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The Standard Model
 A brief review



SM aims to describe the dynamics of the elementary particles:
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spoiler alert: SM explains available data
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Theoretical Tools



Quantum Mechanics            Special Relativity
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SU(3)C ⊗ SU(2)L ⊗ U(1)Y

Basic framework
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Basic framework: gauge theory

• M multiplet under :                                              

i.e.                                                 and   


• Start with a free theory invariant under global , i.e.  constant:                                          




• To impose invariance under local transformations: 


• such that  leading to 


•

SU(N) M → M′￼ = GM = exp(igαaTa) M

M′￼j = GjkMk M′￼ = MG†

SU(N) αa

ℒ0 = M′￼iγμ∂μM′￼ = MG†iγμ∂μGM

∂μ → Dμ = ∂μ + igTaba
μ

D′￼μM′￼ = GDμM Tab′￼a
μ = G(Taba

μ)G−1 +
i
g

(∂μ)G−1

ℒ0 → ℒ = MiγμDμM = Miγμ∂μM − g ba
μ MγμTaM
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Basic framework: gauge theory

• Total lagrangian density: 


•  

ℒ = Miγμ∂μM − g ba
μ MγμTaM −

1
4

Fa
μνFa μν

Fa
μνTa =

1
ig

[Dμ, Dν] = ∂μ(ba
ν Ta) − ∂ν(ba

μTa) + i g [ba
μTa, bc

νTc]
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Remarks

• The symmetry forbids mass terms   


• Gauge invariance fixes the   interactions 


• Gauge invariance fixes the  and   interactions 


• There is a single coupling ! 

m2ba
μba μ

FFV

VVV VVVV

g



Basic framework: symmetry breaking sector (SSB)

• There are massive gauge bosons! The symmetry must be broken!


• Simplest form introduce scalar whose vev is non-vanishing 


•   with  


• For each independent broken generator  there is a Nambu-Goldstone boson (GB)


• Miracle for gauge theories: GB’s disappear and gauge bosons become massive


•  Remarks:


• The number of degree of freedom is preserved


• Gauge boson masses are proportional to 

⟨φa⟩ ≠ 0

ℒSSB = (Dνφa)∗Dνφa − μ2φa ∗φa − λ(φa ∗φa)2 μ2 < 0

Tc⟨φ⟩ ≠ 0

g |⟨φ⟩ |

7



Basic framework: model building recipe (70’s)

1. Choose the local gauge symmetry

2. Choose the matter content and its representation(s)

3. Choose the symmetry breaking sector

4. Verify whether theoretical and experimental constraints are satisfied; if not go back to 1.  
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STANDARD MODEL



Standard Model: Gauge sector

• There are four electroweak gauge bosons:   


• Minimal model need 4 symmetry generators


• Choice:   


• Gauge bosons:   with  ( ) and  ( ) with couplings  and 


• Kinetic lagrangian density:  


• with   and  

W+ , W− , Z , γ

SU(2)L ⊗ U(1)Y

Wj
μ j = 1,2,3 SU(2)L Bμ U(1)Y g g′￼

ℒgauge = −
1
4

BμνBμν −
1
4

Wa
μνWa μν

Wa
μν = ∂μWa

ν − ∂νWa
ν − gϵabcWb

μWc
ν Bμν = ∂μBν − ∂νBμ
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this determines the  VVV and VVVV vertices 



Standard Model: matter (leptons)

• We need to choose the matter representations


• Lorentz transformation of multiplet members must be the same


• We know that charged currents are left-handed


• We define   and  


• Degrees of freedom:  and 


•  representations:   and 


•  representations from     and 

PL =
1 − γ5

2
PR =

1 + γ5

2

eL(R) = PL(R) e νe L = PL νe

SU(2)L L = (νe L
eL ) R = eR

U(1)Y Q = T3 +
Y
2

⟹ YL = − 1 YR = − 2
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ψ̄O1ψ ψ̄O2ψ



Standard Model: matter (leptons)

