.

The three generation light neutrino mass matrix in this model:
] = NIM] ] [M] AT ~ .05 eV

(in square brackets are matrices) can be obtained diagrammatically from figure 9, where one distributes
the various mass insertions upstairs in the fraction if they are small, and downstairs if they are large.

vA M I M VA
vy, L

A
7 \

47

Fig. 9: Diagram for the SM neutrino mass in the inverse seesaw model

10 Leptogenesis

Leptogenesis [1,41] is a class of recipes, that use majorana neutrino mass models to generate the mat-
ter excess of the Universe. The model generates a lepton asymmetry (before the Electroweak Phase
Transition), and the non-perturbative SM B+L violation reprocesses it to a baryon excess.

10.1 The Matter Excess of the Universe

If you step out the door in the countryside at night, the sky is decorated with stars. Like us, they are all
made of matter, and the puzzle is to understand the origin of this excess of matter over anti-matter in our
Universe.

Stars are mostly made of Hydrogen, containing a proton(baryon) and an electron. So the matter
excess is equivalent to an excess of baryons over anti-baryons. Leptons are neglected in this discussion,
because (despite that every Hydrogen contains an electron), there should be a Cosmic Background of
Neutrinos whose density is far higher than that of electrons, which could contain a significant (and
difficult-to-observable) lepton asymmetry today.

We define the nucleons that we are made of to be baryons (as opposed to anti-baryons), then by
touching objects around us, we observe that they are also made of baryons (as opposed to anti-baryons)
because matter combined with anti-matter becomes a puff of photons. This argument can be extended
to the solar system (bathed in the solar wind), and to the scale of galaxy clusters, because if a cluster
of matter brushing against a cluster of anti-matter, photons would be produced by proton-antiproton
annihilation, and these are not observed in the cosmological spectrum. So we assume that all the Universe
we see is made of matter (dark matter, of course, can be matter-antimatter symmetric).
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The matter density of the Universe (~ 5% of the energy budget today) can be quantified [35] as

Yp= BB —386x10790zh% ~ (8.53 £ 0.11) x 107!
§ 0
where s is the entropy density (conserved during most the Universe history) whose value today sq is
about 7x the number density of CMB photons, and n g, (n3) is the number density of (anti)baryons. So

in practise, there are 6 baryons for every 10'Y photons in our Universe today.

A first question about the baryon asymmetry, is “where did it come from?”

1. For instance, maybe the Universe is matter-anti-matter symmetric, but composed of islands of
matter and anti-matter? The islands would need to be larger than galaxy clusters, in order to agree
with the photon background, and it appears more difficult to make a model that spatially separates
baryons from anti-baryons than to make a model that generates an asymmetry. So this idea is not
pursued.

2. Putting the baryon excess as an initial condition at the birth of the Universe does not work to well
either, because a period of inflation is required to explain the large-scale coherent temperature
fluctuations in the CMB. After “60 e-folds” of inflation, the volume of the Universe has grown
by ~ (103%)3, so any pre-existing density of baryons is decreased by ~ 1070, .and the energy
density that drives inflation usually appears as entropy after inflation, so it seems difficult to obtain
Y5 ~ 10710 this way.

So it seems that the baryon asymmetry needs to be generated in the early Universe after inflation.

10.2 Required Ingredients

There are many recipes for making the baryon asymmetry, but they all share three required ingredients,
initially given by Sakharov [36] and sometimes called Sakharov conditions:

1. Baryon number violation : if the Universe starts in a state of ng — ng = 0, then B" is required to
evolve tong —npz # 0.

2. Cand CP violation : it is clear that particles need to behave differently from anti-particles. Other-
wise the particles would make a baryon asymmetry, the anti-particles would make an anti-baryon
asymmetry of the same magnitude, and no net asymmetry would be created.

C is maximally violated in the SM, and CP violation is present in the SM quarks, observed in
Kaons and Bs, and current neutrino oscillation data favours a non-zero phase in the leptonic mixing
matrix.

3. departure from thermal equilibrium: the generation of the baryon asymmetry is a dynamical pro-
cess, so cannot occur in thermal equilibrium, which is static. An alternate way to see this, is
that there are no asymmetries in un-conserved quantum numbers in equilibrium (and B is not
conserved, by condition 1).

In the standard cosmological model, departures from equilibrium can be obtained by interactions
that occur on timescales of order or longer than the age of the Universe, or at phase transitions.

10.2.1 B non-conservation in the SM

The second and third Sakharov conditions are realised in the Standard Model (of particle physics and
cosmology). And contrary to superficial expectations, it turns out that B+L violation is also present in
the SM, and rapid at temperatures above myy .

B and L are global symmetries of the SM Lagrangian, in which appear terms of the form

Lsy DqPq, Ut , tHe , qHu , gHd
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where g, ¢ are the quark and lepton SU(2) doublets, e, u, and d are the SU(2) singlets. So it is clear that
there are symmetries under phase rotations of all the leptons, or all the quarks, or equivalently, that all
the Feynman rules conserve B and L. This is reassuring, because the lower bound on the proton lifetime,
for decays such as p — et is 2 1032 years (to be compared with the age of the Universe 2 100 yrs).

Nonetheless, the SM does not conserve B + L. This is a consequence of the axial anomaly [37]
in QFT, which says that axial currents (containing a 75, which count the number of left minus right
fermions) which appear conserved at the classical level, are not conserved at one loop.

We are interested in B + L. This is not a pure axial current (left - right), but it is classically
conserved and has an axial component because the SM is a chiral theory. As a result of the anomaly, one
obtains for one generation(« is colour )

1

A TiruvA
612 W, WH,

E ot @’nﬂﬁ) + ot (Z’Yug) + 8“(60’)/#(]a> X
SU(2)
singlets

where integrating the RHS over space-time counts the “winding number” of the SU(2) gauge field con-
figuration. As a result, W field configurations of non-zero winding number are sources of a doublet
lepton and three (for colour) doublet quarks for each generation (no singlets because they do not have
SU(2) interactions). These field configurations therefore change baryon and lepton number by three units
(one for each generation).

It is curious that this (non-perturbative) effect does not appear in the Feynman rules. Some intu-
ition for what is happening can be obtained in the Dirac sea picture of the fermion vacuum, illustrated in
the following figure(for which I think V Rubakov). Att — —oo, on the left of the figure, is a vacuum.
Then at t = 0, is a W field configuration of finite winding number — for each doublet field of the SM,
one of the negative energy states from the sea becomes a positive energy state.

Left—handed fermions

E— . e
[ P
— .
- —
e S — o
- . e
PR P
—

For baryogenesis, it is important to know the rate for this SM non-perturbative B+L violation. At
zero temperature, it is tunneling process (from a vaccuum with one winding number to the next), and
exponentially suppressed [38] T ox e =87/ g* (this is usually negligeable). At finite temperature, 0 < T' <
my, the fields can climb over the barrier and the rate is only Boltzmann suppressed [39]: I'B4+f ~
e~"w/Tand finally most interestingly, B4t ~ T for T > my so SM B#+L is “in equilibrium
(=fast) for myy < T < 10'? GeV. This SM B+L is sometimes called “sphalerons”, and in the presence
of a lepton asymmetry, they partially transform it to a baryon asymmetry.

10.2.2  Summary of preliminaries:

There are three required ingredients to generate the Baryon asymmetry of the Universe ;B , CP, and
TE . They are all present in the Standard Models of particle physics and cosmology, but to my knowledge
noone has succeeded’ to combine them so as to obtain a big enough asymmetry Yz. So the baryon
asymmetry is usually taken to be evidence for New Physics from Beyond the Standard Model. However,

"The cold electroweak baryogenesis mechanism of Tranberg efal [40] is interesting.
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since there is only one number to fit, and NP models have many parameters, it is motivated to try to make
the baryon asymmetry in models that are introduced for some other reason... such as the type 1 seesaw,
which can fit the observed neutrino masses and mixings, and will be discussed next.

10.3 Leptogenesis in the type I seesaw

This section sketches how leptogenesis occurs in seesaw models with mediators of mass M 2, > TeV.
To be concrete, the type 1 seesaw is discussed ; the details are different in the type 2 and 3 seesaws, but
the general picture is similar.

