
10.2 The Standard Model
⑧

Preliminaries

• Define the chiral projectors

Pa : - fleurs) ( Oo ! ) and Pa :-. EH , - r 'T ( too )
and the chiral fermium fields

4,2 := PRY and 4L := PLY

• With 4- Pr = YT and UTPE In slow bleat

4-Cif- m ) 4 I 4340142 + Idiot) 4h - in 4Th - intake 40.3 )
It

E- Tpt TL

• Note [ Ppu , Az ] Eo

→ Under additional (gauge ) symmetries , the left - and right - handed
fields Yun ( then multiples ) can transform underdi representations
of these new symmetry groups .



10.2.1.Overviewl.fi/dcoutent:-
•Fes( = Spin - E ) :

Generation u I II CI
#

q er Me Mr Te TR
Leptons

Vee ( Ver ) Unc Cnn ) Upturn )÷¥:t÷



• Vector (= Spin - e) :

Force Electro coeaa Strong

¥÷÷÷÷¥÷:.÷÷÷÷÷÷÷÷
Gauge bosons ze,Utt 8 × Gluons

After Higgs SSB

banning The gauge field By at the
U ly symmetry does not correspond

to the photon of QED !



sina.7.i.o.o.es#........J::xss..2.0esdou
: How to put this

"

chaos
"

into a consistent

(= relativistic, renounce Cio - see ) Q FT ?

3. A"w

Lgµ=L⇐wgtLQcpStaudardwod
4
. Twopartsi

• Electroweak standard Model Leas = fzlashao - Weinberg - Salam (GWS) Theory
= Unification of Weale & electromagnetic force

• Quantum Chromodynamics Lac, = strong force



10.2.2.TK#u-Weiueg.SaamTheoox
Generalize flee Higgs mechanism to flee Standard model

1. Lagrangian

LEus-KTnerwioutkyaug-miuitkctiggstkyaa.ua
2. Gauge symmetry

-::÷÷÷t÷¥
• SU (2) L → 3 generators Ti ,

i = 42,3 with [Ti , Ti ] = i E
" "
T
"

→ looedvcierepeseutahou:

* as : Trivial representation Fi - o ( = Singlet rep. )
* 2B : Pauli matrices Ti = Ii ( = Doublet rep. )

→ Eigenvalues of 53 = The weak isospiu T
's

( T3= II for doublet and 1-3=0 for singlet )



• Udy → A generator Y

Schur's lemma [Y
,
Ti ] = O for all i

→ I ¥ Number x I = Hypercharge Y x I

3. SUHLRepoeseutah.ae#

• Left - handed fields = Isospin doublets :

* = He:)
,

last.ci:) .

Its :L
.
I xo. "

-
-
-

Gec. I Gen II Gea III

→ Deals isospiu : T
' ( Vec ) -- tf and T

> (e) = - E
. . .

✓

Note :

-

$ (Fi ) field Dirac ↳spinor such doublet rep.

z d

Veux) = 1461 ④ ( f ) E 224,243) ④ £4 ④ Q2
L

T
'@ee) - tf :# I >week ) = K ④ FYI) = + Lueck)

Vee - ( f ) ,
ee (9 ) ( flavours )



• Right - handed fields = (sospin singlets :

HR = UR ,
dried , Cp , Sir ,Mr , tr , Sp , Tn Ceos)
- --

Gen I crew II Crea II

→ Deuce isospiu : T ? (er) = 0 . . . . .

• Higgs fields = hospice doublet :

E -- Cg:)
→ Deals isospiu : T

's# t ) - tf and 1-3 @ ° ) = - I

→ Gauge transformations ou fields :

www.aa.mn#-eii*ei::i:.uJ:::y.* .Right- handed singlet. In = ei TRE ' ya -7,2=4 . 1

Higgs double f : OI = ei Tht d e
if ⇐ )

g- I
#
= Y . 12×2



Note

The weak hyper charge Y is a fixed number for eade irrep, e.g.
,
Y@c) = Y@c)

,
but can

differ for different i.reps : Y (Uc ) t y@e)

4
.