•  representations:   and 


•  representations from  we have  and 


• Covariant derivatives:  and  


• Lagrangian:  


• Charged current :  


• Neutral current: 

SU(2)L L = (νe L
eL ) R = eR

U(1)Y Q = T3 +
Y
2

YL = − 1 YR = − 2

DμL = (∂μ + ig′￼

Y
2

Bμ + ig
σa

2
Wa

μ) L DμR = (∂μ + ig′￼

Y
2

Bμ) R

ℒ = iL̄γμDμL + iR̄γμDμR

(W±
μ =

W1
μ ∓ iW2

μ

2 ) −
g

2 [ν̄e γμPL e W+
μ + ē γμPR νe W−

μ ]

−
g
2 (ν̄e Lγμνe L − ēLγμeL) W3

μ +
g′￼

2 (ν̄e Lγμνe L + ēLγμeL + 2ēRγμeR) Bμ
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Standard Model: symmetry breaking sector (SSB)

• Before SSB the charged leptons are massless since  forbids 


• To generate masses we must break the  symmetry


• Minimal model: complex scalar doublet   with  


•   with  and 


• Let’s choose the vacuum 

SU(2)L ēLeR

SU(2)L ⊗ U(1)Y

φ = (φ+

φ0) Yφ = + 1

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4 μ2 < 0 ⟨φ†φ⟩ = −
μ2

λ
=

v2

2

⟨φ⟩ = (
0

v/ 2)
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Standard Model: symmetry breaking sector (SSB)

•  


• Let’s choose the vacuum 


•   and   however 


• Therefore    is broken to 


• 3 broken generators   3 goldstone bosons    3 massive gauge bosons


• Unitary gauge 

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4

⟨φ⟩ = (
0

v/ 2)
σa

2
⟨φ⟩ ≠ 0 Y⟨φ⟩ ≠ 0 Q⟨φ⟩ =

1
2

(σ3 + Y)⟨φ⟩ = 0

SU(2)L ⊗ U(1)Y U(1)em

⟹ ⟹

φ = (
0

(v + H)/ 2)
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Standard Model: symmetry breaking sector (SSB)

•  


• Unitary gauge 


• 


•   and  


• Neutral mass eigenstates:    and  

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4

φ = (
0

(v + H)/ 2)
ℒSSB =

1
2

(∂μH∂μH − 2λv2H2) +
v2

8
(g2W+

μ W− μ + (g′￼Bμ − gW3
μ)2) + …

MW =
gv
4

MH = 2λ v

Zμ =
gW3

μ − g′￼Bμ

g2 + g′￼2
Aμ =

g′￼W3
μ + gBμ

g2 + g′￼2
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to be diagonalized



Standard Model: symmetry breaking sector (SSB)

• 


•   and  


• Neutral mass eigenstates:    and  


• So  


• Writing  and  we have 

ℒSSB =
1
2

(∂μH∂μH − 2λv2H2) +
v2

8
(g2W+

μ W− μ + (g′￼Bμ − gW3
μ)2) + …

MW =
gv
2

MH = 2λ v

Zμ =
gW3

μ − g′￼Bμ

g2 + g′￼2
Aμ =

g′￼W3
μ + gBμ

g2 + g′￼2

MZ = g2 + g′￼2 v
2

g =
e

sin θW
g′￼ =

e
cos θW

MZ =
MW

cos θW
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Standard Model: symmetry breaking sector (SSB)

• Neutral current: 


• Neutrinos interact only with the : 


• Electron interactions:  


• with   and 


• Electron mass:  


• In the unitarity gauge:   with 

−
g
2 (ν̄e Lγμνe L − ēLγμeL) W3

μ +
g′￼

2 (ν̄e Lγμνe L + ēLγμeL + 2ēRγμeR) Bμ

Z −
g

2 cos θW
νe Lγμνe LZμ

−eQ ēγμeAμ −
g

2 cos θW
ēγμ(gV − gAγ5)eZμ

gV = T3
e − 2 sin2 θWQ gA = T3

e

ℒY = − Ye [R̄(φ†L) + (L̄φ)R]

