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SM

Symmetries
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Symmetries

The Lagrangian

L[ϕi(x), ∂µϕi(x)]

• A function of the fields and their derivatives only

• Depends on the fields taken at one space-time point xµ only

• Real

• Invariant under the Poincaré group

• Analytic function in the fields

• Invariant under certain internal symmetry groups

• Natural

• (Renormalizable)

2015 CERN-Fermilab HCP Summer School 4/104



Symmetries

The Lagrangian: Examples

• The most general renormalizable Lϕ,ψ:
L(ϕ, ψ) = Lkin + Lψ + Lϕ + LYuk

• Real scalar ϕ:

LS = 1
2∂

µϕ∂µϕ− m2

2 ϕ
2 − µ

2
√
2
ϕ3 − λ

4ϕ
4

• Dirac fermion ψ:

LF = iψ̄∂/ψ −mψ̄ψ

• A single Dirac fermion and a single real scalar:

L(ϕ, ψ) = LS + LF + LYuk; LYuk = −Y ψLψRϕ+ h.c.

• A single fermion charged under a local U(1) symmetry:

Lkin = iψ̄D/ψ − 1
4F

µνFµν ;

Dµ = ∂µ + ieqψA
µ, Fµν = ∂µAν − ∂νAµ
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Symmetries

Imposed vs. Accidental

• Symmetry = invariance properties of the Lagrangian

• Imposed symmetries are the starting point of model building.

In these lectures, we will see how imposed symmetries lead to

predictions that can be tested in experiments.

• Accidental symmetries are a result of (i) the imposed

symmetries, (ii) the particle content, (iii) renormalizability. In

general they are broken by nonrenormalizable terms and thus

expected to approximately hold in low energy experiments.

2015 CERN-Fermilab HCP Summer School 6/104



Symmetries

Symmetries and their consequences

Type Consequences

Spacetime Conservation of E, P, L

Discrete Selection rules

Global (exact) Conserved charges

Global (spon. broken) Massless scalars

Local (exact) Interactions, massless spin-1 mediators

Local (spon. broken) Interactions, massive spin-1 mediators
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Symmetries

Symmetries and fermion masses

• Dirac mass

– mDψLψR + h.c.

– Allowed only for fermions in a vector-like representation

Forbidden for fermions in a chiral representation

– Dirac fermion has 4 degrees of freedom

• Majorana mass

– mMψcRψR, ψc = Cψ
T

– Allowed only for fermions that are neutral under U(1) or in

a real rep of SU(N)

Forbidden for charged [complex rep] fermions under

U(1) [SU(N)]

– Majorana fermion has 2 degrees of freedom
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Symmetries

Defining a model

• The symmetry;

• The transformation properties of the fermions and scalars;

• The pattern of spontaneous symmetry breaking (SSB)
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Symmetries

Analyzing a model

• Write down the most general L

• Extract the spectrum

• Obtain the interactions among the mass eigenstates

• Accidental symmetries

• Count and identify the parameters

• Experimental tests
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SM

QCD: Quarks and SU(3)C
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QCD

Defining the QCD model

• The symmetry is a local SU(3)C

• Fermions: QLi(3), QRi(3), i = 1, . . . , 6

• No scalars, no SSB
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QCD

SU(3)C

• Eight generators: L1,...,8:

[La, Lb] = ifabcLc

• A single coupling constants:

gs

• Eight gauge boson degrees of freedom:

Gµa (8)

• Field strengths:

Gµνa = ∂µGνa − ∂νGµa − gsfabcG
µ
bG

ν
c

• The covariant derivative:

Dµ = ∂µ + igsG
µ
aLa

• For SU(3)-triplets:

La = 1
2λa with λa = The 3× 3 Gell-Mann matrices
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QCD

Lkin

Lkin = −1
4G

µν
a Gaµν + iQLiD/QLi + iQRiD/QRi

• DµQL =
(
∂µ + i

2gsG
µ
aλa

)
QL

• DµQR =
(
∂µ + i

2gsG
µ
aλa

)
QR
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QCD

Lψ.Lϕ,LYuk

Lψ = −QLiMQ
ijQRj + h.c.

• QL(3), QR(3) = vector representation;

Dirac mass allowed

• QL(3), QR(3) = complex representation of SU(3);

No Majorana mass

• Without loss of generality, can choose a basis where

MQ = diag(mu,md,ms,mc,mb,mt)
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QCD

Lψ.Lϕ,LYuk

Lψ = −QLiMQ
ijQRj + h.c.

• QL(3), QR(3) = vector representation;

Dirac mass allowed

• QL(3), QR(3) = complex representation of SU(3);

No Majorana mass

• Without loss of generality, can choose a basis where

MQ = diag(mu,md,ms,mc,mb,mt)

• No scalars: LYuk = 0, Lϕ = 0
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QCD

LQCD

• Define a Dirac fermion q = (QL, QR)
T

• q = u, d, s, c, b, t

LQCD = − 1
4G

µν
a Gaµν + iqD/q −mqqq
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QCD

The spectrum

• A massless gluon (color-octet)

• Six massive Dirac fermions (color-triplets)
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QCD

The interactions

• Gluon-fermions interactions:

− gs
2 qλaγµG

µ
aq

• Gluon self-interactions:

gsfabc(∂
µGνa)G

µ
bG

ν
c + g2s(fabcG

µ
bG

ν
c )(fadeG

µ
dG

ν
e )