Kinetic energy for fermions E- Minimal coupling :
-

Itemization dad

with covariant derivatives

By = On - ight - igBµy

Dpm = de - ig ' Bu YI

g /Uni : coupling constant / gauge field for weak isospiy

g
'( pm : -

ie - l - " - for Weale hypercbarge



→ Toausfovunatiouoftleegausefieldsn Uµ= Wai Ii

Em=BmtFqxaud%=k[wutIgq]
5. Diracmautem Should be of the form

m ( thypt Fiske ) → Undefined !

§ Elementary terms of the force I
< Yr Leith x. y Dirac spinors

→ Not such gauge invariant since Note :

* " is ""P"" d " ""② d"""
" t ↳" A S " " "

* ya traucforui as a SU (2) singlet because E-=P
'

→ Taxa is not a Suk ) singlet is component of a four vector

→ We cannot add Dirac Macs fences to the Lagrangian !

→ Need Yukawa couplings & Higgs mechanism (⑤ below )



6
. Uiuueficeuersyforgacgebolausi

Lyman. ." = - I ¥72 - f (Gaj )
2

.m±÷÷÷:oit÷÷÷÷÷
7. Higgs field :

Ts=¥EIt@E)mEEEE @e.a,

with covariant derivative

Dam = On - ig Uni ti - ig ' Bu YI



8. Higgs mechanism Part I: Macie, for the gauge bosons
-

a) Let 9220 → Nou - zero VEV at Higgs field

6. log . GI> =oIo= (9) with v -TF

b) Define the electric charge (operator )

÷=tYu④Uy Cease)

→ Choose y(E) - tf so that

i

,QEo=(- { + E) to -

- O ⇒ ei * ⇐ 'oIo=oIo
⇒ + Fit

✓

Az . tIzX2

Notes Q(¢°) -- O but Q(lot) = tr



→ Gauge symmetry UG ) Q generated by Q is -6¥:

'

suenxua.it?..:::::.;:.TsyCoucksiou:-
The generator of Uk ly ( weak hyper charge Y) and the generator
of U@ )Q ( electric charge) are not the same !

c) § Fluctuation at OI around Eo in the figge :

I = # ( Ethan )
had : real scalar Higgs field (Excitations of 461 : the Higgs token)



d) OIG ) in Leo .a)

@iIoIItfDHnoI1EIffg2ffhfiI2tKk42JtC-gUm3tgiBmJ22gt.r . . . .

Ceo.g)
e) Define the new field

Note :

↳
±
:= # (Wjz iwi ) -

::÷÷÷÷:÷: ÷:c::÷÷ .= Weinberg angle

→ @o.g ) I CET #U -M
t I ⇐1264912) (Zu ) ' t . . .

. .

- -

mtg ME
"d

p*u=q-t--t-iI!÷÷



• Am : massless
,
neutral ( Q -_ o) gaye field of QED

• Wut : massive , charged ( Q - Ir) gauge boson , of Weah interaction

• Zee : marine, neutral ( Q =o ) gauge today of Weale interaction

9. Interlude Vith 40.8) we can fix the ↳percha .ge Y by the (observed ) electric
charge Q .

Examples : Y @c) = Q (ee) - T
?@c) = - r - tf ) = - Az

y @ a) = Q&a ) - Tyer ) = - 1 - O = - 1

10.lt#chauisuPartI : Masses for the fermions

a) How to form a gauge invariant ( = sulk singlet t 4=0 ) team including left- and
right - handed fermions ?