ℒY = − Ye
v + H

2
(ēLeR + ēReL) me =

Yev

2

17



Standard Model: quark sector

• Quark multiplets are  ,  , 


• Quantum numbers:  ,  , 


• Quark-gauge sector:  


• CC interactions: 


• NC interactions:  


•  and 

QL = (u
d)L

uR dR

YuR
=

4
3

YdR
= −

2
3

YQ =
1
3

ℒQ = iūRγμDμuR + id̄RγμDμdR + iQ̄LγμDμQL

ℒCC = −
g

2
ūLγμdLW+

μ + h . c .

ℒNC = − eQqq̄ γμq Aμ −
g

2 cos θW
q̄γμ(gq

V − gq
Aγ5)q Zμ

gq
V = T3

q − 2 sin2 θW Qq gq
A = T3

q
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Standard Model: quark sector

• Quark multiplets are  ,  , 


• Quark-gauge sector:  


• To write the mass term we need the doublet  with 


• 


• Unitary gauge: 

QL = (u
d)L

uR dR

ℒQ = iūRγμDμuR + id̄RγμDμdR + iQ̄LγμDμQL

φ̃ = iσ2φ∗ Yφ̃ = − 1

ℒY q = − Yu[ūR(φ̃†QL) + (Q̄Lφ̃)uR] + Yd [d̄R(φ†QL) + (Q̄Lφ)dR]

−Yu
v + H

2
(ūLuR + ūRuL) − Yd

v + H

2
(d̄LdR + d̄RdL)
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Standard Model: 3 families

• Three copies of the one family gauge-fermion interactions


• For massless neutrinos the lepton sector is just the repetition of the first family


• Important consequence: neutral current interactions do not change the lepton flavor


• Most general mass term for quarks:  




• After SSB the mass matrix is   


• The matrices  are not diagonal, general. 

ℒY q = − ∑
j,k=1,2,3

{Yu jk ūj
R(φ̃†Qk

L) + Yd jk d̄j
R(φ†Qk

L)} + h . c .

∑
j,k=1,2,3

[ūj
RMjk

u uk
L + d̄j

RMjk
d dk

L] + h.c.

Mu,d
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• We diagonalize the mass matrices  and   by making the transformationsMu Md (show it!)




d
s
b





L

→ A−1
L




d
s
b





L




d
s
b





R

→ A−1
R




d
s
b





R




u
c
t





L

→ B−1
L




u
c
t





L




u
c
t





R

→ B−1
R




u
c
t





R

such that BRMuB−1
L = diag (mu mc mt)ARMdA

−1
L = diag(md ms mb )

•  The charged current interactions are modified to

V = BLA−1
L

LCC ∝
(
uL cL tL

)
j
γµ Vjk




dL

sL

bL





k

W+
µ + h.c.

CKM 21

Standard Model: 3 families



Standard Model: 3 families

• 


• The neutral current does not change flavor:                                     

where q are mass eigenstates.


•
Charged currents are modified: 


•  is the  Cabibbo-Kobayashi-Maskawa (CKM) matrix. It is unitary 

ℒY q = − ∑
j,k=1,2,3

{Yu jk ūj
R(φ̃†Qk

L) + Yd jk d̄j
R(φ†Qk

L)} + h . c .

∑
j∈ all q

q̄jγμ(gj
V − gj

Aγ5)qj Zμ

∑
jk

(ūL c̄L t̄L)γμVjk

dL
sL

bL

W+
μ + h.c.

V
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Standard Model: 3 families

• CC couples to different families:


• Example: 


• While flavor changing neutral currents (FCNC) are suppressed: 




• Higher order corrections can induce FCNC at the level 

Br(K+
us̄ → W+ → μ+ν) = (63.56 ± 0.11) %

Br(K+
us̄ → π+

ud̄νν̄) = (1.33 ± 0.30) × 10−10

𝒪(GFαm2
q /M2

W)

23

u c t

d s b

W+W−

di uj dk

mass independent term

mass dependent term

VkjV
†
ji = δki

VkjV
†
ji

mqj

MW



Standard Model: 3 families

• CP violation is related to the CKM matrix!