• Experiment: αs(m
2
Z) = 0.1185± 0.0006

• gs ↓ for E ↑
– Perturbative QCD successful at E ≫ GeV

• gs ↑ for E ↓
– Calculations difficult for E ∼< GeV

– Confinement: Quarks and gluons are bound in hadrons
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QCD

The strong interactions

The strong interactions are:

• Vectorial

• Parity-conserving

• Diagonal

• Universal
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QCD

Hadrons

• We do not observe free quarks in Nature

• All asymptotic states are singlets of SU(3)C

• Hadrons = bound states of quarks and gluons

• Three types of hadrons:

– Mesons: M = qq̄

– Baryons: B = qqq

– Antibaryons: B̄ = q̄q̄q̄
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QCD

Accidental symmetries

• Lkin has a large accidental symmetry:

Gglobal
QCD (MQ = 0) = U(6)QL × U(6)QR

• The quark masses break this symmetry to a subgroup:

Gglobal
QCD = U(1)u × U(1)d × U(1)s × U(1)c × U(1)b × U(1)t

• All quarks are stable;

(Of course, quarks are not stable, e.g. b→ cc̄s

=⇒ QCD is an incomplete model of quark interactions)

• uū→ tt̄ allowed; ut̄→ tū forbidden
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QCD

Counting parameters

• MQ =⇒ 36R + 36I parameters

• [U(6)]2 → [U(1)]6

=⇒ (2× 15)R + (2× 21− 6)I parameters can be removed

• 6R + 0I physical parameters;

6 quark masses

• Experiments:

– mu = 2.3+0.7
−0.5, md = 4.8+0.5

−0.3, ms = 95± 5 [MeV]

– mc = 1.27± 0.03, mb = 4.18± 0.03, mt = 173.2± 0.9 [GeV]

• The QCD model is a seven parameter model:

αs,mu,md,ms,mc,mb,mt
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SM

LSM: Leptons and SU(2)L × U(1)Y
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LSM

Defining the LSM

• The symmetry is a local SU(2)L × U(1)Y

• Fermions: LLi(2)−1/2, ERi(1)−1, i = 1, 2, 3

• Scalars: ϕ(2)+1/2

• SSB: SU(2)L × U(1)Y → U(1)EM where QEM = T3 + Y
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LSM

SU(2)L × U(1)Y

• Four generators: T1,2,3, Y :

[Ta, Tb] = iϵabcTc, [Ta, Y ] = 0

• Two coupling constants:

g for SU(2) couplings; g′ for U(1) coupling

• Four gauge boson degrees of freedom:

Wµ
a (3)0, B

µ(1)0

• Field strengths:

Wµν
a = ∂µW ν

a − ∂νWµ
a − gϵabcW

µ
b W

ν
c , B

µν = ∂µBν − ∂νBµ

• The covariant derivative:

Dµ = ∂µ + igWµ
a Ta + ig′Y Bµ

• For SU(2)-doublets:

Ta = 1
2σa with σa = The 2× 2 Pauli matrices
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LSM

Lkin

Lkin = − 1
4W

µν
a Waµν − 1

4B
µνBµν + iLLiD/LLi + iERiD/ERi + (Dµϕ)†(Dµϕ)

• DµLL =
(
∂µ + i

2gW
µ
a σa − i

2g
′Bµ

)
LL

• DµER = (∂µ − ig′Bµ)ER

• Dµϕ =
(
∂µ + i

2gW
µ
a σa +

i
2g

′Bµ
)
ϕ
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LSM

Lψ

Lψ = 0

• LL(2)−1/2, ER(1)−1 = chiral representation

No Dirac mass

• LL(2)−1/2, ER(1)−1 = charged under U(1)Y

No Majorana mass
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LSM

LYuk

LYuk = Y eijLLiERjϕ+ h.c.

• i, j = 1, 2, 3 = flavor indices

• Y e is a general complex 3× 3 matrix of dimensionless couplings

• Without loss of generality, can choose a basis where

Y e = diag(ye, yµ, yτ )
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LSM

Lϕ

Lϕ = −µ2ϕ†ϕ− λ(ϕ†ϕ)2

• λ dimensionless and real;

λ > 0 for the potential to be bounded from below

• µ2 is of mass dimension 2 and real;

µ2 < 0 required for SSB
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LSM

Lϕ and SSB

Lϕ = −µ2ϕ†ϕ− λ(ϕ†ϕ)2

• Define v2 ≡ −µ2/λ

• Lϕ = −λ
(
ϕ†ϕ− v2

2

)2

• =⇒ |⟨ϕ⟩| = v/
√
2

• =⇒ SSB SU(2)× U(1) → U(1)

• ⟨ϕ⟩ = 1√
2

0

v

 =⇒ QEM = T3 + Y conserved
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LSM

A technical point

• ϕ has 4 degrees of freedom

• A convenient choice: ϕ(x) = exp
[
iσi

2 θ
i(x)

]
1√
2

 0

v + h(x)


• θ1,2,3 represent the three would-be Goldstone bosons that are

eaten by the three gauge bosons that acquire masses as a result

of the SSB

• The local SU(2)L symmetry allows one to rotate away any

dependence on the three θi

• The unitary gauge: ϕ(x) = 1√
2

 0

v + h(x)
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LSM

LLSM

LLSM = − 1

4
Wµν
b Wbµν −

1

4
BµνBµν + (Dµϕ)†(Dµϕ)

+ iLLiD/LLi + iERiD/ERi

+
(
Y eijLLiERj ϕ+ h.c.