The type one seesaw Lagrangian is given in eqn (27). Recall first that for A ~ 1, the singlets should
have masses < 10'® GeV. So here, suppose that the lightest singlet, N1, has a mass M; ~ 10° GeV, and
that the reheat temperature of the Universe after inflation Tcpeqr & M7. Different mass spectra for the
singlets will be discussed afterwards. Recall also that the 3 generation type-1 seesaw has 18 parameters
in the high-scale Lagrangian, to be compared with the 3 masses, 3 mixing angles and 3 phases of the low-
energy majorana mass matrix for SM neutrinos. This implies that there are numerous parameters in the
high-energy Lagrangian that can be ajusted to obtain the correct baryon asymmetry, without observable
consequences. Leptogenesis in the type 1 seesaw (originally proposed by [41]) with heavy singlets is
therefore something of a fairy tale for physicists, and its as a fairy tale that it is presented here.

10.3.1 The Fairy Tale

Once upon a time, a Universe was born. So all the fairies came to the christening of the Universe...

... and gave to the Universe the Standard Model and the Seesaw (heavy sterile N; with ' masses
and CP interactions).

The adventure begins after inflationary expansion of the Universe:

If its hot enough, a population of N's appear(they like heat).

The temperature drops below M, and the N population decays away.

In the CP and K interactions of the N, an asymmetry in SM leptons is created.
If this asymmetry can escape the big bad wolf of thermal equilibrium...

A

...the lepton asym gets partially reprocessed to a baryon asymmetry by non-perturbative B + L
-violating SM processes (“sphalerons”).

And the Universe lived happily ever after, containing many photons. And for every 10'° photons,
there were 6 extra baryons (wrt anti-baryons).
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10.3.2 To calculate something?

There are a very large number of bayogenesis scenarios, and in some cases the state of the art in cal-
culating the dynamics is advanced (quantum field theory of oscillations at finite temperature in curved
space-time). The aim here is simpler: given a baryogenesis scenario at the “fairy tale” level, how does
one estimate whether it could work? For this, it is helpful to focus on the Sakharov conditions, calculate
a suppression factor for each Sakharov condition, then multiply them together to get Y5:

—ng 1
PEZUB L~ ey ~1073ep  (want 10710) (30)
s 39+«
where the entropy density in the early Universe at temperature 1" is s ~ g.n, (g« counts the number of
light modes, the definition can be found in table A.1 of [1]), € is the lepton asymmetry generated in the
CP and L violating interactions, and 7 is some measure of the departure from thermal equilibrium.

As an illustration, we estimate 7 and e for the fairy tale. Suppose at T' 2 Mj, an N; density
~ T3 is produced. Later, at the temperature drops below M; the N; population starts to decay away. We
assume that a lepton asymmetry is always generated in these decays; however, it can only survive if it is
not washed out by inverse decays H¢ — Nj. Or equivalently, the asymmetry can only survive after the
inverse decays go out of equilibrium

W]ane—Ml/T s 1072

Tip(H¢ — N) ~T(N — Hb)e M/T = [8 — (31)
s mpl

where the out-of-equilibrium condition is that the rate is small compared to 7, the expansion rate of the

Universe®.

Since the interactions of the N's are in equilbrium, they should follow a thermal Boltzmann distri-
bution, so the fraction of N; remaining at 77p (=when the inverse decays turn off), is

nN — M, /T H _
Nrp)~e™M/To o T8 = 2

where # is the Hubble expansion rate ~ 1072/ my. This is the density of N; whose decays can con-
tribute to the baryon asymmetry of the Universe.

Now estimate ¢, the CP asymmetry in decays. The constraints from unitarity and CPT and gen-
eral results of about CP violation are clearly presented in the Appendix of [42]. Recall that the CP
transformation is defined, in the S-matrix as

CP : (H(|S|N) — (HE|S|N) = (H{|S|N) (33)

8equivalently, one can say that the interaction timescale is long compared to the age of the Universe
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where overline means the CP-conjugate particle (anti-particle). N is its own anti-particle because it is
Majorana.

In leptogenesis, we are interested in the CP  F interactions of N;. In the fairy tale, we only
included decays, so consider the asymmetry:
[(Ny — Hly) —T'(Ny— HEy)
(N, — H{) +T(Ny — HP)

«

€ (recall Ny = Nq) (34)

which represents the fraction of N; decays producing excess leptons. It is labelled by lepton flavour,
because the flavour is relevant in detailed calculations, but from now on here, we sum on « and drop the
o index.

AH H
5

Fig. 10: Tree xloop diagrams generating a CP asymmetry € in the decay of the heavy singlet /V;.

The asymmetry €; can be calculated as the Imaginary part of the interference of tree x loop
diagrams illustrated in figure 10 [43]. The CP arises from complex coupling, and must be multiplied by
an imaginary part of the amplitude (sometimes refered to as a “strong phase”) arising from some particles
in the loop being on-shell. So in practise, it arises from the Imaginary part of the Feynman parameter
integration that one performs in evaluating a loop integral in dimensional regularisation. This is not very
intuitive, so lets try to estimate e without doing a loop calculation. This is possible because some of the
loop particles need to be on-shell in order to give the strong phase.

The unitarity and CPT invariance of S-matrix elements can be used to calculate e from tree ampli-

tudes. However, here we just estimate diagrammatically. Consider My < M> 3, so in the loop diagrams
oo . . . [K N .

contributing to ¢, the internal N can be replaced by the SM neutrino mass matrix % = [mv# This

works because the momentum in the loop is of order M (so can be neglected compared to M5 3), and Ny

on the internal line does not contribute because the coupling constant combination must be Imaginary.

Then can estimate

1 NK 3 mmeT )\,

NiiM e — [
DY Ter A S g 2 10°GeV

where in the first estimate, the 1/1672 is for the loop (but for the Im part of the loop, one should really
take 1/87), the |\|? downstairs is because ¢ is normalised to T, and the mass factor M; is to make the
dimensions work. The second inequality is a ~ in our approach here, it gives an idea of the magnitude of
€, assuming that the phases cooperate. However, in a more careful derivation, the inequality is an upper
bound, which combined with eqn (30):

M

np —MNg
109GeV

107 3en ~ 10-374 106
s Tr

implies that one needs M7 2 10° GeV to get a sufficient asymmetry Yz ~ 10710 for hierarchical singlets
in the type 1 seesaw.
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10.3.3 Leptogenesis for M, < 10° GeV?

Singlets with M 2 10° GeV have some undesirable features: they are not kinematically accessible at
upcoming colliders, and overcontribute to the Higgs mass (see eqn 28). The contribution to the Higgs
mass can be cancelled by considering the SUSY seesaw, but in some low-scale (< 10 TeV) SUSY
models, gravitinos are over-produced in the early Universe if the reheat temperature is above ~ 10° GeV
(so heavy supersymmetric N's may have troubles too). Fortunately it is simple to do leptogenesis with
TeV < My < 107 GeV: for M; ~ M the second loop diagram of figure 10 resonantly enhances e,
allowing to reach € < 1/8.

In the leptogenesis scenario discussed here, where the asymmetry is produced in N decay, there is
a lower bound on the singlet mass from requiring that the asymmetry be produced before the Electroweak
Phase Transition (in order to profit from sphalerons):

Lip~e MTD(N 5 ¢f) < H = M 2107,

where T, ~ 100 GeV is the critical temperature of the electroweak phase transition (a cross-over in the
SM). So in summary, the fairy tale can work for Ny with M 2 TeV.

Leptogenesis can also work with lighter singlets (who decay after the electroweak phase transi-
tion), provided that the asymmetry is generated as the singlets are produced. The scenario outlined here
relies in oscillations among the singlets, so they must be sufficiently degenerate (mpy, ~ mpy;). This was
initially explored in [44], then revisited in the context of the #M(inimal)SM — see for instance [45, 46].
Here is presented only a superficial summary.

The singlets N are “light” (suppose 1 GeV), so the Yukawas A\ are necessarily small: A ~
\/mexGeV < 10=7, The Ny, N3 start being produced at temperatures 7 S TeV, via their Yukawa in-

v
teractions. Then they oscillate, among themselves and can transform back to doublet leptons via the
Yukawa interactions. These three processes occur coherently, so CP violation in AAM?AT generates
lepton flavour asymmetries in the vy, (Notice that lepton number in ¢;, + Ng, defined as L|sys + he-
licity of IV, is conserved in these processes.). The sphalerons only see the lepton number in the SM
doublets, and partially transform it to a baryon asymmetry. From the time oscillations start, until the
sphalerons turn off at the electroweak phase transition, the asymmetries in the vy, seed asymmetries
in the N which give larger asymmetries in the vr,. Recent calculations (see e.g. [47]) show that a

sufficiently large baryon asymmetry can be obtained.