• An  unitary matrix has  real parameters:  angles and   phases


• We can remove  phases by refining phases: 


• So we are left with   phases. 


• In order to have CP violation the number of generations must be greater or equal to 3

n × n n2 n(n − 1)
2

n(n + 1)
2

2n − 1
dj L → eiβd

j dj L

uj L → eiβu
j uj L

⟹ Vjk → Vjkei(βd
k −βu

j )

(n − 1)(n − 2)
2
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Standard Model: additional properties

• Anomaly cancelation: quantum effects might spoil current conservation!


• Writing the gauge boson interaction to fermions as 


• The axial anomaly is proportional do  with 


• In the SM,  or 


•   so there is  anomaly


• , however,


• 


• The SM is anomaly free due to the choice of the fermion representations! 

gXa
μ(R̄γμTaR + L̄γμTaL)

Aabc = Aabc
+ − Aabc

− Aabc
± = Tr [{Ta

±, Tb
±} Tc

±]
Ta = σa Y

SU(2)3 ⟹ Tr({σa, σb}σc) = 2δabTr(σc) = 0 SU(2)

SU(2)2U(1) ⟹ Tr({σa, σb}Y) = 2δabTr(Y)

Tr(Y) = ∑
leptons

Y + ∑
quarks

Y = (−1 × 2 − 2) + 3(2 ×
1
3

+
4
3

−
2
3

) = 0

25
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A
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Standard Model: additional properties

• Accidental symmetries:  Baryon number is automatically conserved in the SM


• Terms of the form   are invariant under 


• Terms like  are not  invariant!


• For massless neutrinos, the SM is invariant under  and 


• The accidental global symmetry group of the SM is 


• For instance,  


• For massive neutrinos, just the total lepton number is conserved


q̄Xq′￼ qj
L,R → eiθB qj

L,R

ūRφ†L SU(2)L ⊗ U(1)Y

Lj → eiθjLj ℓj
R → eiθj ℓj

R

U(1)e ⊗ U(1)μ ⊗ U(1)τ ⊗ U(1)B

Γ(μ → eγ)
Γ(μ → all)

< 1.5 × 10−13
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PHENOMENOLOGY



Phenomenology: muon decay

• Just one 3-body decay is allowed:  μ− → e−ν̄eνμ

28

W�

e�

µ


−


ν


ν


e�−

µ
−
 q << MW

q GF
GF = g2

4
√

2M2
W

• This is process is used to determine : 


• From the muon lifetime:  


•  is used as input parameter in choices of input parameters to analyses

GF Γ(μ− → e−ν̄eνμ) =
G2

Fm5
μ

192π3
× f ( m2

e

m2
μ ) (1 + δRC)

GF = 1.1663785(6) × 10−5 GeV−2

GF



Phenomenology: triple gauge couplings

• VVV couplings are determined in gauge theories


• LEP II tested  e+e− → W+W−

29

−e

−e
γ , Z

e+

−

W +

e −W

+e

Z

Z

νe

−e

+e

−W

+W
known

known

• This reaction related FVV and VVV couplings!


• Without  and  interactions the cross section grows as  


• We need all diagrams to avoid unitarity violation

γW+W− ZW+W− σ ≃
G2

Fs
12π



Phenomenology: triple gauge couplings

• LEP II tested  


• The experimental results is 

e+e− → W+W−

30

0

10

20

30

160 180 200
√s (GeV)

σ
W

W
 (p

b)

YFSWW/RacoonWW
no ZWW vertex (Gentle)
only νe exchange (Gentle)

LEP
PRELIMINARY

17/02/2005



Phenomenology: electroweak precision observables (EWPO)

• LEP I measured with high accuracy the  couplings to fermionsZ

31

[GeV]s

s



Phenomenology: electroweak precision observables (EWPO)

• LEP I measured the  couplings to fermions with high accuracy


• The SM model is a constant field theory, so we can calculate higher order corrections!


