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Abstract

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

1 Introduction

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

100 GeV — 10716 cm,

1 TeV — 1077 cm,

10 TeV — 1078 cm.

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

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

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

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

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

three generations without chiral anomalies;

Higgs mechanism of spontaneous symmetry breaking.

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

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

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

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

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

37YuRi :§7Yd = 3

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

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

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



QUANTUM FIELD THEORY AND THE ELECTROWEAK STANDARD MODEL

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

ii
s

Fig. 2: CERN T-shirt with SM Lagrangian

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

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

2 Introductory words to quantum theory

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

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

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

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

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

H(p,q) = pq — L(q,q),

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

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

the equation for the coordinate operator has the following form:

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

This easily follows from the equalities

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

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

14

U, ).

which is called the Heisenberg uncertainty principle.

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

W|Alp) = A4, (Y|(A—A)[y).

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

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

For any state |i) we have

(| ATAJp) > 0

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

hQ
T A@Ap? <.

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

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

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

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

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

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

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

What is the energy of the vacuum state? This is

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

H(a""™0) = w(n +1/2)|n).

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

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

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

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

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

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

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

pr_ /dkk:“ al (B)a(k) + b1 (£)b(F) |

~

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

~ A ~

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

~

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

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

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

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

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

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

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

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

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

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

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

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

Q2'(2)[0) = ®'(2)|0).

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

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

tl,fl t2;f2

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

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

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

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

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

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

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

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

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

The function

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

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

— — B n 0 — —

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

PO‘El,...,En>:H

P

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

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

The field momentum is then
oL

0@’ dop(x) = .

The Lagrangian of the complex scalar field has the form

m(x) =

L=0,0"0"p —m?plop,

() = ¢ (2); wl(2) = ().

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

action:
oL oL

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

[#(Z,1), 2@ )]|,_, = —i0(Z - &).

The Lagrangian is invariant under a global phase shift:

(O —m?)p =0.

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

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

3 Functional integral in quantum mechanics

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

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

oL

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

ﬁQ
H(p,q) = 5— +V(a)

2m

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

i— V) =H|U).

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

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

Then the wave function coordinate representation is

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

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

i — /dqo 140) (ol

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

Obviously, [H, H] = 0 and therefore

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

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

~ [ dacla) o

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

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

nlf

-2 .
—i2=dt efiV(q)ét

For very small (dt), e

2
P
eflﬁét

e 1%&

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

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

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

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

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

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

The formula for the kernel, being written as

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

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

10
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4 Gaussian integrals

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

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

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

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

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

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

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

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

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

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

Vdet A

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

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

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

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

A 0
UBUT = ,
0 M

11
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The integral Z¢ then takes the form

n

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

If we add the external complex ‘source’ J,

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

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

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

1
Zint[J] _ 7 /deeézAerJzV(a:)’

ZolJ) = BT Zo =T BT (10)

where Zing = Zint[0].

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

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

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

q(t) = w(x); 4(t) — Oup(z).

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

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

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

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

6J(y)

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

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

The formal solution of the equation is

Dlp)= 5

pe—m

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

1
D =
(p) p2 —m? +ie

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

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

/D(sO) exp (—a/dwz(w))

ensures the convergence of the integral.

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

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

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

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

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

13
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6 Functional integral in holomorphic representation

We start with the harmonic oscillator as we did before:

~2 2 +2
p w=q
H(P,Q):EﬂL 5

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

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

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

27i

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

(@)™

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

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

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

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

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

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

The function

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

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

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

27

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

operators:

A=>"Knm(ah" (@)™ (22)

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

K(a*,a) = ZKnm(a*)”am. (23)

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

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

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

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

for a small time interval A¢.

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

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

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

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

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

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

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

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

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

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

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

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

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

reduced to the substitution of arguments:
a — ae”

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

b(o) = [ rggale ™+ el (1)

and the corresponding 4-momentum operator is

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

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

(0= 1) B).

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

on the one-particle state as

E>:k0’l§>, P

E>:E

1=

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

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

S= lim G e Hot, (30)

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

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

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

1 27
tk

) D

t'——oco

t" =400

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

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

1
L= -0,p0"p —

5 202 + J(z)ep.

2

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

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

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

The solution of these equations has the following form:

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

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

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

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

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

1 . e

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

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

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

and the Green function (the propagator)

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

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

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

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

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

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

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

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

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

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

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

Z(J)’JJ —0, (40)

p1 Oy
10 J

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

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

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

gives us the Green functions

0Z

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

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

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

ﬁ (Di + m2)

=1

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

=1 10

Schematically, the procedure is shown in Fig. 3.

