
The Standard Model A. Pich  - CERN   Summer Lectures 2005

Antonio  Pich

IFIC, CSIC  – Univ. Valencia

Antonio.Pich@cern.ch



The Standard Model A. Pich  - CERN   Summer Lectures 2005

Experimental  Experimental  FactsFacts

GaugeGauge TheoryTheory

ChargedCharged CurrentCurrent InteractionInteraction

Neutral  Neutral  CurrentCurrent InteractionInteraction

GaugeGauge SelfSelf--InteractionsInteractions

L YSU(2) U(1)⊗



The Standard Model A. Pich  - CERN   Summer Lectures 2005

BosonsQuarks Leptons

muon

top beauty

photon

gluon

up down electron neutrino  e

charm strange neutrino  µ

Higgstau neutrino τ

e

µ

τ

ZZ00 WW ±±



The Standard Model A. Pich  - CERN   Summer Lectures 2005

20 1 2 3
5

2

0
0
I

i
I

γ γ γ γ γ
⎛ ⎞

≡ = ⎜ ⎟
⎝ ⎠

( )2
5 4; Iγ =Chirality Projectors:

5 51 1;
2 2R LP Pγ γ+ −

≡ ≡ 2 2P P ; P P ; P P P P 0R R L L R L L R= = = =

( )( ) ( ) ( ) ( )L R L Rx P P x x xψ ψ ψ ψ= + ≡ +

† 0ψ ψ γ≡

( )

( )

L L L LR RR Rmi

i m

i

µ

µ

µ

µ µ
µψ γ ψ ψ

ψ γ ψ

γ ψ ψψ ψ ψ= ∂ + ∂

−

− +

= ∂L



The Standard Model A. Pich  - CERN   Summer Lectures 2005

, ,e cu t
e d bs

µ τνν ν
τµ− −−

⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥′ ′′⎣ ⎦ ⎣ ⎦⎣ ⎦

ThreeThree FamiliesFamilies

FamilyFamily
StructureStructure

, , , ( ) , ( )) ;( Rl
ul

R u R Rd
dLd L

ul qq
l q

l q q
ql

ν
ν

ν
−

− −

⎧ ⎫⎧ ⎫⎡ ⎤ ⎪ ⎪ ⎪ ⎪≡ ⎨ ⎬ ⎨ ⎬⎢ ⎥
⎪

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟

⎝ ⎠ ⎪ ⎪ ⎝ ⎠ ⎪⎣ ⎦ ⎩ ⎭ ⎩ ⎭

W ±ChargedCharged CurrentsCurrents
Left–handed Fermions only

Flavour Changing: , ul dl q qν ⇔ ⇔

, ZγNeutral Neutral currentscurrents FlavourFlavour ConservingConserving

UniversalityUniversality ((FamilyFamily –– IndependentIndependent CouplingsCouplings))

( ) ?Rlν



The Standard Model A. Pich  - CERN   Summer Lectures 2005

Leptons

1 2 3( ) ( ) ( )x x xψ ψ ψ

( ) ( )R R
L

u
u d

d

q
q q

q
⎛ ⎞
⎜ ⎟
⎝ ⎠

( () )l
R

L
l R l

l
ν

ν −
−

⎛ ⎞
⎜ ⎟
⎝ ⎠

L YSU(2) U(1)⊗

Quarks

Fields

Free  Free  LagrangianLagrangian forfor MasslessMassless FermionsFermions:: 0 j j
j

i µ
µψ γ ψ= ∂∑L

†
L1

L1 1 2 2 3 3

1 2 2 3 3

1 2 3

1 2 3

; ;

; ;

e e e

e e e

i i i

i

y

yi

y y

y yi

β β β

β β β

ψ ψ ψ ψ ψ ψ

ψ ψ ψ ψ ψ ψ
− − −

→ → →

→ → →

U

U

FlavourFlavour SymmetrySymmetry::L YSU (2) U (1)⊗ { }L exp
2

i σ α≡U



The Standard Model A. Pich  - CERN   Summer Lectures 2005

( ) , ( )x xα α β β= =GaugeGauge PrinciplePrinciple::

1 1L1 1
1 ( )

( ) ( ) ( )e i y x
i g x i g B x xyµ µ µµ µ

β
ψ ψ ψ′⎡ ⎤∂ − −⎣ →⎦≡ UD DW

1( ) ( ) ( )B x B x x
g µµ µ β+
′
∂→

† †
L LL L( ) ( ) (x)( ( ) ( )) ix x

g
x x xµ µµ → − ∂U U UW WU

2 , 3
( )

( )( ) ek kk k
kyi x

ki g By xµ µµ µ
β

ψ ψ ψ =⎡ ⎤′∂ −⎣ →⎦≡D D

{ } 1exp ( ) ; ( (( ) )) ( );
2 2

i ji k kjix
g

i W Wx x x Wµµ µµ µ
σ σα δ δα αε δ≡ ≡ = −∂WU

4   4   MasslessMassless GaugeGauge BosonsBosons 3 0, ,W W Bµ µ µ
±



The Standard Model A. Pich  - CERN   Summer Lectures 2005

†
5CC 5(1 ) (1 ) h.c.