• The   coupling:  


• At tree level:   and  , however, higher order corrections modify these values


• We define 


• Due to the experimental precision higher order corrections are needed

Z

Zf̄f ( 2GFM2
Z)1/2 ρf [(T3

f − 2Qf sin2 θWκf) γμ − T3
f γμγ5] Zμ

ρf = 1 κf = 1

sin2 θeff = κf sin2 θW

32
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Phenomenology: electroweak precision observables (EWPO)

• The   coupling:  


• There many contributions:  vertex corrections; running of  from to ; etc


• The main contributions come from gauge boson self-energies and they are universal

Zf̄f ( 2GFM2
Z)1/2 ρf [(T3

f − 2Qf sin2 θWκf) γμ − T3
f γμγ5] Zμ

α Mz

33

s

Z

WW

Z + + + . . .
W

W

f

+ + + . . .W

W

f H

• Important fact:    and  

• There is an indirect dependence on the top and Higgs masses!

(Δρf)univ ∝ m2
t (Δκf)univ ∝ m2

t ∝ ln(mH)



Phenomenology: electroweak precision observables (EWPO)
• Fermions couplings to the Z

34

• Consistent with universality

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5
gAl

g Vl

68% CL

l+l−
e+e−

µ+µ−

τ+τ−

mt

mH

mt= 178.0 ± 4.3 GeV
mH= 114...1000 GeV

∆α



Phenomenology: electroweak precision observables (EWPO)

• Inputs and results to the fits


• The SM is doing very well

35



Phenomenology: electroweak precision observables (EWPO)
• Inputs and results to the fits

36
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Final Remarks



Final remarks

• We saw only the electroweak sector of the SM


• Strong interactions are described by a  gauge theory (QCD)


•  


• The SM has a great success explaining the available data 


• The SM does not answer all our questions! 


• We have good reasons to extend it!

SU(3)c

ℒQCD = ∑
j∈quarks

q̄γμ(∂μ + igs
λa

2
ga

μ)q −
1
4

Ga
μνGa μν

38





Basic framework: abelian gauge theory

•  is invariant under  


• However, 


• Modify    to be invariant under  


• Simple solution:  replace  by  with  


• We have introduced a new vector field (force) 


• Dynamic of  must respect the symmetry:  


•

ℒ = Ψ̄(i∂μγμ − m)Ψ Ψ → Ψ′￼ = eieα Ψ

∂μΨ′￼ = eieα(x) (∂μΨ + Ψ ie∂μα)

ℒ Ψ → Ψ′￼ = eieα(x) Ψ

∂μ Dμ = ∂μ − ieAμ Aμ → A′￼μ = Aμ +
1
e

∂μα

Aμ

Aμ −ieFμν = [Dμ, Dν] = − ie(∂μAν − ∂νAμ)

ℒ = −
1
4

FμνFμν + Ψ̄(i∂μγμ − m)Ψ + eAμΨ̄γμΨ

40



Basic framework: abelian gauge theory

•  


•   is  invariant under   and 

ℒ = −
1
4

FμνFμν + Ψ(i∂μγμ − m)Ψ + eAμΨγμΨ

ℒ Ψ → Ψ′￼ = eieα(x) Ψ Aμ → A′￼μ = Aμ +
1
e

∂μα

Remarks:

• Gauge invariance determines the vertex 


• The gauge symmetry forbids 


• There is some freedom left: 


• At point point we can require the model to be renormalizable


• Works pretty well for QED!

