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The sU2)xU(1) Standard Mode/

Elementary constituants and the SM gauge group

The electroweak interaction and the Higgs mechanism
Couplings in the electroweak SM

Fermion masses

First experimental facts in favour of the electroweak SM



1. Constituants

Gauge symmetry group, G

o IVB theory with (V-A) charged current:
Lis(x)=g(J*"W,+hec) witheg. JL,=vey(1-ys)e
o QED:
veo =9TA, with  JL =-eyte
o 3 currents (Jiops, JTiept. Jem) = 3 charges, generators of G :
TL(1)= oI5, ()= [dxy, (L-p)e=T" (1)
Q) = [dx’T, (x) = -[dx’e’e
which verify:
TAT0]= [, Q- ). - A= el = 275(7)

with L #& = T,Q do not form a closed algebra, G # SU(2)3



Gauge symmetry group, 6

o First choice: add another neutral gauge boson coupled to T;

—=|6=SU(2) x U(1)| : weak neutral currents predicted

o Second choice: add a new fermion to modify currents and close
the algebra

— G =SU(2) : no weak neutral current

model of Georgi and Glashow (1972). Ruled out by the discovery
of weak neutral-currents (1973).

o Note: in both cases, unitarity is preserved (new diagrams).



The 12 elementary constituants

|ep‘|‘ons Neutron

quark (1995) and v, (2000). So far, no internal structure detected.
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Fermions

o Fermion "left-handed” and "right-handed” components:
1 1
Y, ZE(I_V5)€U Yy :§(1+V5)¢

chirality operator: s chirality projector:  $(1tys)
, : negative chirality or left-handed component
Py ¢ positive chirality or right-handed component
ultra-relativistic limit (E>>m): chirality Ohelicity
weak
o SU(2) quantum number assignment (one lepton family): isospin

!
+ + Ve
= fjdX3V (1- y5)e — jdX3VeLeL SU(Z)L doublet /L = [eLj (T:%)
L
I = Idx eL el —
L=%[dx’(v,v, -€¢e) SU(2), singlet e (T=0)

Note: no right component for a massless neutrino
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Fermions
o U(1) quantum number assignment (one-lepton family):
Q=-|dx’e’e=-[dx’(e e, +ese,)
Q-T;=[ax’[-s(v,v,, +€/e) -]

Q-T.,7]=0,0/=123

/

= U(1) generator: Y =2 (Q - T3) weak hypercharge

o Leptons: Lw,)=% QR,)=0
I(e)=-3 T;(e;) =0 Qe)=-1
y(/)=-1 Y(e,)=-2

o Quarks: L, )=3 Ti(u,)=0 Q(u)=2

T(d)=-1  Ti(d,)=0  Q(d)=-1
9,)=3 Nup)=5% Y(d,)=-5



Summary 1: fermions

o Fermions are described as SU(2), doublets and U(1), singlets,
with the following quantum numbers:

LI ) e e

Wl—

€, Up,Tp 7 =0 ;=0 y=-2
Up,Cpn, T T =0 ;=0 y:%

o T,T;: weak isospin Y: weak hypercharge

Note: in these lectures, massless neutrinos (no impact on measurements

described hereafter) : hence, no singlet neutrinos .




2. Higgs mechanism
The electroweak interaction

o SU(2) xU(1)y gauge invariant Lagrangian:
L=Giy'Op ~ 4 FiuF" ~46,6"

covariant derivative

. P 4
D,U :au_/gm/’/ﬂ -9 EB,U

9,9 SU(2), & U(1)y gauge couplings
Fi, =0 W, -oW, +ge"Wiw /=123 gauge-field tensors
6, =9,8-9,8, ([7.7|=rm)

o Intermediate vector bosons: quanta of the SU(2), gauge fields:
Wi, i=1,2,3 and U(1)y gauge field: B

o Note: no mass term (fermions and bosons) in order to preserve
gauge invariance



Higgs mechanism

o SU(2), complex doublet of scalar fields
¢ $1+1%2
) o
2
o Lagrangian additional term:
Liggs = (DX @) (D,®) -V (®"®)
V(D*D) = —FD D + A(D D)

o M2,A>0: infinite number of degenerate vacuum states X
2 2
6[+/ =0= 0D, m = el 2=t "Higgs field vacuum
o [OMY 2/ A

expectation value"
Choose one vacuum state = spontaneous symmetry breaking
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v