2 2 u d lq lg W qµ
µµγ γ ν γ γ⎡ ⎤− + − +⎣ ⎦=L

CHARGED   CURRENTSCHARGED   CURRENTS

1
†3

3
221 ;

2 2 2
W

W W
W W i

W W
Wµ µ

µ µ
µ

µ
µ

µ µ
σ ⎛ ⎞

⎜ ⎟≡ ⋅ = ≡ +
⎜ ⎟−⎝ ⎠

W

Dj j
j

i µ
µψ γ ψ∑ 1 1 j j

j
jBg g yµ µ

µ µψ γ ψ ψ γ ψ′+ ∑W

QuarkQuark /   /   LeptonLepton UniversalityUniversality

LeftLeft –– HandedHanded InteractionInteraction



The Standard Model A. Pich  - CERN   Summer Lectures 2005

NEUTRAL  NEUTRAL  
CURRENTSCURRENTS

3
NC 1 1

3

2 j j
j

jW yBg gµ µ
µ µ

σψ γ ψ ψ γ ψ′= + ∑L

MasslessMassless FieldsFields ArbitraryArbitrary CombinationCombination
3 cos sin

sin cos
W W

W W

ZW
AB
µµ

µµ

θ θ
θ θ

⎛ ⎞ ⎛ ⎞
≡⎜ ⎟ ⎜ ⎟⎜ ⎟⎜

⎛ ⎞
⎜ ⎟− ⎝⎠ ⎠⎟ ⎠⎝⎝

Aµ has  has  thethe QEDQED InteractionInteraction IFIF

1 2 3
1 1 ; ;
2 2u ud dy Q Q y Q y Q= − = + = =

N C N C
j

Z
j jjQe Aµ

µψ γ ψ += ∑L L

1 32

0
; ;0

u
u d

d
Q

Q
Q QQ Q Q

⎛ ⎞
= = =⎜ ⎟
⎝ ⎠Electro

weak

Electro
weak

Unific
ation

Unific
ation

sin cosW Wg g eθ θ′= =



The Standard Model A. Pich  - CERN   Summer Lectures 2005

[ ]

3
NC

f

2

5
f

f

1 1sin cos

2 sin cos

2

f fv a

sinZ

W W

W W

W
j

jj j
e QZ

e Z

µ µ
µ

µ
µ

θ θ

θ θ

σψ γ ψ ψ γ ψ

γ γ

θ
⎧ ⎫⎪ ⎪−⎨ ⎬
⎪ ⎪⎩ ⎭

−

=

=

∑

∑

L

2
Wsi1

3
n8 θ− 2

Ws41
3

in θ− + 1

11

2
Wsi1 4 n θ− +

1− 1−

uq dq lν l −

f2 a

f2 v

IF do  exist: ( ) 0R vy v Q= = RvNo InteractionsRν

SterileSterile NeutrinosNeutrinos



The Standard Model A. Pich  - CERN   Summer Lectures 2005

fe Q

γ

f f

( )5f fve
2 s

a
cθ θ

γ−

Z

f f

NEUTRALNEUTRAL

CURRENTSCURRENTS

W

( )3/2 5
g

2
1 γ−

l−

W

( )3/2 5
g

2
1 γ−

dq uq

CHARGEDCHARGED

CURRENTSCURRENTS
lν



The Standard Model A. Pich  - CERN   Summer Lectures 2005

†
LL, ;

2
Wi B B B

g
Bµν µ ν µν µν µ ν ν µ νµν µ

σ⎡ ⎤≡ ≡ ∂ − ∂⎣ ⎦ ≡ ⋅ → →U UW D D W

i jk ji i i kW W W W Wgµν µ ν ν µ µ νε= ∂ − ∂ +

K
1 1
4

1 1 Tr (
2 4

)
4

BB W WB Bµν
µ

µν µν
µν µµν ν ν µν= − = += −− +− W W 3 4LLL Lkin

{ }† †††c ( ) (ot ) ( )Wi W W W Z W W W Z W We Z Zµ µ µ µ µ µν ν ν ν ν ν
µ ν µ ν µ νθ− ∂ − ∂ − ∂ − ∂ + ∂ − ∂=3L

( ) ( ) ( ){ }†† † †i W W W A W W W A We W A Aµ µ µ µ µ µν ν ν ν ν ν
µ ν µ ν µ ν− ∂ − ∂ − ∂ − ∂ + ∂ − ∂

( ){ } { }†† † † †
2

2 222
cot

2 sin W
W

W W W W W W W W Z Z W Ze Ze Wµ µ µ µν ν ν
µ µ ν µ ν µ νθ

θ
− − −= −4L

{ } { }† † † † †2 2c 2ot W W W Z A W Z W A W A W Z We e W A A W A W Aµ µ µ µ µν ν ν ν ν
µ ν µ ν µ ν µ ν µ νθ− − − − −



The Standard Model A. Pich  - CERN   Summer Lectures 2005

GAUGEGAUGE

SELFSELF--INTERACTIONSINTERACTIONS

+W

W−

, Zγ

+W +W

W− W−

+W

W−

, Zγ

, Zγ



The Standard Model A. Pich  - CERN   Summer Lectures 2005

0mγ =
0W ZM M= =

GoodGood

BadBad!!
GaugeGauge SymmetrySymmetry

80.43 GeV
91.19 GeV

W

Z

M
M

=

=

( )
f f L R R Lm fm f f m f f f f≡ − = − +�LMoreover

0fm f= ∀AlsoAlso ForbiddenForbidden by  by  GaugeGauge SymmetrySymmetry

AllAll ParticlesParticles MasslessMassless



The Standard Model A. Pich  - CERN   Summer Lectures 2005

BosonsQuarks Leptons

muon

top beauty

photon

gluon

up down electron neutrino  e

charm strange neutrino  µ

Higgstau neutrino τ

e

µ

τ

ZZ00 WW ±±