11 The End

Most of the students at the school work at hadron colliders, where neutrinos are missing energy. However,
neutrino physics might by interesting for two reasons: the observed neutrino masses are evidence for
Beyond-the Standard Model Physics (and its encouraging to know that BSM exists somewhere, despite
being shy at the LHC), and secondly, the Standard Model neutrino lives in an SU(2) doublet, so there
should be BSM physics involving charged leptons — we just need to find it.
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12 Appendix: To convert from 4- to 2-component fermion notation

A 4-component fermion t¢p can be written as two chiral 2-comp fermions (LeftHanded = x, and
RightHanded = 7):
Xa
wD - < i’ >
7

where usual dotted indices of the right-handed fermion are here written barred. The 2-comp indices a
and S run from 1..2, and are contracted with the anti-symmetric epsilon tensor

0 1 58
EQBZEQﬁ:(_l 0>’ gaﬁzgaﬁz_eaﬁ

Notice the sign flip in going from dotted to undotted indices.
Undotted indices are always contracted up-down:

XP = X"Pa = €*PXppa = —PaX® = P"Xa
and dotted indices down-up, and the € flips sign in getting bars (sign flip because of up-down vs down-up
summing conventions: p° = pae®?, but p° = (p?)* = (pac’®)*. This perverse set of conventions is
so that one can copy Wess+Bagger(W+B) 2-component spinor results, and also Peskin and Schroeder.
W+B define

(mp)* = (Uﬂ)j = (& napp)” = (—e™)pgna
= paf”
So, eg
_ 0 ¢
wD—(Xanﬂ)<5w0 p>—(77w f(ﬁ) (35)
B

In practice, there is a -ve sign from interchanging fermion fields in an operator, but not when you take cc
of the op.
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Abstract

In these lecture notes the frequentist methods used in the Higgs search, discov-
ery and measurement are reviewed. The idea is that the reader will be able to
understand what lies beneath the surface of the results and the plots shown in
the experiments publications. Though the results shown are mainly from AT-
LAS and CMS, the methods and the lessons can be propagated to other fields
such as Astro-Particles and fixed target experiments.
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1 Introduction

These lecture notes are based on statistics lectures given in the European CERN school for High Energy
Physics, 2017. The frequentist approach used in the Higgs search, discovery and measurement are re-
viewed. Examples from real data analysis are given to clarify the methods. This is a revised version of
the proceedings of the same school from 2015 [1]

2 The Search for the Higgs Boson

From Wikipedia: On 4 July 2012, the discovery of a new particle with a mass between 125 and 127
GeV/c2 was announced; physicists suspected that it was the Higgs boson. Since then, the particle has
been shown to behave, interact, and decay in many of the ways predicted by the Standard Model.

High Energy Physicists (HEP) rely on a hypothesis: The Standard Model. This model relies on the
existence of the 2012 discovery of the Higgs Boson. The minimal content of the Standard Model includes
the Higgs Boson, the Quarks, the Leptons and the force mediating Bosons including the photons, gluons,
W and Z. However, the Standard Model suffers from some problems, e.g. the hierarchy and naturality
problems that are solved by various extensions of the Model and include other particles that are yet to be
discovered. The challenge of HEP is to generate tons of data and to develop powerful analyses to tell if
the data indeed contains evidence for new particles. Once the new particle, such as the 2012 scalar, has
been discovered, the next step would have been to measure its mass, and confirm that it has the expected
properties of the Higgs Boson (Spin, CP). Perhaps it is not the expected Standard Model Higgs Boson,
but a member of a family of Scalar Bosons, the rest, yet to be discovered.

The statistical challenge is obvious: to tell in the most powerful way, and to the best of our current
scientific knowledge, if, in our data, there is new physics, beyond what is already known. In that sense,
what is already known is the background. The complexity of the apparatus and the physics (both signal
and background) suffer from large systematic errors that should be taken care of in a correct statistical
way.

Though the Higgs Boson has been already discovered, in these lecture notes, for pedagogic rea-
sons, it is assumed, that, the so-called Standard Model, contains no Higgs Boson, serve as the background
to the signal, which is the Higgs Boson. The Higgs Boson cannot exist without the Standard Model, so
there are two nested hypotheses tested against each other. The Standard Model (denoted by b for back-
ground) and the Standard Model containing a Higgs Boson with a mass mp, i.e. the signal+background,
denoted by s(my) + b.
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3 Essential Terminology
3.1 A Tale of Two Hypotheses

From Wikipedia: A hypothesis (plural hypotheses) is a proposed explanation for a phenomenon. For
a hypothesis to be a scientific hypothesis, the scientific method requires that one can test it. Scientists
generally base scientific hypotheses on previous observations that cannot satisfactorily be explained with
the available scientific theories.

The expected signal and background are determined by the corresponding cross sections, lumi-
nosity delivered by the accelerator and the detectors response (efficiency and geometrical acceptance).
s(myr) is given by

s(mH) :L'JSM(mH)-ﬁ'A. (1)

where L is the luminosity delivered by the accelerator, o7 (m ) is the Standard Model (SM) production
cross section of the Higgs Boson, and € and A are the efficiency and geometrical acceptance of the
detector. For simplicity, let’s assume a counting experiment and let n be the number of observed events,
then

n = pus(mg) + b. 2)

b is the expected background, and y is the signal strength given by

=0 3)
0SM
There are therefore two hypotheses. One is the background only (b), and the other is the pus(mpg) + b
hypothesis, i.e., a Higgs Boson with a strength 1 on top of the background. For a Standard Model Higgs
Boson, we expect to measure ;1 = 1.0. The background only hypothesis is denoted by Hy while H, is
the Higgs Boson hypothesis with H; being the SM Higgs Boson hypothesis.

3.2 Testing an Hypothesis

From Wikipedia: A statistical hypothesis test is a method of statistical inference. Commonly, two statisti-
cal data sets are compared, or a data set obtained by sampling is compared against a synthetic data set
from an idealized model. A hypothesis is proposed for the statistical relationship between the two data
sets, and this is compared as an alternative to an idealized null hypothesis that proposes no relationship
between two data sets. The comparison is deemed statistically significant if the relationship between the
data sets would be an unlikely realization of the null hypothesis according to a threshold probability the
significance level. Hypothesis tests are used in determining what outcomes of a study would lead to a
rejection of the null hypothesis for a pre-specified level of significance.

The first step in any hypothesis testing is to identify and state the relevant null, H,,,; and al-
ternative H,;; hypotheses.The next step is to define a test statistic, g, under the null hypothesis (the
tested hypothesis). We then compute from the observations the observed value g5 of the test statistic
g. Finally, decide (based on g ) to either fail to reject the null hypothesis or reject it in favour of an
alternative hypothesis.

3.3 Discovery and Exclusion in a Nut Shell

To establish a discovery we define the null hypothesis as the background only hypothesis, H,,;; = Ho,
and test it. We either fail to reject it or manage to reject it in favour of the alternative hypothesis,
H,; = H,. Rejection of the null Hy hypothesis at the level of 50 (see 3.5) is considered a discovery.
Defining the null hypothesis as H,,,;; = H, enables the exclusion of the signal. For example, if we define
the null hypothesis as the Standard Model Higgs with a mass my, Hyyy = Hi, testing and rejecting
this hypothesis at the 95% Confidnece Level (see 3.5) is considered an exclusion of the Standard Model
Higgs with a mass mp.
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3.4 A Test Statistic

As defined in Wikipedia: A hypothesis test is typically specified in terms of a test statistic, considered
as a numerical summary of a data-set that reduces the data to one value that can be used to perform
the hypothesis test. In general, a test statistic is selected or defined in such a way as to quantify, within
observed data, behaviours that would distinguish the null from the alternative hypothesis, where such
an alternative is prescribed, or that would characterise the null hypothesis if there is no explicitly stated
alternative hypothesis, which often occurs when performing a measurement.

One example for using a test statistic is the discovery of the Higgs, when the data of Billions
of Collisions is summarised in one number which determines if LHC rejected the background only
hypothesis in favour of the Higgs Boson with a mass myr or not.

There are many ways to define a test statistic based on the nature of the required test. Test statistics
for discovery or exclusion are commonly based on Likelihood ratios.
Note that the likelihood is a function of the data, i.e.