→ Couple left- handed fermion doublet, Higgs docket, and right- handed fermion singlet
via a Yukawa term :

- re@I.oIJ.epth.c. Go.ro)
'
=

Me : coupling courlan f

• y t y@ a) - YCh) = I - t - ( E) = 0
you .ua interaction Caf. An Trieu )

-
• ( VI. E) en = (E ) - ftp.t/.ea=4t.Jeceatoo.eTea-
- scalars x Dirac inner products

suck singlet

Higgs mechanism : ( 4th 0, 40# Inv )

do .io ) = - 7¥ @eaten e ) t . . . . .
. .

with fermion brace me = N÷



b) In general , we can couple different fermion generations :

i.w.yuqqIouqizrduuTTtdi@o.us
• men C- { I , I, II } : fermion generation ,

• x C- { U ,
d

, Liv } : fermion type,

Example : Ep - ed , LE -Mr ,
UE- Up ,

472=42 . . . .

• T Yuu : coupling couldants

Example : TI , I = Ve from a sore

• QT
,
LT : left- handed guava - creep. lepton dockets of generation in

Example : OTE- ( UT d-c ) and IE -

- ( Unama )
. . . .

• 0£
;
E E OI! : Higgs docket with opposite hyperdrive : + (E) = -I



e) The Yukawa coupling (ro.
re )

. . . .

•
. . . . generate luau teams for guava, and charged leptons

•
. . . cannot generate mail teruel for neutrino, if there are no pig Gf-

handed

neutrinos
•

. . . .

leads to generation - cleaugig transitions of guavas (⑤ CUM mixing matrix)

10
.
2.3

.
Quantum Coamo dynamics

i÷
→ 8 generators Ka ,

a - t. . . . . . 8 with [Ua , U
's ] - if a

"
Uc

→ Irreducible representations:

• RD : Trivial representation VI 9=0 (= Singlet representation )
• 3D : Defining repreieutiatiau Via = with 3×3 Hermitian Gell-Manu matrices da ⇐ Trnjppreseugafiou)



2.Tieldrepreieutah.co#

• Quark , = SUGI triplets

9- = ( Igt
,
) for oft {a. d. c. sit. I }

Leith colors r fed ) , g (green ) , b (blue)

• Leptons , Higgs = SU c singlets → Ignore lepton, for QCD

→ Gauge transformation of fields :

Qa.GG/et:ef---e



"

"""↳=¥i¥xaa-zia:
with covariant derivative

Den = On - ig, G; via

gg : coupling Coutant of the strong force

Gap : 8 gauge fields → 8 gauge bosons = 8 Gluons

Gaye field strength :

Gg. = de Gua- duGi tgsfa
"

GusGE



Noten
• No additional Higgs cuedeauiicn :

* Quark -

weave, are generated ly electroweak SSB

* Gluons are massless

• Gluon, carry color charges and can therefore interact with each other Note 9. e)

• Renormalization : * ,
then

-

Let as =
Gsl

92-3 A
Xsett ( q2 )-S O → Asymptotic freedom

q2 -so48ft@ ) -y D
→ Confinement



10.244in

• Gauge symmetry group of
the standard model:

÷÷e÷÷:::÷E' UK )
@
-

Electric charge



• Fermions and their infractions :

#gluon , Lspiun)

> generation y T⑦j•④\ ⇐ 3ggue.afi.us
such

neutral / \
,
photon (spine) • caged fsu

k dotted

:i÷. For. ÷:#

%: t.ae
. . so. .

' si:c:

% ?o i. caused
'II:c
"

! csp•q•qg ! ( spine)

co

✓
•

j '

v

④ -

so:÷÷. ⑦ miss ins ④ = Yum!:c.
so:÷÷. =



In total ther are

[ 2+2×33×3 = 24 Dirac bispiuors

each counting of 4 complex fields → G 6 complex fields for the fermions

• The standard model Lagrangian Lsm contains 18 parameters that cannot be derived
but must be provided by experiments:

* Cf x fermion bruises : Me , hey
, . - .

.

* r x Higgs mass Max 125GeV

* r x Higgs field VEV v

* 3 x Gage field couplings: g, g
'
, gg

* 4 X CUM matrix parameters
#

→ SM not good candidate for a fundamental theory
→ GUT should allow for computation as initio