AFF

M2AμAμ

ΨσμνΨ Fμν
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Basic framework: non-abelian gauge theory

•   with a free Lagrangian 


• Invariant under global  transformation:  


• 


• For a local transformation it isn’t: 


• To impose invariance under local transformations: 


• such that  leading to 

M = (M1
M2) ℒ0 = ∑

jk

Mjiγμ∂μδjkMk = Miγμ∂μM

SU(2) M → M′￼ = GM = exp(igαata) M

M′￼γμ∂μM′￼ = MG†γμ∂μGM = Mγμ∂μM

∂μM′￼ = G∂μM + (∂μG)M

∂μ → Dμ = ∂μ + igtaba
μ

D′￼μM′￼ = GDμM tab′￼a
μ = G(taba

μ)G−1 +
i
g

(∂μ)G−1

42



Basic framework: non-abelian gauge theory
• 


• 


•  dynamics using  


• Under a gauge transformation   


• Total lagrangian density: 

∂μ → Dμ = ∂μ + igtaba
μ

ℒ0 → ℒ = MiγμDμM = Miγμ∂μM − g ba
μ MγμtaM

ba
μ Fa

μν =
1
ig

[Dμ, Dν] = ∂μ(ba
ν ta) − ∂ν(ba

μ) + i g [ba
μta, bc

νtc]

taF′￼a
μν = G(Fa

μν)G−1

ℒ = Miγμ∂μM − g ba
μ MγμtaM −

1
4

Fa
μνFa μν

43

Remarks

• The symmetry forbids mass terms   


• Gauge invariance fixes the ,  and   interactions with coupling !

m2ba
μba μ

FFV VVV VVVV g



Basic framework: symmetry breaking

• However  and  are massive!


• We need to break the symmetry, ie, the vacuum  is not invariant under 

• Goldstone theorem: there is a massless particle for each broken generator


• Example: model invariant under   with scalar doublet 


•    


• for   the vacuum satisfies 


• Chossing the vacuum   and defining   we have


•     ,ie, there is a massless excitation 

W± Z
|0⟩ Q : Q |0⟩ ≠ 0

SO(2) φ = (φ1
φ2)

ℒ =
1
2

∂νφa∂νφa −
μ2

2
φaφa −

λ
4

(φaφa)2

μ2 < 0 ⟨φaφa⟩ = −
μ2

λ
≡ v2

⟨φ⟩ = (v
0) φ = ⟨φ⟩ + (η

χ)
ℒ =

1
2 [∂μη∂μη + 2μ2η2] +

1
2

∂μχ∂μχ + … χ

44



Basic framework: Higgs mechanism

• Let’s break a gauge theory! Let’s work out an example with  gauge symmetry


•      


• for  the vacuum satisfies   so we choose  


• Notice that there are 3 Goldstone bosons since 


• Now we write  where  are the Goldstone bosons


• To obtain the physical spectrum 

SU(2)

ℒ = −
1
4

Fa
αβFa αβ + (Dνϕa)⋆Dνϕa − μ2ϕa ⋆ϕa − λ(ϕa ⋆ϕa)2

μ2 < 0 ⟨ϕa ⋆ϕa⟩ = −
μ2

2λ
=

v2

2
⟨ϕ⟩ =

v

2

σa⟨ϕ⟩ ≠ 0

ϕ = exp(i
σaξa

2v
) (

0
v + η

2v ) ξa

ϕ → ϕ′￼ = exp(−i
σaξa

2v
) ϕ

45



Basic framework: Higgs mechanism

•      


•   


• To obtain the physical spectrum 


• Resulting in 


• All the massless particles disappeared and the gauge bosons got massive! 

ℒ = −
1
4

Fa
αβFa αβ + (Dνϕa)⋆Dνϕa − μ2ϕa ⋆ϕa − λ(ϕa ⋆ϕa)2

ϕ = exp(i
σaξa

2v
) (

0
v + η

2v )
ϕ → ϕ′￼ = exp(−i

σaξa

2v
) ϕ

ℒ =
1
2 (∂μη∂μη − 2λv2η2) −

1
4

Fa
μνFa μν −

g2v2

8 ( |b1
μ − ib2

μ |2 + b3
μb3 μ)…

46



Basic framework: model building recipe (70’s)

