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Various experimental studies of weak decay and scattering processes lead
to a number of observations:

1. Electron neutrino and antineutrino are different.
Muon neutrino and antineutrino are different.
Electron and muon are different.

5 +, - +,
Vel — €D, Uep —> €Ny Vyn—> [P, Uyp —> ' n
Ue > €7 p, vepFen, vynpup, vpFpn

2. The decay (1 — ¢ X  has not been observed

3. Only left-handed leptons and righ-handed antileptons participate in
process with |AQ| =1 for leptons of the same flavor

{ {
—_— ]

-]
4. Three generations have been observed
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The observation lead to the assumption that the lepton interactions with
|AQ| = 1 occur via charged current in so-called (V - A) form

Jo ~ 0y, (1 = y5) 1

Corresponding 4-fermion interaction Lagrangian for muon and electron currents

(f
L= \/1;_.-1(,(1 — Y5)V, €75 (1 — v5)ve + hee.
G is well-known Fermi constant with dimension [m]-2
p/ 1‘”;;
For the muon decay Y e I ~ GZ-m?
P H
| -
Re:\ul'rfo:. dr:rect - (IFmi m?
computation: | : ; :
P Ho 1923 m? f=1+0 (Q—f)

Gr = (1166371 +6-107%) - 107° GeV™*

As we know any fermion field ¥(x) may be presented as

l_._. 1_|_;5

U = /R U=y, +Upg

Therefore the current involves the Ieff component of the fermion field only
Jp = L LV v
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SM - the quantum field theory based on principles and requirements:

- gauge invariance with lowest dimension (dimension 4) operators;
SM gauge group: SU(3). x SU(2). x U(1)y

-correct electromagnetic neutral currents and
(V-A) charged currents (Fermi);

- 3 generations without chiral anomalies

- Higgs mechanism of spontaneous symmetry breaking
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-correct electromagnetic neutral currents and (V-A) charged currents (Fermi);
-3 generations without chiral anomalies
-Gauge invariant dimension 4 operators

The electroweak Standard Model gauge group
SUL(2) ® Uy (1)

SU,(2) is called the weak isospin group and Uy(1) is called the weak
hypercharge group. The hypercharge group is needed to have electromagnetic

U, (1).
The structure of the fermion generations

(Y () () (), ), G

ur.dr Cr,Sr tr,bgr.
€R [LR TR ur,dr CRr,Sr tr,bR

The electroweak part with the SU.(3) strong interactions are combine into
the gauge-fermion part of the Standard Model Lagrangian
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L = _%[’[':w ([,-{,fﬂv)'i _ iB‘W BHv _ ;Ga (G,uy )a_l_

4= pv
U! (i DLy ) oL (i DRyt
2 g VLD )T+ 3 oy g TRD) Ty
II; L =0,W -9, [1; + goe! jﬁc[;[fﬁ W
B, =0d,B, —0,B,
Gl = A, — A, + gsfabcAiAﬁ

: . ) . er . aqpa
Dﬁ’ = Oy —1g2W,T" —ig1 B, ( 5’ ) —igs At

S AN
Df =J, — 1B, (QR) — 195 Ajt"
i =1,2,3,a=1,...,8,

For the leptons g5 should be put to zero

The gauge fields are taken in the adjoint representations and leptons and
quark fields are in the fundamental representation of SU (2) and SU.(3)
groups.

E.Boos Quantum Field Theory and the Electroweak SM



We do not assume from the beginning the Gelmann-Nishijima relations for
weak hypercharges

Q = (Ty)p+ 5
Q = (I3)p+ £

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 the only fermions from the first generation
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Lagrangian for interactions of the leptons of the first generation
(from covariant derivatives)

1 g2 [][“3 + g1+ }/f B g —& [I " |
L= i (7_/ e ) v 2 2o \5 Ver, Yf
= . er “L) Ip [’[ - 1 } er +ER :qu B pnER
g2 —= \/3 —jJQH + ¢ (03] j—B

i o’ 1 1 H - V2 . o re ,
rW = S = ( \ﬂ{ . _UE ) WE = (W iW?2) /v2

Products of non-diagonal elements give the form of the charge current with
needed (V - A) structure

¢ 92— 92 _ NTI _
Lo = \ﬁ Je, YW, er + hoe. = ;)—ﬁxfe?-ﬁr-'ﬁ_(l — )W, e+ he

Products of diagonal elements lead to neutral currents

0 1 3 Yy
LNG = VerVu (7J2” T G JlT ) LT
_ 1 9 }rf
+eLYu (— 590V +a TLB ,u) er+
sl
+erYu01 9 Bucr.