O-0-0

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

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

7 Generating functional for Green functions and perturbation theory

Now we return to the generating functional written in the form

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

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

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

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

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

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

= (p1(1) .- palzn)) = (0| T{ (1) ... (2)} [0) -
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At this point let us consider as an example a theory with V' (¢) = %4,04. In such a theory if we take two

derivatives and expand the exponent on A, we get

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

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

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

d'V(p)

i\ = —i e

»=0

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

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

Fig. 4: Tllustration of (43)

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

[ e

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

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

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

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

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

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

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

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

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

line):
or oW oJ 6J

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

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

52T o sI@) sW

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

SWJ]

47

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

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

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

X3

X3 Gz

- 505
X1 2%) {C)’

X1 F3 Xy

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

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

stationary trajectory:
65[¢]

les

+J=0
P=%Pcl

[«

~—

Therefore )
1

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

and, by comparing with (44), we obtain

F[‘)Ocl] - S[Socl]-

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

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

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

8 Fermion fields

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

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

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

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

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

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

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

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

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

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

are in fact two-component objects.

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

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

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

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

0 p—

PO + pony )

vy = — , (58)
( —v/po — pon

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

_1Fs
UL R = 2 uy,

_1F s
ULR = 5 V).

Normalization conditions and summation over indices are as follows:

Upnuy = 2moyy, VAUN = —2moxy,

D unty=put Fm, Y oAty =y —
A )

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

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

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

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

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

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

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

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

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

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

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

(62)

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

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

(aa)” = ag, (ag)" = da,

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

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

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

o 9 . )

Oagy “ oaf, 9B = %ap Oaq “8 oay, a6

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

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

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

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

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

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

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

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

A=1,2

n(z) is the fermion source and

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

is the Feynman propagator for the fermion field.

Taking into account the following relation for the functional measure:

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

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

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

9 Quantization of theories with the gauge fields

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

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

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

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

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

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

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

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

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

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

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

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

Then the Lagrangian for the gauge field takes the form

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

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

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

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

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

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

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

ADAY = A* (Ogy — 0,0,) A”

or, in momentum space,
(kQQHV — kyuky)

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

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

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

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

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

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

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

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

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

«

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

/ Da / DA § (F(A)) - det (g) : (77)

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

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

where

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

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

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

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

/OO dwd (F(z; + w)) det (‘;f) _1,

—0o0

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

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

Ig = /d:cl/darge T4 A””“"Jé ‘

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

kD = —¢k

pv

= &k, DER(R).

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

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

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

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

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

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

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

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

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

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

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

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

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

| M

d®,,,
i fra? i

dog =

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

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

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

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

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

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

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

10 Electroweak interactions in the SM

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

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

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

(4) three generations have been observed.
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£ 4
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|

The observations lead to the assumption that the lepton interactions with |Q)| = 1 occur via charge
current in so-called V-A form:

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

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

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

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

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

5

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

The formula for the width is

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

2

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

wherele—l—(](

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

1-— 1
U — %W+ + 75
2 2

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

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

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

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

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

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

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

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

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

(i), (), G), o

uRr,dr CR,SR tR,bR.

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

L= =W (W) = 1B B — 3G, (G)"

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

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

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

Yf

Qr = T+,
(95)

f v

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

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

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

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

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

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

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

Here the relation following from the Pauli matrices is used:

i 1( w3 ﬁWJ)

it — Tt — =
TW—2W \@Wu_ _WB

5 C)

where VVHjE = (Wﬁ F 1W3) /V2.

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

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

V2 2v2

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

_ Vi

+erYug1 TRBueR-

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

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

B, = —Z,sinfw + A, cos Oy.

The angle fv is called the Weinberg mixing angle.

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

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

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

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

and
Vg = 2V (105)

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

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

u
dr.
(d>L7 UR, R

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

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

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

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

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

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

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

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

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

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

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

v, = 1, ayzl, U€:—1+4Sin2ew, ae:—l;

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

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

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

vy = ZTJ —4Qy sin? Oy, af = 2Tz{-

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

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

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

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

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

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

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

(11775

1

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

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

. (114)

. = l—n5
Ip =Yy

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

Fig. 8: Loop corrections

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

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

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

fermions with left and right chiralities:

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

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

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

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

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

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

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

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

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

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

Anom ~ Tr (YE’) —Tr (YP‘Z’)

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

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

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

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

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

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

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

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

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

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

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

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

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

L =0up"0"0 — 20l — A(pTp)?. (123)

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

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

has a non-trivial minimum:

av
def %0

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

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

4

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

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

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

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

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

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

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

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

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

tie) =0 (129)

only fori =1,...,¢ (¢ <m).

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

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

0%V
0pr0p;

(pi = eNt50) = 0.

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

92V
0p10p;

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

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

Ly = D, DFP — 120D — \(Td)% (131)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ZE10:
H

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

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

vac = Pvac;

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

g

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

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

1 1/1 0 1 10 10 .