1.  Choose the local gauge symmetry

2. Choose the matter content and its representation(s)

3. Choose the symmetry breaking sector

4. Verify whether theoretical and experimental constraints are satisfies; if not go back to 1.  
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Standard Model: Gauge sector

• There are four electroweak gauge bosons:   


• Minimal model need 4 symmetry generators


• Choice:   


• Gauge bosons:   with  ( ) and  ( ) with couplings  and 


• Kinetic lagrangian density:  


• with   and  

W+ , W− , Z , γ

SU(2) ⊗ U(1)

Wj
μ j = 1,2,3 SU(2) Bμ (1) g g′￼

ℒgauge = −
1
4

BμνBμν −
1
4

Wa
μνWa μν

Wa
μν = ∂μWa

ν − ∂νWa
ν − gϵabcWb

μWc
ν Bμν = ∂μBν − ∂νBμ
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this determines the  VVV and VVVV vertices 



Standard Model: matter (leptons)

• We need to chose the matter representations


• Lorentz transformation of multiplet members must be the same


• We now that charged currents are left-handed


• We define   and  


• Degrees of freedom:  and 


•  representations:   and 


•  representations from  we have  and 

PL =
1 − γ5

2
PR =

1 + γ5

2

eL(R) = PL(R) e νe L = PL νe

SU(2)L L = (νe L
eL ) R = eR

U(1)Y Q = T3 +
Y
2

YL = − 1 YR = − 2
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Standard Model: matter (leptons)

•  representations:   and 


•  representations from  we have  and 


• Covariant derivatives:  and  


• Lagrangian:  


• Charged current :  


• Neutral current: 

SU(2)L L = (νe L
eL ) R = eR

U(1)Y Q = T3 +
Y
2

YL = − 1 YR = − 2

DμL = (∂μ + ig′￼

Y
2

Bμ + ig
σa

2
Wa

μ) L DμR = (∂μ + ig′￼

Y
2

Bμ) R

ℒ = iL̄γμDμL + iR̄γμDμR

(W±
μ =

W1
μ ∓ iW2

μ

2 ) −
g

2 [ν̄e γμPL e W+
μ + ē γμPR νe W−

μ ]

−
g
2 (ν̄e Lγμνe L − ēLγμeL) W3

μ +
g′￼

2 (ν̄e Lγμνe L + ēLγμeL + 2ēRγμeR) Bμ
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Standard Model: matter (leptons)

• Lagrangian:  


• Before SSB the charged leptons are massless since  forbids 


• Charged current :  


• The Fermi constant is given by 

ℒ = iL̄γμDμL + iR̄γμDμR

SU(2)L ēLeR

(W±
μ =

W1
μ ∓ iW2

μ

2 ) −
g

2 [ν̄e γμPL e W+
μ + ē γμPR νe W−

μ ]

GF =
g2

4 2M2
W
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Standard Model: symmetry breaking sector (SSB)

• To generate masses we must break the  symmetry


• Minimal model: complex scalar doublet 


• From  it follows that 


•   with  and 


• Let’s choose the vacuum 

SU(2)L ⊗ U(1)Y

φ = (φ+

φ0)
Q = T3 +

Y
2

Yφ = + 1

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4 μ2 < 0 ⟨φ†φ⟩ = −
μ2

λ
=

v2

2

⟨φ⟩ = (
0

v/ 2)
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Standard Model: symmetry breaking sector (SSB)

•  


• Let’s choose the vacuum 


•   and   however 


• Therefore    is broken to 


• 3 broken generators   3 goldstone bosons    3 massive gauge bosons


• Unitary gauge 

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4

⟨φ⟩ = (
0

v/ 2)
σa

2
⟨φ⟩ ≠ 0 Y⟨φ⟩ ≠ 0 Q⟨φ⟩ =

1
2

(σ3 + Y)⟨φ⟩ = 0

SU(2)L ⊗ U(1)Y U(1)em

⟹ ⟹

φ = (
0

(v + H)/ 2)
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Standard Model: symmetry breaking sector (SSB)