E.Boos Quantum Field Theory and the Electroweak SM



The neutral component of the W field and B field can mix
IIE = Z, cos bty + A, sin Oy

One of this fields, say A, we try to identify with the photon -

it should not interact with the neutrino and should have well-known
Dirac interaction with the electron field. From these physics
requirements we get:

1 qo . 1 < -/ 1 < -y i
e-A vy, - K—”}; sin By + J—;} f COS HW) + J—;} Rf_ COS 91,14: (.e

Lirgy . J1 « . 01 « .
e-A YuYs5° 5 Kﬁ S1I1 F)W — J)l} f COS HW) -+ J)l} RF CcOS HW}: 0
Jo . 1« .y ) _
v-A: J—; S11 9[,1; -+ J—)l f COS Hﬁr — 0_. (Cge’ — _l)

r e
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92 . 91+ -¢ 91~ ¢
— Sin O + 7}/5 cos By = 51/}5 cos by = Qe

@ SIn Qw -+ %Yf COS QW — 03 (Qf’- — _1)

\

g sin 9];:1; — €
lef COS QW' — —C
¢ _ oyt
Vi =2Y!

The hypercharges of the left and right chiral leptons are proportional but
they are not fully fixed

E.Boos Quantum Field Theory and the Electroweak SM

10



In the quark sector there are both left and right chirality components
for up and down quarks
(), e

The EW interaction Lagrangian for quarks as follows from the covariant

derivatives
Y4 IV+
I ZQ’QH + g_lQ‘LB 5 \/E Uu
(“ jL 1 W, q +
P —jgzwg + 91%&8 . d )
\/E Yd

Yy
+URA ,uQLTB UR T dR ,uQLTB dp
Charge currents have needed (V-A) structure

L, =Ly, (1 — 45w

2V/2
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Requirements for up and down quarks to have Dirac electromagnetic
interactions with charges +2/3e and -1/3e lead to:

59280 Ow + 5 g1 Y} cos by = 5}’ R 1 cos by = 3¢
1 : | 1. 1
o2 B Ow + 59 1Y} cos Oy = 5}’ Ay cos By = —3€

To be compared with what we have
from the lepton sector:

( psinfy = e ) _
| ) gosinfy = e
{ g1Y; cosby = <e y
141 ' 3 0
: S q1Yjcosby = —e
7d )}fq YVu . _ :)},fd.
| Y+ V= i =2V e _ oyt
v L Y, =2Y]
'}rf _ _g}rg /
_ g
R = __} 12
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Simple algebraic computations lead to the interaction Lagrangian of the
second W and B combination - Z vector field with leptons and quarks.

The neutral current Lagrangian takes the form:

e
Lo — ¢ em _1,0! J
NC € Zf: 2 + 4 sin Hn, COS 9[1, Z

o= fvuf. Q,=0,Q.=—1,Q,=2/3, Qa=—1/3, Jf;_ = fulv

(1-“__2. — l.. 'I;di 1 —I_ ‘TH adz — _1

v, = 1, a, = 1.

ve = —1+ 4.91_,1_,—, ap = —1;
Vg = 2T3f - 4QfsW20 as = 2T3f

Lepton and quark weak hypercharges do not present in the interactions!

One hypercharge, say, Yf remains to be free
13
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We have constructed the theory:

Lee = P2 AW +f L+ h.c. = g2 V(L —5)W e+ h.e.
CC H

\/z FL e )[ € ;,U,

- g2 _ g2 < .
Ll . = — v W Td + dy, (1 — v )W " u
CC )\/* u) 7 )f a,t u.) 7

e
Lye =e QeJim A+ ———— — . /s
Ne = Zj: 2 i 4 sin By cos Oy Zf: Th

How about chiral anomalies?