L(Hy) = Prob(z|Ho) 4

where z is the data.

Before classifying the test statistics in a formal way, let us take a simplified approach. The two
most common test statistics in High Energy Physics are the Neyman-Pearson (NP) and Profile Likelihood
(PL). The NP test statistic given by
L(Ho)
L(Hy)
L(Hy) and L(H;) are the likelihoods of the null (b) and alternative (s(mg) + b) hypotheses. Note that
inverting the roles of the null and alternative hypotheses, simply swap the sign of the NP test statistic. The
PL test statistic depends on the tested hypothesis and for a simple counting experiment (see Equation 2),
when testing the b-only hypothesis, Hy, the test statistic is given by

L(b)
L(ias(mpg) +b)

¢VF = —2in

(&)

g0 = —2In (6)
[ is the Maximul Likelihood Estimators (MLE) of p. In this simplified example b is assumed to be
known. The probability distribution function (PDF) of both test statistics under the null f(¢™¥'|b),f(qo|b)
and the alternative f(¢™V*|s(mg) + b),f(qo|s(mg) + b) hypotheses are shown in Figure 1.

3.5 What is the p-value

As defined in Wikipedia: An important property of a test statistic is that its sampling distribution under
the null hypothesis must be calculable, either exactly or approximately, which allows p-values to be
calculated.

The observed p — value is a measure of the compatibility of the data with the tested hypothesis.
It is the probability, under assumption of the null hypothesis H,,,;;, of finding data of equal or greater
incompatibility with the predictions of H,,,;;. This is clearly illustrated in Figure 1 for the PL test statistic
by the light blue area (right plot). Here Hj is the tested null hypothesis (b only) and the p — value is
given by
o0
p= / f(qolb)dqgo. ©)
q0,0bs
One can regard the hypothesis as excluded if its p-value is observed below a specified threshold
(usually denoted by «).
Now, depending on the nature of the statistical test, one considers a one-sided or two-sided p-
value. When performing a measurement, any deviation above or below the mean is drawing our attention
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Fig. 1: The pdf of the Neyman-Pearson ¢’V ¥ (left) and PL (Profile-Likelihood), ¢ (right) test statistics, under the
null (b) and alternative (s(mg) + b) hypotheses.

and might serve an indication of some anomaly or new physics. Here we consider a two sided p-value.
However, when trying to reject an hypothesis while performing searches, one usually considers only
one-sided tail probabilities. When the null hypothesis is the b-only hypothesis, downward fluctuations of
the background, are not considered as an evidence against the background. Likewise, when deriving a
limit, upward fluctuations of the hypothesised signal are not considered as an evidence against the signal.
In both cases only one-sided tail probabilities are considered.

In particle physics, when performing searches, one usually converts the p-value into an equivalent
significance, Z defined such that a Gaussian distributed variable, which is found Z standard deviations
above its mean, has an upper-tail probability equal to p (Figure 2). That is,

Z=a"11-p), )

where ®~! is the quantile (inverse of the cumulative distribution) of the standard Gaussian. For a signal

p-value

|
e Z— X

Fig. 2: The relationship between a p-value and a significance of Z sigma.

process such as the Higgs boson, the particle physics community has a tendency to regard rejection of
the background hypothesis with a significance of at least Z = 5, as an appropriate level to constitute
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a discovery. This corresponds to p = 2.87 x 10~7. For purposes of excluding a signal hypothesis, a
threshold p-value of 0.05 (i.e., 95% confidence level) is often used, which corresponds to Z = 1.64.
This should not be confused with a 1.960 fluctuation of a Gaussian variable that gives 0.05 for the
two-sided tail area.

Note that, for a sufficiently large data sample, one would obtain a p-value of 0.5 for data in perfect
agreement with the expected background. With the definition of Z given above, this gives Z = 0.

3.6 Expected Significance and the Asimov Data Set

As defined in Wikipedia: The use of a single representative individual to stand in for the entire population
can help in evaluating the sensitivity of a statistical method. Franchise, a science fiction short story by
Isaac Asimov, was cited as the inspiration of the term "Asimov data set", where an ensemble of simulated
experiments can be replaced by a single representative one.

It is often useful to quantify the sensitivity of an experiment by reporting the expected significance
one would obtain with a given measurement under the assumption of various hypotheses. For example,
the sensitivity to discovery of a given signal process H; could be characterized by the expectation value,
under the assumption of H, of the value of Z obtained from a test of Hy. This would not be the same as
the Z obtained using Eq. (8) with the expectation of the p-value, however, because the relation between
Z and p is nonlinear. The median Z and p will, however, satisfy Eq. (8) because this is a monotonic
relation. Therefore we take the term ‘expected significance’ to refer to the median.

In the Standard Model there is only one Higgs Boson with well defined couplings. To find the
discovery sensitivity of an experiment, one needs to generate one ensemble of experiments containing
the Higgs Boson at the tested mass. However, if one goes beyond the Standard Model, e.g., supersym-
metric models, one faces a multi-dimensional parameter space where the Higgs Boson’s couplings, and
hence its production cross section and decay properties (both related to the signal strength) vary as a
function of the parameters. For each point in parameter space one needs to estimate the experiment’s
discovery sensitivity. One faces the need to generate an enormous number of ensembles of experiments
and evaluate the median sensitivity for each ensemble.

In [2] it was shown that one can replace each ensemble of the alternate-hypothesis experiments
with one data set that represents the typical experiment. This “Asimov” data set delivers the desired
median sensitivity. Hence, one is exempted from the need to perform an ensemble of experiments for
each set of parameters.

The Asimov data set is constructed such that when one uses it to evaluate the estimators for all
parameters, one obtains the true parameter values.

As intuitively used for years till proven at [2], the Asimov data set can trivially be constructed
from the true parameters values. For example, in a counting experiment (see Eq. 2) the Asimov data
set corresponding to the [ hypothesis is n4 = s 4 b. and the one correspond to the H hypothesis is
na = b. As strange as it reads, the Asimov data set is not necessarily an integer.

3.7 Nuisance Parameters.

From Wikipedia: In statistics, a nuisance parameter is any parameter which is not of immediate interest
but which must be accounted for in the analysis of those parameters which are of interest.

A widely used procedure to establish discovery (or exclusion) in particle physics is based on a
frequentist significance test using a likelihood ratio as a test statistic. In addition to parameters of interest
such as the rate (cross section) of the signal process, the signal and background models will contain in
general nuisance parameters whose values are not taken as known a priori but rather must be fitted from
the data.

It is assumed that the parametric model is sufficiently flexible so that for some value of the param-
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eters it can be regarded as true. The additional flexibility introduced to parametrise systematic effects
results, as it should, in a loss in sensitivity. To the degree that the model is not able to reflect the truth
accurately, an additional systematic uncertainty will be present that is not quantified by the statistical
method presented here.

Here, nuisance parameters are denoted by 6.The likelihood is then a function of the parameter of
interest, say, . Then L = L(f, §). When testing H,,, the Profile Likelihood test statistic in the presence
of nuisance parameters, become

~
~

L(p, 6
g — —2in 2 00). )
L(p,0)
1 is the parameter of interest, 6 represent the nuisance parameters (including b). A hat stands for the
MLE (Maximum Likelihood Estimator) while a double hat is the constrained MLE, i.e. the MLE of 0,

fixing p. It is common to say that 6 is profiled.

3.8 Confidence Interval, Confidence Level and Coverage.

From Wikipedia: A confidence interval (Cl) is a type of interval estimate of a population parameter. It
is an observed interval (i.e., it is calculated from the observations), in principle different from sample
to sample, that frequently includes the value of an unobservable parameter of interest if the experiment
is repeated. How frequently the observed interval contains the (true) parameter is determined by the
confidence level... Whereas two-sided confidence limits form a confidence interval, their one-sided coun-
terparts are referred to as lower or upper confidence bounds.

Say, the result of a measurement is given by p = 1.1 &= 0.3. This means that the Confidence Inter-
val, CI, is u = [0.8, 1.4] at the 68% Confidence Level (CL). Le., in an ensemble of repeated experiments,
each producing a CI, 68% of the Confidence Intervals contain the unknown true value of the parameter
of interest .

There are many ways to derive a CI at a given CL. If, the method produces a CI that contains the
true value of the parameter of interest (p.o.i) more than the CL (e.g. in our example, more than 68%), the
method is said to over-cover, and is considered conservative. If, however, the CI contains the true value
of the p.o.i. less than the claimed Confidence Level, the method is considered to under-cover, which
means, one cannot trust the CL, and the true CL might be lower than the claimed one.