)
− λ

(
ϕ†ϕ− v2/2

)2
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LSM

The scalar spectrum

• h - a single real massive scalar degree of freedom

• mh =
√
2λv

• Experiment: mh = 125.09± 0.21± 0.11 GeV
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LSM

The vector boson spectrum I

• Three broken generators =⇒ Three massive vector bosons

• (Dµϕ)
†(Dµϕ) contains terms ∝ v2:

LVM =
1

8
(0 v)

 gW3 + g′B g(W1 − iW2)

g(W1 + iW2) −gW3 + g′B

†

×

 gW3 + g′B g(W1 − iW2)

g(W1 + iW2) −gW3 + g′B

0

v


• W1,W2 do not have a well defined QEM;

W3, B are not mass eigenstates
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LSM

The vector boson spectrum II

• W± = 1√
2
(W1 ∓ iW2)

• Define tan θW ≡ g′/g

– Z0 = cos θWW3 − sin θWB

– A0 = sin θWW3 + cos θWB

• LVM = 1
4g

2v2W+W− + 1
8 (g

2 + g′2)v2Z0Z0

• m2
W = 1

4g
2v2, m2

Z = 1
4 (g

2 + g′2)v2, m2
A = 0

• mA = 0 a result of U(1)EM gauge invariance;

A consistency check of our calculation
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LSM

The ρ = 1 relation

• tan θW ≡ g′/g

=⇒ θW can be extracted from various weak interaction rates

• ρ ≡ m2
W

m2
Z cos2 θW

= 1

=⇒ θW can be extracted from the spectrum

• ρ = 1 is a consequence of the SSB by scalar doublets

• mW = 80.385± 0.015 GeV; mZ = 91.1876± 0.0021 GeV

=⇒ sin2 θW = 1− (mW /mZ)
2 = 0.2229± 0.0004
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LSM

The fermion spectrum I

• SSB allows us to tell the T3 = ±1/2 components of the

doublets:νeL
eL

 ,

νµL
µL

 ,

ντL
τL


• LYuk contains terms ∝ v:

LFM = −yev√
2
eL eR − yµv√

2
µL µR − yτv√

2
τL τR + h.c.

• me =
yev√

2
, mµ =

yµv√
2
, mτ = yτv√

2

• Experiment:

– me = 0.510998928(11) MeV

– mµ = 105.6583715(35) MeV

– mτ = 1776.82(16) MeV
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LSM

The fermion spectrum II

• The crucial point: While the leptons are in a chiral rep of

SU(2)L × U(1)Y , the charged leptons – e, µ, τ – are in a vector

rep of U(1)EM and thus can acquire Dirac masses

• να are neutral under U(1)EM

=⇒ A-priori, the possibility of Majorana masses is not closed

• mν ̸= 0 requires VEV carried by a scalar in the (3)+1 rep, but

there is no such scalar in the SM

• The neutrinos are massless in this model: mνα = 0

(at least at tree level)

• The ν’s are degenerate =⇒ Any interaction basis is also a ν

mass basis, but only a single interaction basis is an ℓ± mass

basis;

νe, νµ.ντ ≡ The SU(2)L partners of eL, µL, τL
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LSM
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LSM

Summary: The LSM particles

particle spin Q mass (theo) [v]

W± 1 ±1 1
2g

Z0 1 0 1
2

√
g2 + g′2

A0 1 0 0

h 0 0
√
2λ

e 1/2 −1 ye/
√
2

µ 1/2 −1 yµ/
√
2

τ 1/2 −1 yτ/
√
2

νe 1/2 0 0

νµ 1/2 0 0

ντ 1/2 0 0
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LSM

The Higgs boson interactions I

Lh =
1

2
∂µh∂

µh− 1

2
m2
hh

2 − m2
h

2v
h3 − m2

h

8v2
h4

+ m2
WW

−
µ W

µ+

(
2h

v
+
h2

v2

)
+

1

2
m2
ZZµZ

µ

(
2h

v
+
h2

v2

)
− h

v
(me eL eR +mµ µL µR +mτ τL τR + h.c.)

• The dimensionless couplings (hhhh, hhV V, hℓℓ) are

unchanged from the symmetry limit

• The dimensionful couplings (hhh, hV V ) arise from the SSB

but do not introduce new parameters

• Neither hAA nor hhAA coupling [⇐= QEM(h) = 0, mA = 0]
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LSM

The Higgs boson interactions II

• All of the Higgs couplings can be written in terms of the

masses of the particles to which it couples

• The heavier a particle, the stronger its coupling to h

• Experiment:

A. Efrati

• The Yukawa couplings are diagonal (to be discussed later)
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LSM

Electromagnetic interactions I

• The coupling of neutral bosons:

∝ gW3T3 + g′BY

• Rotate to the mass basis:

A(gsWT3 + g′cWY ) + Z(gcWT3 − g′sWY )

• The photon field couples to eQ = e(T3 + Y ), so

g = e/sW , g′ = e/cW

• The electromagnetic interactions are described by

LQED = eAµℓiγ
µℓi

• Experiment (α ≡ e2/4π)

α−1 = 137.035999074± 0.000000044
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LSM

Electromagnetic interactions II

The electromagnetic interactions are:

• Vectorial

• Parity-conserving

• Diagonal: A couples to e+e−, µ+µ−, τ+τ− but not to

e±µ∓, e±τ∓, µ±τ∓ pairs; a result of local U(1)EM

• Universal: The couplings to the different generations are

universal; a result of local U(1)EM
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LSM