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 level.
L = ‘IJ 3t () 3 4{'1-_!((1) U, = \Ij..ﬂﬁ.ﬁ- () o 4(1-{(1-) 1 — ﬁ’_ri \/j
| — L l / C 7 ?!]4 ' L — l ) ¢ [L Z‘L(JA 't .()
is gauge invariant for massless fermions at classical level

This invariance according to Noether theorem leads to conserving current

-~/

— — e
S ~ 2 a
J Mmoo v [ 9 v
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However, after quantization one finds the current is not conserved due
to triangle loop contributions

The sum of diagrams after convoluting with momentum p is proportional to
g ° 3 b
~prap o g C[ya g c
~ e ks T [t

bl

In our case there are simultaneously contributions from left and right
chiral fermions which contributes to the anomaly with opposite signs

Anom ~ 1r {t“‘{fbfjﬂ , — [fﬂ'{fbfcﬂ n

If the anomaly does not vanish the theory losts its gauge invariance, and
therefore can not be acceptable.
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In QED and QCD left and right fermions obviously couple equally to the gauge
bosons. Therefore the left and right chirality contributions compensate exactly
each other, the anomaly is equal to zero and the theories perfectly make
sense.

In SM left and right states couple with different hypercharges to U,(1) and
the only left components couple to the SU,(2) gauge bosons. So, it is not
obvious at all apriori that chiral anomalies vanish. In fact, zero anomalies is
a requirement for the SM to be a reasonable quantum field theory.

Generators of the SU,(2) are t = ¢i/2 :> Traces of od.d number of
generators give O

The only potentially dangerous animalies

(SUL(Q))Q Uy (1) and Uy (1)?

16
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1. (SUL(2))" - Uy (1) it} = 50v

Anom ~ Tr [Y{f—z, t/ HL — 5(‘)”T1‘Y — 30 [\ o 2Y,! + ﬂ’ﬂ
Y/ = -3Y/
1o
Anom ~ 50” 2Y (N — 3) —) 3 colors!

2. Uy (1)’
Anom ~ Tr(Y?)—Tr(Y3) =
= Ne(Y)? -2+ (Y[)?- 2= Ne [(VE)* + (Yg)°] — (Yg)

Taking into account: Y4+ Ye =27 Yi=2Y/ Y = —3Y/
Anom ~ Y/ [2N 1}’*” Y4 6(Y)?| = 2, 4,
noimm ! [ f(f —1— R)rf ;(rFL) }r. . :> ,}-}; _ ‘_}}J/F or }rg _ _‘_}}(:"
= Y/ 6GY/+ Yy Y)Y/ + Yy +Y)) 3 3
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. Correct (V-A) charge currents

. Correct electromagnetic interactions

. No chiral anomalies

. Predictions of additional neutral currents observed experimentally

HDWN =

But such a theory can not describe the nature:
1. There are no massless EW bosons except the photon
and no massless fermions except may be the neutrino.
In experiments massive W-, Z-bosons, leptons and quarks were observed
2. Mass terms for both bosons and fermions violate the basic principle of
the gauge invariance

o L T 7 I
My Wywe= - SM;Z,2" mUy = m (‘I,f\L Vr +WRYyL)
Vi = Vit G

doublet singlet

18
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How to make massive particles without violation of basic principle of gauge
invariance?

Spontaneous symmetry breaking, Nambu-Goldstone theorem,
and Brout-Engelrt-Higgs-Hagen-6uralnik-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)

Simple illustrative example: L=20, Pt — 2 pfo — Mpfp)?
The Lagrangian is invariant under the phase shift P — 0" w=const

The case ;* > 0 is trivial and not interesting.
In the case /* = —|¢’| <0 the potential
Vip) = u2oto + M\(pfp)?  has nontrivial minimum )

dV
2l
et g

2 2
170 + 2M(pp0)po =0 = o NG >0

o0 = +0/v32 AN
A concrete vacuum solution violates the phase shift symmetry
E.Boos Quantum Field Theory and the Electroweak SM
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Complex scalar field can be parameterized by two real fields
VoA

L =0,0"0"p — 1”0 0 — A )

+h( )) —i€(x) /v

L = 10,h"h — MN*h® — \oh® — \b* /4
+50,80ME + 20,601 Eh + —50,0"ER* + Aot /4

The Lagrangian describes the system of massive scalar field h with
mass m; = 2\v* interacting with massless scalar field ¢(z). The field
¢(x) is the Nambu-6Goldstone boson field

This is a particular case of the generic Goldstone theorem.
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If the theory is invariant under a global group with m generators but the
vacuum is invariant under transformations generated only by 2 (£ < m)
generators, then (m - ) massless Nambu-Goldstone bosons exist in the
theory

Consider the system /| — élaﬂolQ — V(o)

Let the Lagarngian is invariant under i=1..m transformations:

A
(D2

.- Vi [ N C Y
O—= O =@+ 00, 00; =10 9‘41‘.—” .