3.9 Upper Limits and Confidence Levels.

If one deduces that the CI of 1 contains ¢ = 0, i.e. p = [0, f1yp| at the 95% CL, then one says that
p < [y at the 95% CL.

If u < 1 at the 95% CL, and p is given by Eq. 3, i.e.

_ Oobs (mH)

- <1 (10)
osm(mm)

one concludes that o,ps(mpy) < osa(mp), i.e. a SM Higgs with a mass myy is excluded at the 95%
CL.

3.10 The Neyman Pearson Lemma.

Wikipedia: In statistics, the Neyman Pearson lemma, named after Jerzy Neyman and Egon Pearson,
states that when performing a hypothesis test between two simple hypotheses H.,;; and H 4, the likelihood-
ratio test which rejects H,,,;; in favour of H,y; is the most powerful test at (a given ) significance level...

When we reject the null hypothesis H,,,;; based on a very small p-value, we also take a risk. We
might be wrong (this is referred to as a type I error, see section 3.11). The null hypothesis can still be true
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and the p-value is a measure for this risk. The p-value can therefore be interpreted as the false-positive
rate and it satisfies
p < Prob(reject Hyy|Hyuy = TRUE) (11)

However, if while rejecting the null hypothesis, the probability for the alternative hypothesis to be true
is small.... the test statistic is probably not doing its job, i.e. it is not powerful. The power of a test is
therefore related to the probability that H,;; = T'RU E while rejecting H,,,;, 1.€.

POWER = Prob(rejectH|Hyr = TRUE). (12)

Neyman and Pearson showed [4], that (in the absence of nuisance parameters) the most powerful test
statistic is the likelihood ratio defined in Eq. 5.

3.11 Typel & Type II Errors, the Modified Frequentist p-value, or, the CLs Technique.

Wikipedia: CLs (from Confidence Levels) is a statistical method for setting upper limits (also called
exclusion limits) on model parameters, a particular form of interval estimation used for parameters that
can take only non-negative values...... ..... it differs from standard confidence intervals in that the stated
confidence level of the interval is not equal to its coverage probability. The reason for this deviation is
that standard upper limits based on a most powerful test necessarily produce empty intervals with some
fixed probability when the parameter value is zero, and this property is considered undesirable by most
physicists and statisticians.

For the sake of clarity let us define now type I and type II errors. Type I error is the probability to
reject the null hypothesis, when the null hypothesis is true. This is referred to as "False Positive". It is
usually denoted by «, i.e. &« = Prob(reject Hpyyj|Hpuy = TRUE). Type 11 error, referred to as "False
Negative", is when we accept the null hypothesis, when the alternative hypothesis is true. It is usually
denoted by 5. 8 = Prob(AcceptH|Hnull = FALSE) = Prob(AcceptH . i|Hayy = TRUE).
Quoting Birnbaum [5]: A concept of statistical evidence is not plausible unless it finds strong evidence
for Hy against H,,y, with small probability o when H ., is true, and with much larger probability
(1 — B) ) when Hgyy is true. 1 — 3 = Prob(reject Hpy|Har = TRUFE) is defined as the power of the
statistical test. Since rejecting H,,,,;; is accepting H,;; by definition, we find

POWER =1- = Prob(acceptH g t|Hyy = TRUE) = 1 — Prob(rejectHyi|Hyy = TRUE).

(13)
Let Hyuu = Hsyp, 1.6. the s 4+ b hypothesis, then, given an observation, Hgyy, is rejected if the p-
value= pgyp < a. At the threshold we find
ps+b = Prob(reject Hyyy|Hs1py = TRUE). (14)
with a power ( Equation 13 ) of
Power =1 — py. (15)

A situation occurs when the power is very small and the experiment has no sensitivity to reject with high
power the s + b hypothesis, because it almost rejects the b-only hypothesis as well, as seen in Figure 3. A
way out, was suggested by the C'L; technique [6] which is based on Birnbaum [5]. Birnbaum suggested
in 1962 that the the {p — value}/{power} should be used as a measure of the strength of statistical
evidence provided by significance tests, rather than the p — value alone. This translates into using a
modified p — value

/ Ds+b
= 16

Equation 16 can also be interpreted as a normalised p-value, where p, is normalised to the acceptance
probability of Hy. Obviously if, while rejecting H,,p one does not accept Hj , one does not have a
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Fig. 3: An illustration showing the reasoning of the C'L; method. In this situation a signal+background hypothesis
might be rejected though the experiment has no sensitivity to observe that particular signal.

sensitivity to exclude the s + b hypothesis.

, _ Prob(reject Hyy|Hspp = TRUE)
Pstb = Prob(accept Hy|Hy, = TRUE)

A7)

The C' L method lacks a frequentist coverage. However, it lacks it in places where the experiment
is insensitive to the expected signal! And this is not necessarily a disadvantage from the physicists point
of view! Here is what happens: One uses the Neyman-Pearson likelihood ratio as a test statistics. When
the expected signal is very low the two pdf are almost overlapping (see Figure 3). The background might
fluctuate down resulting in a very small p,p. As aresult we are tempted to exclude the signal hypothesis.
However, it is not the signal hypothesis s, that is excluded, but the signal+background hypothesis s + b.
It is the small expected signal s << s + b that is leading to a false exclusion. To protect against such an
inference one uses the modified p — value (Eq. 16) as a criterion for taking a decision of rejecting the
signal hypothesis.

As a result, for heavy Higgses with low cross section, where the experiment lacks sensitivity,
the false exclusion rate is too low and the method over-covers. This is conservative because it avoids
excluding when there is no sensitivity. When the signal cross section is high (light m ), the coverage is
close to full.

3.12 Feldman-Cousins: Ensuring Coverage by Neyman Construction.

Wikipedia: Neyman construction is a frequentist method to construct an interval at a confidence level
CL%, that if we repeat the experiment many times the interval will contain the true value a fraction
C'L% of the time, this way, one guarantees full coverage by construction.

As said, the Neyman construction is a method of parameter estimation that ensures coverage. One
scans over all the possible true values of some parameter s and defines an acceptance interval for each
s, based on the known pdf, f(sy,|s), of the measured s,, given a possible true s (there is only ONE
unknown true s though). The (e.g.) 68% acceptance interval [s;, s](s) is defined via the integration
[s1, sk](s) = {sml f:;h f(sm|s)dsm = 68%} (Figure 4). Even in the simplest case where f is a Gaussian,
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there is an ambiguity in the choice of the integration boundaries, which will lead to two-sided intervals,
or one-sided integral bounded from below or above. To sort out the integration limits one needs to specify
an ordering rule (i.e. which measurements should be considered within the integration boundaries and
which should stay out). The construction of the acceptance intervals for all s forms a belt from which
one can easily get the corresponding (e.g.) 68% confidence interval [sq, s,)(S,), given one measurement
S, via inversion (Figure 4).

Sm

Fig. 4: An illustration showing the Neyman belt. The horizontal lines are the acceptance intervals in the mea-
sured parameter space s, for a given possible true s, [s;, s](s). Given an observation s, one can construct the
confidence interval [sg, s,] via inversion, as indicated in the Figure.

3.12.1 The Feldman-Cousins Method

The full Neyman construction was introduced to HEP by Feldman and Cousins [7]. The test statistic
is the likelihood ratio ¢(s) = ﬁgzizg where § is the MLE of s (in L(5 + b) ) under the constraint that
s is physically allowed (i.e. positive). To avoid negative signals, if 5 < 0, one alters the test statistic

to q(s) = Lés(Jg)b). To construct a 68% acceptance interval in the number of observed events, [n1, na],

one is using ¢ as an ordering rule, i.e. Y ** p(n|s,b) > 68% where only terms with decreasing order of
g(n) are included in the sum, till the sum exceeds the 68% confidence (see Fig. 4). When n,, events are
observed, one is using this constructed Neyman belt to derive a confidence interval, which, depending on
the observation, might be a one-sided or a two-sided interval. This method is therefore called the unified
method, because it avoids a flip-flop of the inference (i.e. one decides to flip from a limit to an interval if
the result is significant enough...).

One can clearly see in Fig. 4 that depending on the observation, s,, one gets either a one sided bound, or
a two sided interval.