NC weak interactions I

• The Z couplings to general fermions:
e

sW cW
(T3 − s2WQ)ψZ/ψ

• The Z couplings to the LSM leptons:

LNC =
e

sW cW

[
−
(
1

2
− s2W

)
eLZ/eL + s2W eRZ/eR +

1

2
νeLZ/νeL

−
(
1

2
− s2W

)
µLZ/µL + s2WµRZ/µR +

1

2
νµLZ/νµL

−
(
1

2
− s2W

)
τLZ/τL + s2W τRZ/τR +

1

2
ντLZ/ντL

]

• Z-exchange gives rise to neutral current weak interactions
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LSM

NC weak interactions II

The neutral current weak interactions are:

• Chiral

• Parity-violating

• Diagonal: a special feature of the LSM

• Universal: a special feature of the LSM

Diagonality and Universality ⇔ All fermions of a given chirality

and a given charge come from the same SU(2)× U(1) rep
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LSM

NCWI: experimental tests

• Universality

– Γ(Z → µ+µ−)/Γ(Z → e+e−) = 1.0009± 0.0028

– Γ(Z → τ+τ−)/Γ(Z → e+e−) = 1.0019± 0.0032

• Diagonality

– BR(Z → e±µ∓) < 1.7× 10−6

– BR(Z → e±τ∓) < 9.8× 10−6

– BR(Z → µ±τ∓) < 1.2× 10−5

• Interactions ⇔ Spectrum

– BR(Z→ℓ+ℓ−)
BR(Z→νℓν̄ℓ)

= 1− 4 sin2 θW + 8 sin4 θW = 0.505

=⇒ sin2 θW = 0.226
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LSM

CC weak interactions I

• The W couplings to a leptons:

LCC = − g√
2

[
νeLW/

+e−L + νµLW/
+µ−

L + ντLW/
+τ−L + h.c.

]
• W -exchange gives rise to charged current weak interactions
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LSM

CC weak interactions II

The charged current weak interactions are:

• Only left-handed leptons

• Parity-violating

• Diagonal: a special feature of the LSM

• Universal: a special feature of the LSM

Diagonality and Universality ⇔ The degeneracy of the neutrinos
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LSM

CCWI: experimental tests

• Universality

– Γ(W+ → µ+νµ)/Γ(W
+ → e+νe) = 0.98± 0.02

– Γ(W+ → τ+ντ )/Γ(W
+ → e+νe) = 1.04± 0.02

• Interactions ⇔ Spectrum

– Define GF ≡ g2

4
√
2m2

W

= πα√
2s2Wm2

W

– Experiment: GF = 1.1663787(6)× 10−5 GeV−2

– Γµ =
G2

Fm
5
µ

192π3 f
(
m2

e

m2
µ

)
⇒ sin2 θW = 0.215

– v = (
√
2GF )

−1/2 = 246 GeV

2015 CERN-Fermilab HCP Summer School 50/104



LSM

Summary: The LSM interactions

interaction force carrier coupling range

electromagneric γ eQ long

NC weak Z0 e(T3−s2WQ)
sW cW

short

CC weak W± g short

Yukawa h yℓ short
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LSM

Accidental symmetries

• Lkin has an accidental symmetry:

Gglobal
LSM (Y e = 0) = U(3)L × U(3)E

• The Yukawa couplings break this symmetry to a subgroup:

Gglobal
LSM = U(1)e × U(1)µ × U(1)τ

• µ− → e−νeνµ allowed; µ− → e−e+e− forbidden;

e+e− → µ+µ− allowed; e+µ− → µ+e− forbidden

• U(1)L forbids Majorana masses to neutrinos;

mν = 0 to all orders in perturbation theory

• Gglobal
LSM completely broken by nonrenormalizable terms:

(1/Λ)LLiLLjϕϕ (to be discussed later)
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LSM

Counting the lepton sector parameters

• Y e =⇒ 9R + 9I parameters

• U(3)L × U(3)E → U(1)e × U(1)µ × U(1)τ

=⇒ (2× 3)R + (2× 6− 3)I parameters can be removed

• 3R + 0I physical parameters:

3 charged lepton masses

• The LSM is a seven parameter model:

g, g′, v,mh,me,mµ,mτ
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SM

The Standard Model
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SM

Defining the SM

• The symmetry is a local SU(3)C × SU(2)L × U(1)Y

• Quarks: QLi(3, 2)+1/6, URi(3, 1)+2/3, DRi(3, 1)−1/3

Leptons: LLi(1, 2)−1/2, ERi(1, 1)−1; (i = 1, 2, 3)

• Scalars: ϕ(1, 2)+1/2

• SSB: SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)EM
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SM

SU(3)C × SU(2)L × U(1)Y

• Twelve generators:

eight La (SU(3)C), three Tb (SU(2)L), a single Y (U(1)Y )

[La, Lb] = ifabcLc, [Ta, Tb] = iϵabcTc,

[La, Tb] = [La, Y ] = [Tb, Y ] = 0

• Three coupling constants:

gs for SU(3)C ; g for SU(2)L; g
′ for U(1)Y

• Twelve gauge bosons:

Gµa(8, 1)0, W
µ
b (1, 3)0, B

µ(1, 1)0

• The covariant derivative:

Dµ = ∂µ + igsG
µ
aLa + igWµ

a Ta + ig′Y Bµ

– SU(3)C : La = 1
2λa(0) for triplets (singlets)

– SU(2)L: Tb =
1
2σb(0) for doublets (singlets)
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SM

Lkin

Lkin = −1

4
Gµνa Gaµν −

1

4
Wµν
b Waµν −

1

4
BµνBµν + (Dµϕ)†(Dµϕ)

+iQLiD/QLi + iURiD/URi + iDRiD/DRi + iLLiD/LLi + iERiD/ERi

• DµQL =
(
∂µ + i

2gsG
µ
aλa +

i
2gW

µ
b σb +

i
6g

′Bµ
)
QL

• DµUR =
(
∂µ + i

2gsG
µ
aλa +

2i
3 g

′Bµ
)
UR

• DµDR =
(
∂µ + i

2gsG
µ
aλa − i

3g
′Bµ

)
DR

• DµLL =
(
∂µ + i

2gW
µ
a σa − i

2g
′Bµ

)
LL

• DµER = (∂µ − ig′Bµ)ER

• Dµϕ =
(
∂µ + i

2gW
µ
a σa +

i
2g

′Bµ
)
ϕ
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SM

Lψ

Lψ = 0

• Quarks:

– QL, UR, DR = chiral representation

No Dirac mass

– QL, UR, DR = charged under U(1)Y

No Majorana mass

• Leptons: same as in the LSM
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SM

LYuk

LYuk = Y uijQLiURj ϕ̃+ Y dijQLiDRjϕ+ Y eijLLiERjϕ+ h.c.

• Y u, Y d, Y e: general complex 3× 3 matrices of dimensionless

couplings

• Without loss of generality, can choose a basis,

Y e → VeLY
eV †
eR = Ŷ e, where Ŷ e = diag(ye, yµ, yτ )

• Without loss of generality, can choose a basis,

Y u → Ŷu = VuLY
uV †

uR, where Ŷ
u = diag(yu, yc, yt)

• Without loss of generality, can choose a basis,

Y d → Ŷd = VdLY
dV †
dR, where Ŷ

d = diag(yd, ys, yb)

• Unless VuL = VdL, the basis with Ŷ u is different from the basis

with Ŷ d.
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SM

The CKM matrix

• Define V = VuLV
†
dL

• In the basis where Y u = Ŷ u, we have Y d = V Ŷ d

• In the basis where Y d = Ŷ d, we have Y u = V †Ŷ u

• Note: VuL, VuR, VdL, VdR depend on the basis from which we

start. V , however, does not

• V plays a crucial role in the charged current weak interactions
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SM

Lϕ

Lϕ = −µ2ϕ†ϕ− λ(ϕ†ϕ)2

• Choosing µ2 < 0 and λ > 0 leads to SSB with |⟨ϕ⟩| = v/
√
2

• ϕ = SU(3)C singlet =⇒ SU(3)C remains unbroken

• SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)EM
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SM

LSM

LSM = − 1

4
Gµνa Gaµν −

1

4
Wµν
b Wbµν −

1

4
BµνBµν + (Dµϕ)†(Dµϕ)

+ iQLiD/QLi + iURiD/URi + iDRiD/DRi + iLLiD/LLi + iERiD/ERi

+
(
Y uijQLiURj ϕ̃+ Y dijQLiDRj ϕ+ Y eijLLiERj ϕ+ h.c.

)
− λ

(
ϕ†ϕ− v2/2

)2
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SM

The boson spectrum

• Local SU(3)C × U(1)EM symmetry

=⇒ A massless color-octet gluon, a massless neutral photon

• SSB of SU(2)L × U(1)Y → U(1)EM

=⇒ Three massive weak vector bosons W±, Z0

• SSB by an SU(2) doublet

=⇒ ρ ≡ m2
W /(m

2
Z cos2 θW ) = 1

• Three would be Goldstone bosons eaten by W±, Z0

=⇒ A single massive Higgs boson
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SM

The fermion spectrum

• All charged fermions acquire Dirac masses, mf =
yfv√

2
;

While in chiral reps of SU(2)L × U(1)Y , they are in vectorial

reps of SU(3)C × U(1)EM:

– LH and RH e, µ, τ : (1)−1

– LH and RH u, c, t: (3)+2/3

– LH and RH d, s, b: (3)−1/3

• Neutrinos are massless in spite of being in the (1)0 rep
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SM

Summary: The SM particles

particle spin color Q mass [v]

W± 1 (1) ±1 1
2g

Z0 1 (1) 0 1
2

√
g2 + g′2

A0 1 (1) 0 0

g 1 (8) 0 0

h 0 (1) 0
√
2λ

e, µ, τ 1/2 (1) −1 ye,µ,τ/
√
2

νe, νµ, ντ 1/2 (1) 0 0

u, c, t 1/2 (3) +2/3 yu,c,t/
√
2

d, s, b 1/2 (3) −1/3 yd,s,b/
√
2
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SM

The Higgs boson interactions

Lh =
1

2
∂µh∂

µh− 1

2
m2
hh

2 − m2
h

2v
h3 − m2

h

8v2
h4

+ m2
WW

−
µ W

µ+

(
2h

v
+
h2

v2

)
+

1

2
m2
ZZµZ

µ

(
2h

v
+
h2

v2

)
− h

v
(me eL eR +mµ µL µR +mτ τL τR

+mu uL uR +mc cL cR +mt tL tR

+md dL dR +ms sL sR +mb bL bR + h.c.
)
.