The invariance of the potential means:

SV = (0V/0¢,;)6b; = i60™(0V /0 thé: =0

L]

Let the potential has a minimum (vacuum) at ¢, = ¢V : (0V/0o;)(0; = ¢)) =0

The second derivative O0*V (¢ 0y 40 4 c‘ﬂz"( | /-o) I
o o .—,. (:) p— (,-*D . - (:) . ,—. (;) — (:) N j—
at minimum D O ! RITT T D, ! i/ Vik
(".)‘2 Vv Tf (j)? =0 4
———— (o = &))t5;0) =0 = .-_)zi} ‘
DO OO, : OV 0 =0 (m - 2) massless
Y P — @,
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Let us add to the SM Lagrangian
I = 111 1 (I.{_;p.u).i . iB’uqu.u 1(‘1{1 ((‘fp.u)

pv A v

iy UL(IDEA) UL + 3, Th(iDRy) U,

one more complex scalar field, SU (2) doublet and Uy(1) singlet

Lo = D#.(I)TD#-(I) — ,U.Q(I)T(I) — ,\((I)hi))il

}f
Covariant derivative D,u- — dpt- —iga W H_f — ?JL—B

SU,(2) invariance $(xr) = D' () = exp (z goo't’) O(x)

)t 0
Parameterization by 4 fields  ®(v) = exp (—f ) ) ( (v+ h) /2 )

v

In the unitary gauge { ( 0 )
, : |::> o = _{
pa'(xr) = {'(r)/v NG
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The Lagrangian . 5+ !
Le = D#_(I)TD’U(I) — (PO — A\ (DTD)

W = Z, cos Oy + A, sin Oy
B, = —Z,sinbw + A, cos by

d = \% ( v +2z(-‘r) )

The diagonal mass matrix -> physics states with definite masses

Lo 1 3 Ay
L 2(0&}1) 2( o) h? — \vh 4}1

in tferms of the fields:

W = (WL iW?2) /v2

; , 1o .
FMEWLWI (L4 hfo)? + SMZZ, 2" (1 + hjv)?

9 P i L
Mz = 2\ Mw = 592V
where H 2

M, = % ( gs cos Oy + 1Y sin HW) v

Condition of zero mass for the field A:

1 y#
——Jz 51119[1, —f—Jl—U}SHu =
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Conditions from the lepton sector

(o SIN Oy = —Jl} cos O

tell us: the field A has the correct electromagnetic
intferactions and has zero mass simultaneously if the charged

lepton and Higgs field hypercharges have equal modulus and
opposite signs

Yf = - VH
The vacuum ¢, — L 0 violates both SU,(2) and Uy(1) symmetries
However one can find such a combination of generators which leaves
the vacuum unchanged:

E?ETﬁ (T')?; (I) Ve — (I) vac :> E (I) vac — 0

1(1 0 1 10 10N .. o
I+ }H (J—l) }H(()'l):(() 0) it Yy =1
The vacuum is neutral 73+ 5}}; = Qp =0

SUL(2) x Uy (1) — U,.(1)

24
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go sin By = g1 cos Oy
f - -
m=1 — M, = % (gg cos Oy + g1 Y sin HW) v

1
ﬂ _ J[ w = E o

My, = My cos By

This confirms the Gelmann-Nishijima relations

Vi =2Y]
. - Yr sl _3Vy4
Q = (I3)L+ 7_% Y“}L v _3;;(1
i . };:R R + R _ L
Q = (Iy)r+ 35 yu = 2y
- 3

It should be so from the relation between SU, (2) and U,(1)
generators leading to unbroken U, (1) generator
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A

1 1
2 — —(2X%)h? = Moh? — 1}14 “+

L = 5(0.h)

1
+MEW SWHS(1+ h/o) 2 5 MZZ,Z"(1 + h/v)?

4

From the Glodstone theorem we expect 4-1 = 3 massless
Nambu-6Goldstone bosons. But they are not present in the Lagrangian.