A noted difficulty with this approach is that an experiment with higher expected background which ob-
serves no events might set a better upper limit than an experiment with lower or no expected background.
This would never occur with the C'L ¢ method.

Another difficulty is that this approach does not incorporate a treatment of nuisance parameters. How-
ever, it can either be plugged in "by hand", using the hybrid Cousins and Highland method [8] or in the
LHC way, i.e. using the Profile Likelihood [2] as described above.
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4 Classification of Test Statistics.

Depending on the nature of the test, one can classify the various test statistics, all based on Likelihood
ratios, where the nuisance parameters are profiled (e.g. Eq. 9). The classification is based on [2] and is
shown in Table 1. It is to be noted that #; is equivalent to qg.

Table 1: Classification of Test Statistics

Test Purpose Expression LR
Stat.
—21In A(0) 4>0 7,
q0 discovery of ¢qp = { A(0) = L(O,(i)
positive sig- <0 L(i0)
nal
ty 2-sided mea- ¢, = —2In\(p) A(p) = Ld)
surement L(p.,0)
i ) L;/»?Ae(g))) ﬂ >0
Eu avoid neg- tNN = —2InA(u) Ap) = “ﬁ
ative signal L(u,g(u)) <0
(Feldman- L(0,6(0))
Cousins)
—2InA(p) p<p
qu exclusion qu =
0 L>p
L(0,0(0))
' exc%u.swn .of du = ol L(“’g(f)) 0<i<p
positive sig- L(3,0)
nal 0 > p

5 Wald and Wilks Asymptotic Approximation

Abraham Wald showed [10] that given the likelihood ratio A\(u) = jz(égoé")), the test statistic ¢, =
—2InA(p) satisfies

(1 — f1)?

—2InA(p) = ~———" + O(1/V'N) (18)

g

[
where /i follows a Gaussian distribution with a mean p' and a standard deviation o, and N is the
sample size. Following this result, the statistics t,, distribution f(t,|x’), follows a non central Chi Square
distribution for one degree of freedom where the non-cenrality parameter A is, A = (“_07’;/)2 In the
special case p/ = p, A = 0 and f(¢,|p) follows a Chi Square Distribution with one degree of freedom,
a result attributed to Samuel Wilks [9]. Since the Asimov data set correspond to ji = 4/, one finds that

Equation 18 becomes an identity and therefore

AV

—2lnAa(p) = w (19)
i

It follows that when testing H,, for exclusion (with g, see Table 1), let < i >= ' = 0, one finds [2]

I
vV 4u,A ‘

(20)

op =
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6 Asymptotic Formulae

Wikipedia: In mathematics and statistics, an asymptotic distribution is a distribution that is in a sense
the "limiting" distribution of a sequence of distributions. One of the main uses of the idea of an asymp-
totic distribution is in providing approximations to the cumulative distribution functions of statistical
estimators.

The frequentist approach of statistics requires the knowledge of the probability distribution func-
tions (PDFs) of the test statistic under the null and alternative hypotheses. These PDFs are used to find
both the significance for a specific data set and the expected significance. However, obtaining these
PDFs, can involve Monte Carlo generations that are computationally expensive. Ref [2] developed the
asymptotic formulae based on results due to Wilks [9] and Wald [10] by which one can obtain both the
significance for given data as well as the full sampling distribution of the significance under the hypothe-
sis of different signal models, all without recourse to Monte Carlo. In this way one can find, for example,
the median significance and also a measure of how much one would expect this to vary as a result of
statistical fluctuations in the data. Obtaining the same things with Monte Carlo is sometimes impossible.
One LHC collision might take o(10mins) to generate, and one needs over 107 events to calculate a 50
tail of a PDF. Moreover, the test statistics involve heavy duty fits which also take time. Combining AT-
LAS and CMS results in over 4000 Nuisance Parameters. Repeated fits of that many parameters result
often in failure fits. Some we are not even aware of. It could be that the PDF generated by toys is subject
to unknown failure of fits and is not reliable for p — value calculations. In most cases, the number of
events involved is satisfying the condition for the asymptotic approximation to work.

All of the asymptotic approximations of the PDFs of the test statistics shown in Table 1 have been
calculated under the null and alternative hypotheses [2]. There is no point in reproducing them all here.
Three common uses are for exclusion, discovery and measurement.

6.1 Exclusion

For exclusion one can either use g, or g, (Table 1) as a test statistic. In numerical examples we have found
that the difference between the two tests is negligible, but use of g,, leads to important simplifications.
Furthermore, in the context of the asymptotic approximation, the two statistics are equivalent. That is,
assuming the approximations below, g,, can be expressed as a monotonic function of g, and thus they
lead to the same results. We will therefore recommend the use of g, for the derivation of exclusion.

Using the asymptoric formulae of [2] we find that f (g, |u) distributes as a half-chi-square:

n 11 1

227 /A
It is therefore recommended to verify that f(q,|u) ~ X3. This is usually the case, in particular when
combining channels.

1
F(gulm) = 50(a,) e/ @1

The cumulative distribution is

Flauln) = (V) - 22)

6.1.1 The p — value
The p-value of the hypothesized p is

pu=1-Flauln) =1-2(va,) 3)

and therefore the corresponding significance is
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Zy=01-pu) = Vs - (24)
If the p-value is found below a specified threshold « (often one takes o« = 0.05), then the value of u

is said to be excluded at a confidence level (CL) of 1 — . The upper limit on p is the largest y with
pu < «. Here this can be obtained simply by setting p;, = « and solving for . One finds

fap = fi +0® 1 —a) . (25)

For example, a = 0.05 gives ®~!(1 — a) = 1.64. Any point g satisfying o < Hup 18 excluded at the
100(1 — )% Confidence Level. (for o = 0.05 the 95% Confidence Interval does not contain p = ).
Also as noted above, o depends in general on the hypothesized p. Thus in practice one may find the
upper limit numerically as the value of y for which p, = a.

6.1.2 Expected Limit and Error Bands

To find the expected limit, one should plug in the Asimov data which represents the alternative hypoth-
esis, which in this case is the expected background (with no fluctuations). The signal strength is set to

zero (in a simple counting experiment n. = b). One then gets g, 4 and the corresponding uumped is given
by solving Qe A = 1.642 (for o = 0.05). The error bands are given by
pupin = 0(®(1—a) + N) (26)
with
12
o? =1~ (27)

med

up 10 the calculation of 0.

following Equation (20).  can be taken as p

6.2 Expected Limit and Error Bands a-la “(CL;)"

To avoid setting limits when the experiment is not sensitive to the signal, one might use the modified

9 ! 7

p-value defined above, "p, ,,

p
P =1 (28)
We find

P (g — )

The median and expected error bands will therefore be

pupsN = 0(®7 (1 — a®(N)) + N) (30)
with

o’ = 31

med

up 10 the calculation of o..

To get the 95% expected upper limit, set & = 0.05. x can be taken as p
Note that for N = 0 we find the median limit

et = o®1(1 - 0.5a) (32)

The expected p and the expectation for error band N is shown in Figure 5. one can clearly see the
shrinkage of the error band, tup+No — Hups(N—1)0» When N — —o0
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Zot

Fig. 5: 1+ N as a function of N (in units of o). Red is based on p, blue is based on p’s+b (CLy).

6.3
Figure 6 taken from [11] shows i, as a function of my at one of the stages of the Higgs search. The

Example from the Higgs Boson Search

s , , , ,
o ATLAS Preliminary 2011 + 2012 Data
© 105 —obs. V5=7TeV: [Ldt=4.64.81" ]
5 F - Exp (s=8TeV: [Ldt=5.85.9fb" ]
= L M+1o 4
% r [+20 4
-
O
S 1
Te) E
@ r
10 o —
F  CLs Limits 3
100 200 300 400 500 600
m, [GeV]

Fig. 6: The observed (full line) and expected (dashed line) 95% CL combined upper limits on the SM Higgs boson
signal strength (y4,;) in the full mass range my considered in this analysis. The dashed curves show the median
expected limit in the absence of a signal and the green and yellow bands indicate the corresponding 68% and 95%
intervals.

mass range where fi,,(mp) < 1 is where a SM Higgs Boson with a mass mp is excluded. Obviously
one cannot exclude the Higgs around mpy = 125 GeV, where a real signal is being built up with luminos-
ity ftyp > 1. The median expected is given by the dashed line (following Equation 32 with o = 0.05).
The error bands are derived using Equation 30, with N = 41 (Green) and N = +2 (yellow).