•  


• Unitary gauge 


• 


•   and  


• Neutral mass eigenstates:    and  

ℒSSB = |Dμφ |2 − μ2 |φ |2 − λ |φ |4

φ = (
0

(v + H)/ 2)
ℒSSB =

1
2

(∂μH∂μH − 2λv2H2) +
v2

8
(g2W+

μ W− μ + (g′￼Bμ − gW3
μ)2) + …

MW =
gv
4

MH = 2λ v

Zμ =
gW3

μ − g′￼Bμ

g2 + g′￼2
Aμ =

g′￼W3
μ + gBμ

g2 + g′￼2
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Standard Model: symmetry breaking sector (SSB)

• 


•   and  


• Neutral mass eigenstates:    and  


• So  


• Writing  and  we have 

ℒSSB =
1
2

(∂μH∂μH − 2λv2H2) +
v2

8
(g2W+

μ W− μ + (g′￼Bμ − gW3
μ)2) + …

MW =
gv
2

MH = 2λ v

Zμ =
gW3

μ − g′￼Bμ

g2 + g′￼2
Aμ =

g′￼W3
μ + gBμ

g2 + g′￼2

MZ = g2 + g′￼2 v
2

g =
e

sin θW
g′￼ =

e
cos θW

MZ =
MW

cos θW

55

to be diagonalized



Standard Model: symmetry breaking sector (SSB)

• Neutral current: 


• Neutrinos interact only with the : 


• Electron interactions:  


• with   and 


• Electron mass:  


• In the unitarity gauge:   with 

−
g
2 (ν̄e Lγμνe L − ēLγμeL) W3

μ +
g′￼

2 (ν̄e Lγμνe L + ēLγμeL + 2ēRγμeR)

Z −
g

2 cos θW
νe Lγμνe LZμ

−eQ ēγμAμ −
g

2 cos θW
ēγμ(gv − gAγ5)eZμ

gV = T3
e − 2 sin2 θWQ gA = T3

e

ℒY = − Ye [R̄(φ†L) + (L̄φ)R]

ℒY = − Ye
v + H

2
(ēLeR + ēReL) me =

Yev

2
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Standard Model: quark sector

• Quark multiplets are  ,  , 


• Quantum numbers:  ,  , 


• Quark-gauge sector:  


• CC interactions: 


• NC interactions:  


•  and 

QL = (u
d)L

uR dR

YuR
=

4
3

YdR
= −

2
3

YQ =
1
3

ℒQ = iūRγμDμuR + id̄RγμDμdR + iQ̄LγμDμQL

ℒCC = −
g

2
ūLγμdLW+

μ + h . c .

ℒNC = − eQqq̄ γμq Aμ −
g

2 cos θW
q̄γμ(gq

V − gq
Aγ5)q Zμ

gq
V = T3

q − 2 sin2 θW Qq gq
A = T3

q
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Standard Model: quark sector

• Quark multiplets are  ,  , 


• Quark-gauge sector:  


• To write the mass term we need the doublet  with 


• 


• Unitary gauge: 

QL = (u
d)L

uR dR

ℒQ = iūRγμDμuR + id̄RγμDμdR + iQ̄LγμDμQL

φ̃ = iσ2φ∗ Yφ̃ = − 1

ℒY q = − Yu[ūR(φ̃†QL) + (Q̄Lφ̃)uR] + Yd [d̄R(φ†QL) + (Q̄Lφ)dR]

−Yu
v + H

2
(ūLuR + ūRul) − Yd

v + H

2
(d̄LdR + d̄Rdl)
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Standard Model: 3 families

• For massless neutrinos the lepton sector is just the repetition of the first family


• Important consequence: neutral current interactions do not change the lepton flavor


• Three copies of the one family gauge-fermion interactions


• Most general mass term for quarks:  




• After SSB the mass matrix is 

ℒY q = − ∑
j,k=1,2,3

{Yu jk ūj
R(φ̃†Qk

L) + Yd jk d̄j
R(φ†Qk

L)} + h . c .
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