However three bosons (W* and Z) become massive -
3 Nambu-6oldstone bosons are “eaten” by the longitudinal modes of

W: and Z (Brout-Engelrt-Higgs-Hagen-Guralnik-Kibble mechanism)

[4] F. Englert, R. Brout, Phys. Rev. Lett. 13 (1964) 321, doi:10.1103/

ANS PhysRevLett.13.321.

e [5] PW. Higgs, Phys. Lett. 12 (1964) 132, doi:10.1016/0031-9163(64)91136-9.

[6] PW. Higgs, Phys. Rev. Lett. 13 (1964) 508, doi:10.1103/PhysRevLett.13.508.

[7] G. Guralnik, C. Hagen, TW.B. Kibble, Phys. Rev. Lett. 13 (1964) 585,
doi:10.1103/PhysRevLett.13.585.

[8] PW. Higgs, Phys. Rev. 145 (1966) 1156, doi:10.1103/PhysRev.145.1156.

[9] TW.B. Kibble, Phys. Rev. 155 (1967) 1554, doi:10.1103/PhysRev.155.1554.
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The kinetic terms and self interactions of the gauge fields W+, A, Z
comes from the SM Lagrangian after corresponding subtitution of Wi and

B fields via the physics fields

. . ——I LRV wy j% Cy = COS 91}[--’, Sw = sin (7)1_.1..-'
Lﬂrmr-ye — 4 WI B‘”’B Zuw =02, — 0,2, WE =08, WE—9,W#
— _IEWF;W . ;[Z;WZFW . lII F—Li;” —,ur/
[U;H AV hee+ W ] 4
W WEWTHZY 4 hoe.+ WEW Z0] —
—f_v.?rlf (W, W — W WO 4 heel] —
1S
2
—%F(I"I;. A, —WFEANWHAY — W7 AM)—
2 2
€ %(H 7, W Z )Wz — W 2 —

)
"W
2
O (WA, — WA (WHZY — W L)+ he

+ (MZWHW = 4 LN2 7, 7¢) The mass term comes from the scalar part
The propagators are given by inverting quadratic form. In the unitary gauge:
T ] o O T / _3 ) p ipy
Vi (ng/ - (),u() Guv \[L ) V D;w (p] — pz_—w [g,tw T :it[‘yg’]

:\ [ Vv 18 _‘l f W Or _‘l I A
27
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The propagator (p,p,/M\? has a bad ultraviolet behavior. This lead to the
problem of proving renormalizibility of SM. However, one can use another
gauge in which the bad ultraviolet behavior is absent.

It is convenient to express the Higgs field as follows:

—'i'ti,’+
b(x) = g wE a ~  Goldstone boson
(1) ( (’U _I_ h _I_ Zzg)/ﬂ ) ag _'llld g olastone bosons

Covariant derivative in term of W:, A, Z fields:

; 1 — 267 ) ' i
9, — il W) 7, —ieA, —i—=—Wt
D, = ! 25w CH V2sy o
— { — ¢ €
! \/E‘wu ' (),u, ™ 22 SWew Z‘“’
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The Higgs-gauge part of the Lagrangian

L = (D,®)(Dtd) — A (DD —02/2)" =

|
o —

—M?h? — \vh?® — g‘f;ﬁ _
— My 8w WH= — My 9wy WHt — Myd,,z, 70+

+d,wioFtw; + ZC Mz,—
—ANt(h + 2v) (uﬁg Wi+ z,/2) = A ( ;W + 2/2 )

more cubic ahd quartic terms involving wgi and z,

Massless Goldstone Posons

Mixing terms
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The gauge fixing term allows to cancel kinetic mixing parts

1
Lap = —% (() W, t — EMyw ) ((),,I’[ HT— My )—E (0,2 — ';ﬂ’fzzﬁ)g

—

W and Z boson propagators come from: gauge fixing for A:
1 1 : 5 —(0,A")?/2¢
~ 17w 2"+ GMBZ,ZY — g (0,2") ~
—SWE W 4 ME W= — % QW) (9, W)

Zy = 0uZy — 0,2, Wi =0,W5 —0,W;F

inverting the quadratic form

i ek,

Dgrxz . g,uv_(l_g) :
we k2 — Mg k2 — EM2
¢ =0 - Landau gauge
£=1 - t'*Hooft-Feynman gauge

1

Goldstone boson and Faddeev-Popov ghost propagators: D =
(Complete set of Feynman rules in codes like CompHEP, Madgraph...)