0
o Selected vacuum: o, :( j
/2

* Not invariant under SU(2) xU(1)y transformations
* Invariant under U(1)q =U(1),,, transformations

T, #0 Yo, %0 QD, =0

thus
SU(), xU(), O - ud),,

o Particles: oscillations around selected vacuum

P(x) =P, + mfz)(lj = (V+/7(X)j
2

Note: this is equivalent to choosing the unitarity gauge

+/ i O
(Dl(X) — CDO + \/%(Xl I.)(Zj = € 4 “ (X)D v+n(x)
)(3+//Y4 - J2

11



0 Mass spectrum:  arises from L, . = (D"®)"(D,®) -V (P D)
o boson masses:

. /' . |y O
DNCD = (a# —/gT,.W# - 1g ?Bﬂ VD (x)
2

X (D*®)'(D,®) contains two mass terms :

2.2 Ly 4 472,14 1_r14/2
gv(w +/W j[WﬁWjﬂva

4 V2
_gv
=M, >
(9°+g°W*[ gW*"-gB" | gW. - g5, =Mziz,
3 \/gz+g'2 \/gz+g'2

2, 12 :
MZ=\/9 i V:% where sinﬁWE g
2 cosd,, \/_qz +_q'2




0 Mass spectrum:  arises from Ly, =(0*®) (0,®) -V (2 ®)
o scalar mass:

0]
V(P*D) = — DD + A(DP)* D(x) = (vmm]
J2

X V(®*®) contains one mass term for the n(x) field :

Leut e Loty = L M = M, = Veu

2
A ~ N(x) : massive
““““““““““ Higgs boson
o
b {(x): massless
< 1

.
.....
",

........................................... Goldstone bosons

NG massless boson

SSB boson
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Summary 2: the electroweak interaction

o The electroweak interaction is described by an SU(2) xU(1)y
gauge theory which is spontaneously broken into U(1),,,

o After SSB:
o 3 massive gauge bosons

+ __[(W'FW’? +, _gv
we=() L owe M, =

7]
— 9'4/,,3—9'3,,) : —Ng*r9" ,— M, : - g
Z ﬂ—( =] - Z: M= v=5g singy, = pavs

o 1 massless gauge boson
_( gW:+g8 . _
A=) - v om0
o 1 massive Higgs boson

nx)y - H: M,=J2u=+2Iv




. Couplings
Charged current

Fermion-gauge boson interactions: from 7,y O, + ity "Ou,
e.g. for one Iep‘ron double’r
iy, —/_qu' g Y B, +ieey (3, - ig ’2’ 8,)e,
T w- lep‘rons
bee = 5T W™+ T W)

leads to:

+ wlziw? —
W, :( ‘s ”) J, =3vey,(1-y5)e - (V-A) current
At low-energy : X

[ = -9 JiJ - (V-A) theory with 4

2
2M.°* 2

g
8M,

Consequence:
v=1/JN26. 6 =116637(1) 10°6eV? = v =2466eV

from u lifetime measurements =



Electromagnetic current

o Fermion-gauge boson interactions: from /iy, y O, +ih .y *Ops
e.g. for one lepton doublet:

5 ] S 4 — Y
ily* (0, —|/_g77'/l/ﬂ - 1g EB'U)/,L +iery"(0, |—/_g EB'U)Z,R

leads to:

Lo = gsSind, J " A

A =sind, W, +cos3, B,

QED recovered if

||
doublet

gsing, =e

|
singlet

electron field

J:" =-ey,e=Q(e)ey,e

e, electron charge magnitude

o Note: e=V4mr a'=137.035999679(94)

from low-energy measurements
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Weak neutral current

o Fermion-gauge boson interactions: from 7,y Ou, + ity O i,
e.g. for one lepton doublet:

10, ~ g TW, ~ig' 3 B, +ieay" (0, ~ig' B)e,

J
leads to: doublet singlet

Ly = Cof S JSZN ZM=cos S, W] ~sind, B,
w

I =tey (g -9V )e+ivey (g — gy Vv, =J; —sin® 8, J "

N /

different couplings for different particles

o Vector and axial couplings of the Z boson:
g, =T°(F)-2Q(f)sin* 5, g, =T°(f)
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Summary 3: couplings

o SU(2),xU(1)y gauge couplings are related to precisely mesured
constants. At tree level:

2

F__ 9
V2 8M;

o g, My ~ Fermi constant:

o g,sin, (or g') ~ fine structure constant: gsind, =e =+ 4m

o Z-fermion vector and axial couplings depend on the fermion

type:
g =T*(f)-2Q(f)sin’ I, g, =T°(f)

T3(f): quantum number corresponding to weak isospin third component
for left-handed fermion component
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Z vector and axial couplings to fermions
(in the Standard Model at tree-level)

fermion | 3 Q Gu Ja 9v/ Y

” 1/2 | 0 1/2 1/2 1
e, ft, 7 |-1/2| -1 | -1/2 4+ 2sin* Oy ~-0.04 |-1/2| 1-4sin*fy ~ 0.08
u,c,t | 1/2 1 2/3 | 1/2-4/3sin*6y ~0.19 | 1/2 | 1-8/3 sin? by ~ 0.38

d,s,b [-1/2 | -1/3|-1/2 + 2/3 sin* Oy ~ -0.35 | -1/2 | 1 - 4/3 sin”® Oy ~ 0.70

(sinB,,~0.23)
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4. Fermion masses

Gauge vs mass eigenstates

o Experimental fact: strangeness-conserving and -changing
hadronic weak decays have different strengths

* led to Cabibbo theory (1963):
e ~V,:g d-u:igcosb. S - u:gsing. sing. =0.225

* in the SM with two families:

u u ¢ ¢
d, | |cosf.d +sinf.s s,)  \cos@.s —sin6.d

= in the quark sector: SU(2) gauge eigenstates are different
from mass eigenstates

(or: weak and strong interactions have different eigenstates)
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Gauge vs mass eigenstates

. . mass eigenstates
o In the SM with three families:

1&/

o VSIS a\ (V, V. V,
L) 2 Lo Ll L '
— ] ] ] 5 = VC‘ VC‘S VC 5
(dLj(SLj(bLj (a’)(sj{blj ! Vd V Vb b
td ts b

b
weak eigenstates T
CKM mixing matrix

o quark mixing can be described as acting only on d,s,b (leads to
identical weak currents)

o With three families, the mixing matrix may contain one physical

phase which would provide explanation for the observed CP
violation in the quark sector
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Quark mixing and currents

o Quark-gauge boson in’rer'ac’rions e.g for one doublet:
- P — = Y
(UL )/y”(a —1gTW, —lg )( j /Z(; gy (0,19 EB”)%

— Charged weak current:

be = 5T W™ +he) J; =suy,(A-y)d'=5 Yuy, -y,

g=d,s.b
= charged currents are flavour non-diagonal N

— Neutral weak current:

Ly = Cofﬁ TJoZ#  T0=tuy (gt - gl u+idy, (92 - 92 V°)d
with g =T3(F)-2Q(f)sin*3,, g5 =T3(f)

— neutral currents are flavour conserving

— Electromagnetic current:
Ly = gsing, JmA* T = Quuyu +Q(d)dy,d
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Fermion masses

o Fermion masses: general SU(2)xU(1) scalar-fermion Yukawa
interactions added to Lagrangian, e.g. for first family:

L e :f(e)7lq)ep +f(U)aL (1T, P*) tp +f(dld)5LchR +.+hc. g :(CL//L j
| J L

ELeR term ELUR term QF'LO'R, ?LSR, C/'LbR
terms

o Particles: oscillations around selected vacuum

(0 0
(D(X) — CDO +,7\(E)(1j = (Vﬂ](x)j
2

o Masses: , .
o leptons and up-quarks, e.g. e oru: M, = ﬁf(e) m, = ﬁf(U)

o down-quarks, e.g. d: m, :LZEe(f(d'd)[/u’;+f(s'd)VC;+f(b'd),/f;)ELf<d)

V2 2
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Summary 4: fermion masses

o Quarks: weak interaction eigenstates and mass eigenstates are

different \ \[
Sveviy (@) (Y Ve Vi)

(df j( j[;j sl=lv, v V| s
AT b Ve Vie Vs \D

o Consequence: charged weak currents are flavour non-diagonal
Le=5 W +he) T, =5uy,(-y)d'=1 >uy,(A-y,

q =d,s,b
o Fermion masses: described by gauge-invariant Yukawa scalar-

fermion interactions: m, O % — Higgs-ff couplings Om;

Note: in these lectures, massless neutrinos. Neutrino masses would
induce mixing in the lepton sector - See /lectures of Pr. F. Suekane ,




The complete
SM Lagrangian

1
3 M2,

N\ZW/_\ .

1
L=—2Fi F"

4 ,uy GW’G o

> o

fermions

+L 3 dr

f(:ptmm

il

)LfW*+llc

2
Z QY vA,
fermions \ ¢

g W1 (ql J(i / )
z“" — s
+cos Ow Z 2 #

fermions
3,3
+ (3 oMy + 1P %
2 3 D
ng 7 TR — (g +g )U
A (
A j 3 a4
2
g —
—1—1(2'077 + 772)W+”“W#
5 (ot NZHZ,
——(2un+1
8 cos? Oy L »
+ Z m e
fermions

p

Sfermions

N ==
Z Qq“ '“M‘Qu‘?db JI/I +h" C.

gauge boson kinetics
and interactions between gauge bosons

fermion kinetics

lepton-W interactions

quark-W interactions

fermion-~ interactions

fermion-Z interactions

Higgs boson kinetics,

mass and potential

W and Z boson masses
Higgs boson self-interaction
Higgs boson - W interaction
Higgs boson - Z interaction

fermion masses

Higgs boson -fermion interactions



5. Hist ; ' i '
istory First experimental confirmations

o 1973: neutral current discovery (Gargamelle experiment, CERN)

evidence for neutral current
eventsv+N - v+ Xin
v-nucleon deep inelastic
scattering

55555

2 .l"ﬂ
o 1973-1982: sin6,, measurements in deep inelastic neutrino
scattering experiments (NC vs CC rates of VN events)

NC NC (5
eg. o (WN)-0c™"WN) _1 1 -2 gin?
>~ =—(1- 3
o““ (WN) - o““ (V) 2( Sin“ 3, )
world average value (PDG, 1982): sin°8,, =0.229 +0.010 (4%)
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First experimental confirmations

1983: evidence for massive W* and Z bosons (UA1 & UA2
experiments at CERN)

Zee

first mass measurements:
M, =81x56elV (UA1 6 W - ev events)

M, =919+196elV (UAZ2,4 Z - e’e” events)
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o 1987: with more data:
first measurement of the angular
distribution of W decay electons

in agreement with the V-A structure
of the charged currents: ¥

J,Wev,)=Lvey,(1-y5)e
J, Wud) =Suy, (1-y )V, ,d

Phys. Lett. B186 (1987)

dN/d(q cos ©*) Arbitrary units

40
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BACK-UP SLIDES
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Gauge transtormations in SU2) xU(1),

SU(2),: w,(x)00 -y, (x) = ey (x)
%(X) U - %'(X) = %(X)
W/ (x)00 - W' (x) =W/ (x)-L0,a"(x)+"a’ ()W,

Uty 0 @, (x)00 - g, (x) = e "2y, (x)
Wo(x) OO = ' (x) = € P2y, (x)
B(x)0O - B, (x)=8,(x) —éaﬂﬁ(x)

with [T7.7;]=iET,
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