Figure 7 taken from the same reference, shows p/, 1 (labeled in the Figure as C'Ly), as a function
of mp. Mass regions where p; 4 < 0.05 are excluded at, at least, the 95% CL.

6.4 Measurement

Let the statistic be ¢, = —2In A(p) (Table 1) as the basis of the statistical test of a hypothesized value
of p. This could be a test of ;1 = 0 for purposes of establishing existence of a signal process, or non-
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Fig. 7: The value of the combined C'L; (), testing the Standard Model Higgs boson hypothesis, as a function
of my in the full mass range of this analysis. The expected C'L; is shown in the dashed curves. The regions with
CL, < 0.05 are excluded at least at 95% CL. The 95% and 99% CL values are indicated as dashed horizontal
lines.

zero values of  for purposes of obtaining a confidence interval. In the asymptotic regime the pdf of ¢,
distributes like a y? with one degree of freedom, under the H . hypothesis.

Ftulp) = ~tl2 (33)

1 1
Var Vo
To measure j, one scans the test statistics, finds £ and o“P, ¢'® by substituting t, = 1. The 68%
Confidence Interval of s is then estimated to be [ — ¢'°, i + o*P]. If one wants to estimate with how
many standard deviations a specific value of y, e.g. 1 = 0. is unlikely, one calculates +/%g.

To get the expcted 1 one repeats the above procedure, calculating ¢, with the Asimov data set, for which
o= .
A formulation of the asymptotic properties of ¢, is given in [2].

6.5 Discovery

To establish a discovery one tries to reject the background only hypothesis. We use the ¢, test statistics
(Table 1). Since we do not want downward fluctuations of the background to serve as an evidence against
the background we define the test statistics such that ¢ = 0 if i < 0. The test statistic is therefore given
by (Table 1):

—2ln £9 5 >,
G0 = = (34)
0 i<0,

Under the background only hypothesis, Hy, qq is asymptotically distributed as half a chi squared with
one degree of freedom, i.e.

—_

1 1 1
f(qol0) = 55(%) + §Eﬁ6_%/z : (35)

The significance of the observation is given by
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Zy =2 (1 —po) = /a0 - (36)

The pg value can easily be calculated using

po=1-F(q]l0), (37)

where

F(go|0) = <I><\/q7)> : (38)

A significance of 3o is considered as an observation, while a significance exceeding 5o is regarded as
a discovery. The reason for using such a large number to establish a discovery is because of the Look
Elsewhere Effect, discussed in section 8.

6.6 Discovery Example

In Figure 10 we show the p — value as a function of the mass, taken from the ATLAS discovery confer-
ence note [11]. Both, the p — value and its corresponding significance are indicated. One clearly sees an
upward fluctuation of the background (downward fluctuation in p — value) around a mass of 125 GeV.
The fluctuation is at the level of 5o. For other masses the p — value fluctuates around 0.5, meaning a
significance of Oo. The expected p — value is given by the dashed line. One can clearly see that only
around my = 125 GeV, the expected and the observed p — value are similar, indicating a signal strength
1~ 1, as can clearly be seen in Figure 11.

6.6.1 Significance in a nut-shell.
Many people use a thumbnail formula Z = ib to estimated the significance of an apparent signal. s
represents here n — b, where b is the expected background, and n is the number of observed events.

Using the profile likelihood formalism we can get a much more accurate estimation for the appar-
ent observed significance [2].

If we regard b as known, the data consist only of n and thus the likelihood function is

(us +b)"

o e—(us-ﬁ-b) , (39)

L(p) =
The test statistic for discovery gg can be written

—2ln £9 4 >0,
G0 = = (40)

0 A<0,

where [t = n — b. For sufficiently large b we can use the asymptotic formula [2] to obtain

V2% +b—n) >0,

Zo = \/to = (41)
0 o <0.
To approximate the median significance assuming the nominal signal hypothesis (u = 1) we
replace n by the Asimov value s + b to obtain
med[Zo|1] = \/qoa = /2 ((s + b) In(1 + 5/b) — 5) . (42)

Expanding the logarithm in s/b one finds
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Although Zy ~ s/ /b has been widely used for cases where s + b is large, one sees here that this final
approximation is strictly valid only for s < b. We therefore recommend to use Eq. 42 to estimate a
significance in a nut shell. It is much more accurate.

med[Zy|1] = (14 O(s/b)) . (43)

7 Testing an hypothesis with boundaries.

In [7] Feldman and Cousins derive the test statistics with the physical condition, namely, the true value
of 1 must be positive, i.e. p > 0. In [2] the f# test statistic is introduced (see Table 1) in order to avoid
a negative non-physical signal. As a result, depends on the observation, a two sided (measurement) or
one sided (limit) Confidence Interval is obtained. This is the equivalence of the Feldman-Cousins test
statistic with the advantage of taking care of the nuisance parameters. The original Feldman-Cousins
test statistic is not considering systematics. In [2] the asymptotic formula of Eu is derived. In a later
paper [12] the same authors improve the test statistic by taking into account two sided boundaries. This
is the case, for example when one wants to measure or set limits on the measurement of a Branching
Ratio, which must be 0 < BR < 1 by definition. The revised Eu is defined by

_anw 0<
Lp—,0(n-)) A
N N )
~91n w 0>y,

Lpy 0(py))

6 represent the nuisance parameters, é( ) is the conditional maximum likelihood estimate of 6 given .
u— and p4 are the physical boundaries. The Feldman-Cousins test statistic is retrieved for 4_ = 0 and
no upper boundary, p4. The asymptotic formulas are derived in [12].

7.1 Pull
The pull of a nuisance parameter 6, with an expectation 6 is defined as:

6 — 0,

g9

pull(0) = (45)
the pull quantifies how far from its expected value we had to "pull" the parameter while finding the MLE.
A healthy situation is when the pull average is zero with a standard deviation close to 1, if this is not
the case, further investigation is required. The expected value of a nuisance parameter and its assumed
standard deviation will be based on an auxiliary measurement or MC studies.

7.2 Impact

the impact of a nuisance parameter is defined as:

+

~

impact(0) = Ap~ = /ftgoige — i (46)

where ﬁgoia is the MLE of 1 when we profile every parameter except 6, and set the value of 6 to its
expectation value plus or minus one standard deviation. The impact gives a measure of how much our
parameter of interest varies as we change the nuisance parameter. Obviously not all nuisance parameters
are equally important, so a nuisance parameter with low impact may be possibly discarded (or "pruned")
to simplify the fit procedure.
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7.3 Example of pull and impact

To illustrate the use of impact and pull, consider a simple counting experiment which measures n events,
withn = p-s- A - e+ b, where s is the number of signal events, ( is the p.o.i and A (acceptance) €
(efficiency) and b (background) are nuisance parameters with gaussian distributions.

The likelihood is given by:

Lon Aveb) = PEACEO o ((usde 1 1))

SIS ApEC —Uio;s>2) eon (=)

For each nuisance parameter, there is an "observed" value which could come from some auxiliary mea-
surement. In this simplified case all nuisance parameters are measured by their MLEzs, i.e. (é = Opps)-
We assume the "true" value of the parameters are known to be 6.

The pulls are calculated straightforward from equation 45. The impact is calculated with the test statistic

tu(e) = —QZn% (for the nuisance parameter €), with double hat indicating that the fit is con-

strained to €, as was described above. Table 2 shows the values of the parameters used in the toy
calculation. The measured value for n, was picked from a poisson distribution with expectation value
of Negp = - s - A - €+ b (the true, Asimov, values) and eqps Agps and byps Were picked from gaussian
distributions.

47

Figure 8 shows a typical overlay plot of pull and impact (right plot for Asimov and left plot for some
toy data set). Note the different x-axis (top for the impact, bottom for the pull). Figure 9 shows in more

detail the calculation of the impact - it shows the scan of t,(¢), fi(€) and the procedure leading from
€ * o, points to the Impact range (right plot for Asimov and left plot for some toy data set).

Parameter ‘ Asimov ‘ Measured

S 90 -

n 131.5 132
7 1 1.4

€ 0.5 0.465
Oc 0.05 -

A 0.7 0.487
oA 0.2 -

b 100 103.21
op 10 -

Table 2: Parameters for toy experiment

8 The Look Elsewhere Effect (LEE).

Wikipedia: The look-elsewhere effect is a phenomenon in the statistical analysis of scientific experiments,
particularly in complex particle physics experiments, where an apparently statistically significant obser-
vation may have actually arisen by chance because of the size of the parameter space to be searched.Once
the possibility of look-elsewhere error in an analysis is acknowledged, it can be compensated for by care-
ful application of standard mathematical techniques [3].