Good ultraviolat behavior - the SM is renormalizable theory
E.Boos Quantum Field Theory and the Electroweak SM
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How the Higgs mechanism of spontaneous symmetry breaking
works in case of fermion fields?

There are only two gauge invariant dimension 4 operators preserving
the SM gauge invariance - the Yukawa type operators:

QrPdr and Qr P up QL= (RL)

dj,

_ 1 0 _ C - 214 1 v+ h
b = \—ﬁ ( v h ) and ¢ = i0°d" = \ﬁ 0

Charge conjugated operators:

(Qr®dg)" = did" (Qr)" = di"4°011°Q, = drd'Qy

('@L(I)CILR).} = UR ((I)C) (QL
After spontaneous symmetry breaking such operators generate needed
fermion masses of Dirac type:

_ 0 _ _ _ _ _
("E_.!-LdL) ( )dR + dR(U U )(d ) — d-LdR + "Ud-RdL = U (deR + (iRdL) = vdd
L

and similar for the up-type quarks with the field &¢
E.Boos Quantum Field Theory and the Electroweak SM
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Most general gauge invariant Lagrangian with possible mixing of Yukawa
type operators:

Ly ukawa = ”Q @a’" T4 he — ¢! ‘U + hoe — 7L 'ij[)e "4 he |
L L R

In the unitary gauge one can rewrite the Lagrangian as follows

o _‘,; o
L'Yukau!a — J"[;]J di[, dfﬂ + 1[?} HL lt —|_ 1[UEL eR —|_ /l?..('i.:| ' (l + l_?)
Mii = Tiiy/\/2

The physics states are the states with definite mass. One should
diagonalize matrices in order to get the physical states for quark and

leptons dy . = (U dps: de = (US)iidry: up = (U)ijury; e = (US)iur,

= (UD): o= (UR)ln
UUl =1, UgUL =1, UjUL =1,

The matrices U are chosen such:

m, 0 0 mg 0 0 m. 0O 0
(UHMUE=1 0 m, O |; (UHMUE=| 0 m, 0 (U MUR=1 0 m, 0
0O 0 my 0O 0 my 0 0 m,
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The Yukawa Lagrangian after diagonalization

S L . h
—> Ly ukawa = — |myd'd" + mia'u" + my(*("] - (l + ?)
v

contains masses of particles and the interaction of the fermions with
the Higgs boson

Neutral currents have the same structure with respect to flavors as the
mass terms. And they become diagonal simultaneously with the mass terms

U U TONU — TOT

But charge currents contain fermions rotated by different matrices
Jo ~ (UMTUda,Qdy,

The unitary matrix is called the ) Nty rd
Cabbibo-Kobayashi-Moskawa mixing matrix Vekw = (UL)'Up

33
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Cabbibo-Kobayashi-Maskawa mixing matrix

1';u.d L,u.s I';u.b

Vervr = Vea Ve Vi
Via Vis Va

Concrete values for the elements of the CKM matrix are not predicted in
SM. One can show that 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 matrix contains 3 real parameters and 1 complex phase.
Presence of this phase lead to CP violation, which in this sence is a
prediction of the Standard Model with three generations.

Ve Vus Vb 1 — )\2/2 P A)\S (p _ zn)
V=| Ve Ves Ve | ® ~\ 1 —A2/2 AN? +0(\Y
Vie Vi Vi AN (1 —p—in) —AN 1
_ +0.0009 _ +0.021
_ a=+0.031 _ ‘ 0.015
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Lsyr = LGauge + Lra + Ly

—

Kinetic terms for the gauge fields:
Interaction terms of the gauge fields

Kinetic terms for fermions;
Interactions of fermions with the gauge fields
(NC and CC currents)

Kinetic and self-interaction terms for the higgs boson fields;
Higgs - gauge boson interaction terms;

Higgs-fermion interaction terms;

Mass terms for the gauge bosons and fermions;

+ Goldstone bosons and ghosts interactions

2 2
Lu = L@n)@.h) +2knt - Hips - gf i

(MWW N2 Z,20) (14 ] ?) =S e ff (14 1)
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