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

In our case

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

go sin By = g1 cos O . (140)

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

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

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

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

Y
134-5:62

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

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

i wi — Lp,, g

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

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

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

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

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

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

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

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

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

where

and B
(QL‘I’CUR)T = UR (‘I)C)T QL.

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

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

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

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

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

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

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

where M =Ty /\/2.

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

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

The matrices U are chosen such that

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

me O 0

(UHIMUE =1 0 m, 0

0 0 m,

Therefore, the Yukawa-type Lagrangian (144) is

Lyukawa = — [méJLidRi + mflid}{idLi-F

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

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

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

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

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

T'ONV — TOU.
However, charge currents

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

The unitary matrix
Verw = (UP)TUF

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

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

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

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

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

— (W W - Wy WhHW W e

45ty (148)

[

C(W,FA, — Wi A) (W HAY — WV AR

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

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

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

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

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

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

VH (Ogu — 0,0" + guM$) V", (151)

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

—i pup”
Dyp)=——5 9w — . 152

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

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

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

o 2
8#—16(172%“7)ZM—16AM ST 7

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

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

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

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

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

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

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

1 1 1 2
—1ZWZW + éMng,Z" ~ 3¢ (6#2“)

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

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

—i Kk

DS =—— g — (1—&)—t2 |

(158)

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

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

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

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

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

13 Phenomenology of the SM in lowest order

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

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

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

2
9 _ Gr (160)

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

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

1
M, = Zggv? (161)

From these two relations, we obtain

1
V= ————= = 246.22 GeV. (162)

VV2GE

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

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

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

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

o = (137.035999 074(44)) !

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

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

My = 80.385 +£0.015 GeV,

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

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

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

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

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

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

are the vector and axial-vector coupling constants.

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

i

_ LW = updy) = |Vij|*Ne—24 My,
].25W

/

(168)

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

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

~

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

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

Ne L

(170)

W Wb

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

Br(W — {v) = é — (1L.11)%. (171

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

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

[y =T = Tfha — Tfi - (172)

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

OéMZ

¢ —_—1mM“ _-_nN,.—_ "2
T 126in%(20w)

mv

(1+1). (173)

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

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

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

IZ = 0.4990 + 0.0015 GeV.

This gives for N,
N, = 2.984 £ 0.008,

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

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

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

Fig. 11: N, from LEP measurements

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

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

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

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

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

centre of mass energy /s:
2

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

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

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

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

10 é_ | | | IIJEPII | | LIEP III | _é

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

Centre-of-mass energy (GeV)

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

diagram and restore the well-known QED formula

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

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

where

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

Simple integration of (175) gives the following result:

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

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

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

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

|
0.234

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

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

q

Fig. 15: Top-quark decay

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

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

where one neglects the b-quark mass:

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

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

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

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

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

r

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

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

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

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

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

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

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

Fig. 16: eTe™ — WHW~-

The triple vertex of the Yang—Mills interaction:

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

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

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

Vs (GeV)

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

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

14 The electroweak SM beyond the leading order

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

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

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

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

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

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

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

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

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

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

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

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

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

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

dp — dPp(u2)2~D/2,

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

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

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

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

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

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

Therefore, the dressed photon propagator can be written as

Dot =~ [ (o~ ) + €57 18

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

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

1
V23

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

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

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

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

Now the expression for the dressed inverse fermion propagator is

57Hp) =S5 (p) — S(p).- (189)

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

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

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

Direct computation gives the following answer:

«

>
2 8

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

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

1 1 1
SO = SR —m— ReD) 1= A6 i -

Close to physics mass, one should have

1—f2 (mghys)

TMph: = M——a -
phys 1 o f]_ (mf)hys)

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

S(p) = L)

= —, (193)
P — Mphys (87 ,U/)

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

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

(196)
aB

V(%) (

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

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

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

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

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

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

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

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

Let us rewrite our initial (before renormalization) QED Lagrangian

1 _
—ZF°% FO o (iD° — mg) Wy, (200)

L= 4

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

\/\/O/\/‘\Z/\/Q/\/‘

Fig. 19: Loop corrections

I
S

S

N

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

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

my=178 48 1

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

GeV,

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

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

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

1. The SM is a renormalizable anomaly-free gauge quantum field theory with spontaneously broken
EW symmetry. Remarkable agreement with many experimental measurements is observed.
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80 5 MarchZOlIZ . . | . . .
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155 a7
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Fig. 20: W boson mass as a function of the top quark mass at varios masses of the Higgs bosos (see details in [17]).

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

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

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

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

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

the QCD coupling constant o.

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

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

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

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

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

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

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

0O 1 2 3

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

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

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

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

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

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