8.1 The LEE with one parameter (1m) undefined under the null hypothesis.

When searching for a new resonance somewhere in a possible mass range, the significance of observing
a local excess of events must take into account the probability of observing such an excess anywhere in
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Fig. 8: Impact and pull for the three nuisance parameters (right plot for Asimov and left plot for some toy data set).
The yellow rectangles show the impact range (upper x-axis) and the coloured dots show the pull (lower x-axis)

with one o error bars
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Fig. 9: Calculation of the impact of the nuisance parameter € (right plot for Asimov and left plot for some toy data
set). The upper plot shows the MLE of y« when profiling all parameters except € (the blue curve) and the red X’s

show the point where /i(€) intersects with the € + o, points (the dashed vertical lines), which marks the end points
L(f,Ae.b)

of the impact. The bottom plot shows the scan of the test statistic ¢,,(¢) = —2In L(iAeh) and shows that the é £ o

points correspond to min(t,(¢€)) £ 1
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the range. This is the so called “look elsewhere effect”. The effect can be quantified in terms of a trial
factor, which is the ratio between the probability of observing the excess at some fixed mass point (local
p — value), to the probability of observing it anywhere in the range (global p — value). The question we
try to answer with a p — value is What is the probability of observing an excess anywhere in the search
range". For years it was a common knowledge that in order to convert the local probability into a global
probability one has to apply a trial factor which is simply the number of possible independent search

regions, i.e. trial # = Dfleat — _searchrange 'y, 1314t wag shown that an important factor was missing

Dfix mass resolution*
from this rule of thumb estimation. The trial number is linearly dependent on the local significance. This
can be intuitively understood by the possibility of havung a look elsewhere effect within the independent
search range, where the number of possibilities peak can arrange itself is proportional to the significance.

The trial number is therefore asymptotically (for small p — values, i.e. large significance) given by

trial# ~ 1 + \/?Nme (48)

where N is the number of independent search regions.

The trial factor is thus asymptotically linear with both the effective number of independent regions,
and with the fixed-mass significance.

The number of independent search region is not a trivial quantity. The resolution might not be well
defined and is usually depending on the mass. We applied the formula obtained by Davies [13] for an
hypothesis testing when a nuisance parameter (the mass) is known only under the alternative hypothesis.
The mass is not defined under the null (background only) hypothesis.

Let go(m, ) be the discovery test statistics (following Equation 34). m is undefined under the null
hypothesis (1 = 0). Nevertheless, there is a dependence of gy on the mass through the denominator.

LO) -
2 20,

0 <0,

qo(m) = (49)

Given some data set, we scan go(m) and find the maximal one (smallest p — value over all possible
masses). We define it as

do = maxy,[qo(m)] = qo(r) (50)
Since for any given m, qo( > go(m), the global p — value, pgiobai > Piocai- Hence, the trial number
is always greater or equal to one, T'rial# > 1. We find that for high local significance (at the tail of the
pdf distributions), the following relation exists between the global and local p — value:

1
Plao(in) > u) = S P(xi > u) + NP(x3 > u) (51)

where in the tail v — co. N is the number of independent search regions. To obtain this we find the
average number of upcrossings at a level u = Z2, n,, i.e. E[n,] = Neu/2,

Since we are interested to know the global significance for high level , normally u = Z2 > 16, the
number of upcrossings is very small and one needs to generate expensive toys to estimate £[n,]. One
then renormalize the upcrossings level. Let us pick a low level ug where the number of upcrossings is
relatively large and the statistical error on the estimation is therefore small (normally one picks ug = 0
or ug = 0.5%). We find E(n,,) = Ne “0/? and therefore

upg—u

E(ny) = E(nyy)e” 2

(52)
Finally we find that the answer to the question: What is the probability to have a fluctuation with a

significance bigger than Z = \/u all over a given mass range? is given by

up—u

Pglobal(u) ~ plocal(u) + E(nuo)e 2

(33)
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where ug is some low reference level, where the estimation of the number of upcrossings E(n,, ) is easy
and fast.

To illustrate it let us look at a real example from the Higgs Boson search and discovery. In the
following Figures we show the py (Figure 10) and the signal strength y (Figure 11) as a function of the
Higgs mass. The plots are taken from the ATLAS discovery conference note [11]. Z = 0 corresponds

=} 5] i ) T T T T =]
= 10°c ATLAS Preliminary 2011 + 2012 Data 3
g —— Obs. Vs=7TeV: [Ldt=4.6-4.8fb" 3
-

Vs=8TeV: [Ldt="5859 fb? 3

1
~
Q

1
a1
Q

.................................................................

60

100 200 300 400 500 60
m, [GeV]

Fig. 10: The local probability py for a background-only experiment to be more signal-like than the observation in
the full mass range of this analysis as a function of my. The dashed curves show the median expected local pg
under the hypothesis of a Standard Model Higgs boson production signal at that mass. The horizontal dashed lines
indicate the p-values corresponding to significances of 1o to 60.

~ 7 ‘ ; ‘ —
2 255 ATLAS Preliminary 2011 + 2012 Data ]
S [ —~estfit (s=7TeV: [Ldt=4.6-481b" ]
T 2F [mamp<1 s=8TeV: [Ldt=5.85.9 "]
® £ 1
< L5 E
c C |
(=) L |
17 T e ¢ -]
0.5 3
O a1 s ™ NV O =
0.5 =
s ‘ ‘ ‘ —

100 200 300 400 500 600
m, [GeV]

Fig. 11: The combined best-fit signal strength /i as a function of the Higgs boson mass hypothesis in the full mass
range of this analysis

to either pg = 0.5 or i = 0. Se we have to count the number of up-crossings at 0. We should have
performed a few Momte Carlo experiments and count the average number of up-crossings at u = 0. But
this seems to be not practical when we combine all the channels. Instead we could simply take the data
itself and count n,,, = 9 £ 3. This accuracy is sufficient for the estimation of the trial number. Following
Equation 53, substituting ug = 0 and u = 5? = 25, we find

Patobat = O(1077) + 9 x e72/2 = 3.3 x 1077 (54)
The trial number is about trial# ~ 18:3 ~ 100 and it reduces the significance from 50 to 40.
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8.2 The LEE with two parameters (m, I') undefined under the null hypothesis.

In cases where there are two parameters undefined under the null hypothesis, such as mass (m) and width
(I') the Look Elsewhere Effect is broader. Ref [14] solved the case for a multi-dimensional search.

Suppose we would like to estimate the global significance of some observed excess. When allow-
ing both the mass and the width float, we observe that the highest significance of Zo occurs for some
specific mass and width. This observation corresponds to a local background fluctuation with a p-value
of procal- However, any fluctuation at any mass and width in the 2D search plane of m and I" would have
drawn our attention. The increased probability to observe a fluctuation of Zo or more anywhere in the
mass-width plane A = (m,I") (LEE) is given by the global p-value, pgopq;. The local p-value is based
on scanning the go(m, I') test statistic, go(m, I') given by

P
S—

L(07m7 b
L(ji,m,T,

=

qo(m,T') = —2log (55)

D>
S~—

The distribution of the maximum local significance u = 72 = max, r go(m, ') was studied in [14].
The global p-value is given by

Pgtobat = E[p(Au)] = Drocar + € “/*(N1 + ulNy) (56)

where N7 and Ny are coefficients that are estimated by calculating the average Euler characteristic of
the plane A. To solve for N7 and No, it is convenient to set two reference levels ug and w1, find the
Euler characteristics for each level, and solve the consequent system of two linear equations. In a 2D
manifold with closed islands, some with holes, each disconnected full island takes the value +1. Each
hole contributes —1. In that sense a full round shape has the Euler characteristic of +1. If you dig a hole
in it, its Euler characteristics becomes +1 — 1 = 0 (Figure 12).

9

=1 $=0 $=2

Fig. 12: Illustration of the Euler characteristic of some 2-dimensional manifold.

An example can be taken from the search for di-photon in ATLAS [15]. In Figure 13 one sees
the 2D (mx,I'x /mx) plane. The manifold A, is obtained by slicing this plane at a level u = Z 2 The
Euler characteristic is the number of "disconnected" islands in that slice.
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