• The Higgs boson couples diagonally also to the quark mass

eigenstates

• The Higgs couplings are not universal: yf ∝ mf
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SM

Diagonality of Yukawa interactions

hDLY
dDR = hDL(V

†
dLVdL)Y

d(V †
dRVdR)DR

= h(DLV
†
dL)(VdLY

dV †
dR)(VdRDR)

= h(dL sL bL)Ŷ
d(dR sR bR)

T

• The diagonality is due to two ingredients of the SM:

– All SM fermions are chiral =⇒ no bare mass terms

– The scalar sector has a single Higgs doublet

• Experiment:

BR(t→ qh) < 0.8× 10−2
[ATLAS, JHEP06(2014)008; CMS PAS TOP-13-017 ]

BR(h→ τµ) < 1.5× 10−2
[CMS, 1502.07400]
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SM

y ∝ m

• All of the Higgs couplings can be written in terms of the

masses of the particles to which it couples

• The heavier a particle, the stronger its coupling to h

• Experiment:

A. Efrati
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SM

Strong and electromagnetic interactions

• Local SU(3)C × U(1)EM

=⇒ Strong and EM interactions are universal

• Strong interactions: The gluons couple all colored particles

– Quarks = color-triplets =⇒ have strong interactions

– Leptons = color-singlets =⇒ do not couple to gluons

– LQCD, fermions = − 1
2gSqλaG/aq (q = u, c, t, d, s, b)

• EM interactions: The photon couples to the EM charge

– u, d, e are charged =⇒ have EM interactions

– ν are neutral =⇒ do not couple to the photon

– LQED, fermions = −eeiA/ei + 2e
3 uiA/ui −

e
3diA/di

(ei = e, µ, τ ; ui = u, c, t; di = d, s, b)
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SM

NC weak interactions

• The Z couplings in each generation:

LNC =
e

sW cW

[
−
(
1

2
− s2W

)
eLZ/eL + s2W eRZ/eR +

1

2
νLZ/νL

+

(
1

2
− 2

3
s2W

)
uLZ/uL − 2

3
s2W uRZ/uR

−
(
1

2
− 1

3
s2W

)
dLZ/dL +

1

3
s2W dRZ/dR

]

• Chiral, parity-violating, diagonal, universal

• Universality ⇐= All fermions in the same SU(3)C × U(1)EM

rep come from the same SU(3)C × SU(2)L × U(1)Y rep
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SM

NCWI: further experimental tests

• SM:

Γ(Z → νν̄) ∝ 1,

Γ(Z → ℓℓ̄) ∝ 1− 4s2W + 8s4W ,

Γ(Z → uū) ∝ 3
[
1− (8/3)s2W + (32/9)s4W

]
,

Γ(Z → dd̄) ∝ 3
[
1− (4/3)s2W + (8/9)s4W

]
• Experiments:

BR(Z → νν̄) = (6.67± 0.02)%,

BR(Z → ℓℓ̄) = (3.37± 0.01)%,

BR(Z → uū) = (11.6± 0.6)%,

BR(Z → dd̄) = (15.6± 0.4)

Fine! (with s2W = 0.225)
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SM

CC weak interactions I

• For leptons, things are simple because there exists an

interaction basis that is also a mass basis

• Leptonic W interactions are universal in the lepton mass basis:

Lleptons
CC = − g√

2

[
νeLW/

+e−L + νµLW/
+µ−

L + ντLW/
+τ−L + h.c.

]
• For quarks, things are more complicated since there is no

interaction basis that is also a mass basis

• Lquarks
CC = − g√

2

(
uL cL tL

)
V W/

+


dL

sL

bL

+ h.c.

• V = the CKM matrix: 3× 3, unitary, 3R + 1I parameters
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SM

CC weak interactions II

• Only left-handed particles take part in the CC interactions

• Parity is violated

• W couplings to quark mass eigenstates:

neither universal nor diagonal

• Universality of gauge interactions hidden in the unitarity of V
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SM

CCWI: further experimental tests

• SM:

Γ(W+ → ℓ+νℓ) ∝ 1

Γ(W+ → uid̄j) ∝ 3|Vij |2 (i = 1, 2; j = 1, 2, 3)

• CKM unitarity:

|Vud|2 + |Vus|2 + |Vub|2 = |Vcd|2 + |Vcs|2 + |Vcb|2 = 1

=⇒ Γ(W → hadrons) ≈ 2Γ(W → leptons)

=⇒ Γ(W → cX)/Γ(W → hadrons) ≈ 0.5

• Experiments:

Γ(W → hadrons)/Γ(W → leptons) = 2.09± 0.01

Γ(W → cX)/Γ(W → hadrons) = 0.49± 0.04

• Flavor physics and the CKM matrix:

A topic on its own
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SM

Summary: The SM quark interactions

interaction force carrier coupling range

electromagnetic γ eQ long

Strong G gs long

NC weak Z0 e(T3−s2WQ)
sW cW

short

CC weak W± gV short

Yukawa h yq short

2015 CERN-Fermilab HCP Summer School 75/104



SM

Accidental symmetries

• Lkin has an accidental symmetry:

Gglobal
SM (Y u,d,e = 0) = U(3)Q ×U(3)U ×U(3)D ×U(3)L ×U(3)E

• The Yukawa couplings break this symmetry to a subgroup:

Gglobal
SM = U(1)B × U(1)e × U(1)µ × U(1)τ

• U(1)B forbids proton decay (e.g. p→ π0e+, p→ K+ν);

(U(1)B is anomalous, but still ∆B = ∆L = 3n is respected)

• U(1)B−L forbids Majorana masses to neutrinos;

mν = 0 to all orders in perturbation theory and

non-perturbatively

• LFV forbidden (e.g. µ→ eγ, τ → µµµ);

Neutrino oscillations violate U(1)e × U(1)µ × U(1)τ
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SM

Counting the quark sector parameters

• Y u, Y d =⇒ 18R + 18I parameters

• U(3)Q × U(3)U × U(3)D → U(1)B

=⇒ (3× 3)R + (3× 6− 1)I parameters can be removed

• 9R + 1I physical parameters:

6 quark masses, 3 CKM angles, 1 CKM phase

• Experiment:

– |Vus| = 0.2253± 0.0008

– |Vcb| = 0.041± 0.001

– |Vub| = 0.0041± 0.0005

– sin 2β = 0.68± 0.02
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SM

Comments on CP violation

• The KM phase =⇒ CP is violated in the SM

• If there were only two generations:

2(4R + 4I)− [3(1R + 3I)− 1I ] = 5R + 0I

4 quark masses, 1 Cabibbo angle

=⇒ CP is an accidental symmetry of a two generation SM

• An additional allowed term: θQCDϵµνρσG
µνGρσ

CP violation by strong interactions

Experiment (EDM): θQCD ∼< 10−10
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SM

The SM as an EFT
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EFT

SM = low energy effective theory

• The SM is not a full theory of Nature

• The SM is a low energy effective theory;

Valid below some scale Λ(≫ mZ)

• LSM should be extended:

L = LSM + 1
ΛOd=5 +

1
Λ2Od=6 + · · ·

• Od=n = operators that are

– Products of SM fields

– Transforming as singlets under SU(3)C × SU(2)L × U(1)Y

– Of dimension n in the fields

• For physics at E ≪ Λ, the effects of Od=n(>4) suppressed by

(E/Λ)n−4

• The larger n(> 4), the smaller the effect at low energy
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EFT

Nonrenormalizable terms, loops

• Tree level processes: Often tree level processes in a particular

sector depend on a small subset of the SM parameters =⇒
Relations among various processes that are violated by loop

effects and nonrenormalizable terms

– Example: Electroweak precision measurements (EWPM)

• Rare processes: Processes not allowed at tree level, often

related to accidental symmetries of a particular sector.

Nonrenormalizable terms and loops can contribute.

– Example: Flavor changing neutral currents (FCNC)

• Forbidden processes: Nonrenormalizable terms (but not loop

corrections!) can break accidental symmetries and allow

forbidden processes

– Example: Neutrino masses
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EFT

Before and after

• Rare processes and tree level processes:

• Before all the SM particles have been directly discovered and

all the SM parameters measured:

Assume the validity of the renormalizable SM and indirectly

measure the properties of the yet unobserved particles;

mc, mt, mh predicted in this way

• Once all the SM particles observed and the parameters

measured directly:

The loop corrections can be quantitatively determined;

Effects of nonrenormalizable terms unambiguously probed

• All three categories are used to search for new physics
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EFT

EWPM - before and after

• At tree level, all EW processes depend on only 3 parameters:

g, g′, v (⇔ α,mZ , GF )

• Of the other 15 parameters, 11 are small and have negligible

effects on EWPM

• Of the remaining four, δKM and αS have negligible effects

• Only mt/v and mh/v have significant quantum effects

• In the past: EWPM used to predict mt and mh

• At present: EWPM probe nonrenormalizable operators (=

BSM physics)
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EFT

EWPM - theory

• In a large class of models, only four dim=6 operators

contribute significantly to EWPM:

Lo.c. =
1
Λ2 (cWBOWB + cHHOHH + cBBOBB + cWWOWW )

OWB = (H†τaH)W a
µνBµν → 1

2v
2W 3

µνBµν ;

OHH = |H†DµH|2 → 1
16v

4(gW 3
µ − g′Bµ)

2;

OBB = (∂ρBµν)
2;

OWW = (DρW
a
µν)

2
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EFT

EWPM - experiment

• Low energy observables: GF , α, neutrino scattering, DIS,

APV, low-energy e+e− scattering

• High energy observables: masses, total widths and partial

decay rates of the W and Z bosons
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EFT

S, T

• S = 2 sin 2θW
α

v2

Λ2 cWB

T = − 1
2α

v2

Λ2 cHH

S

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

T

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5
68%, 95%, 99% CL fit contours, U free

=173 GeV)
t

=126 GeV, mH: M
ref

(SM

SM Prediction
 0.4 GeV± = 125.7 HM
 0.94 GeV± = 173.18 tm

SM Prediction
 [100,1000] GeV∈ Hwith M

HM

G fitter SM
B

S
ep 12

GFitter

• Λ√
cWB

> 9.7
(
0.14
S

)
TeV

Λ√
cHH

> 4.4
(
0.20
T

)
TeV
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EFT

FCNC

Flavors = Copies of the same SU(3)C × U(1)EM representation:

Up-type quarks (3)+2/3 u, c, t

Down-type quarks (3)−1/3 d, s, b

Charged leptons (1)−1 e, µ, τ

Neutrinos (1)0 ν1, ν2, ν3

Flavor changing neutral current (FCNC) processes:

• Flavor changing processes that involve either U or D but not

both and/or either ℓ− or ν but not both

• µ→ eγ; K → πνν̄ (s→ dνν̄); D0 −D
0
mixing (cū→ uc̄)...
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EFT

FCNC: Loop suppression I

• The W−boson cannot mediate FCNC process at tree level

since it couples to up-down pairs;

Only neutral bosons can potentially mediate FCNC at tree level

• Massless gauge bosons have flavor-universal and, in particular,

flavor diagonal couplings;

The gluons and the photon do not mediate FCNC at tree level

What about Z? h?
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EFT

FCNC: Loop suppression II

• Within the SM, the Z−boson does not mediate FCNC at tree

level because all fermions with the same chirality, color and

charge originate in the same SU(2)L × U(1)Y representation

• Within the SM, the h−boson does not mediate FCNC at tree

level because

– All SM fermions are chiral =⇒ no bare mass terms

– The scalar sector has a single Higgs doublet

Within the SM, all FCNC processes are loop suppressed
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EFT

FCNC: CKM- and GIM-suppression

• All FC processes ∝ off-diagonal entries in the CKM matrix

– Γ(b→ sγ) ∝ |VtbVts|2 ∼ 3× 10−3

– ∆mB ∝ |VtbVtd|2 ∼ 10−4

• If all quarks in a given sector were degenerate

=⇒ No FC W -couplings

• FCNC in the down (up) sector

∝ ∆m2 between the quarks of the up (down) sector

• The GIM-suppression effective for processes involving the first

two generations

– ∆mK ∝ (m2
c −m2

u)/m
2
W (=⇒ was used to predict mc)

– ∆mB ∝ (m2
t −m2

c)/m
2
W (=⇒ was used to predict mt)
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EFT

FCNC - experiment

∆mK/mK 7.0× 10−15

∆mD/mD 8.7× 10−15

∆mB/mB 6.3× 10−14

∆mBs/mBs 2.1× 10−12

ϵK 2.3× 10−3

AΓ/yCP ≤ 0.2

SψKS 0.67± 0.02

Sψϕ −0.04± 0.09
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EFT

High Scale? Degeneracy and Alignment?

• zsd
Λ2

NP
(dLγµsL)

2+ zcu
Λ2

NP
(cLγµuL)

2+ zbd
Λ2

NP
(dLγµbL)

2+ zbs
Λ2

NP
(sLγµbL)

2

• For |zij | ∼ 1, Im(zij) ∼ 1:

Mixing ΛCPCNP ∼> ΛCPVNP ∼> Mixing ΛCPCNP ∼> ΛCPVNP ∼>

K −K 1000 TeV 20000 TeV D −D 1000 TeV 3000 TeV

B −B 400 TeV 800 TeV Bs −Bs 70 TeV 200 TeV

• For ΛNP ∼ 1 TeV :

Mixing |zij | ∼< Im(zij) ∼< Mixing |zij | ∼< Im(zij) ∼<

K −K 8× 10−7 6× 10−9 D −D 5× 10−7 1× 10−7

B −B 5× 10−6 1× 10−6 Bs −Bs 2× 10−4 2× 10−5
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EFT

mν - theory

• SM: mν = 0 to all orders in perturbation theory and

non-perturbatively

• Guaranteed by the accidental U(1)B−L symmetry

• d=5 terms
Zν

ij

Λ ϕϕLiLj break

U(1)B × U(1)e × U(1)µ × U(1)τ → U(1)B
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EFT

The νSM

LνSM = LSM +
Zν

ij

Λ ϕϕLiLj

• ⟨ϕ0⟩ = v/
√
2 =⇒ Majorana mass matrix for neutrinos:

mν = v2

Λ
Zν

2

• mν can be diagonalized by a unitary transformation:

VνLmνV
T
νL = m̂ν = diag(m1,m2,m3)

Predictions:

• mν ̸= 0

• mν/mq,ℓ± ∼ v/Λ ≪ 1

• LℓCC = − g√
2

(
ℓLαW/

−Uαiνi + h.c.
)
; U ̸= 1
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EFT

The νSM parameters

LνSM = LSM +
Zν

ij

Λ ϕϕLiLj

• We added to the SM 6R + 6I parameters (Zν is symmetric)

• We “lost” [U(1)]3 symmetry =⇒ Can remove 3I parameters;

• Conclusion: 6R + 3I new parameters

• 3 neutrino masses;

3 angles and 3 phases in the leptonic mixing matrix

• Experiment: Gonzalez-Garcia et al., 1409.5439

• ∆m2
21 = (7.5±0.2)×10−5 eV2, |∆m2

32| = (2.5±0.1)×10−3 eV2

• |Ue2| = 0.55± 0.01, |Uµ3| = 0.67± 0.03, |Ue3| = 0.148± 0.003
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EFT

The νSM - summary

LννSM = iνi∂/νi +
g

2cW
νiZ/νi − g√

2

(
ℓLαW/

−Uαiνi + h.c.
)

+miνiνi +
2mi

v hνiνi +
mi

v2 hhνiνi

particle spin color Q mass [v]

ν1, ν1, ν3 1/2 (1) 0 ziv/(2Λ)

interaction force carrier coupling

NC weak Z0 e/(2sW cW )

CC weak W± gU/
√
2

Yukawa h 2m/v

• Accidental symmetry: U(1)B
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SM

Summary
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The Standard Model

Summary I: definition

• The symmetry is a local SU(3)C × SU(2)L × U(1)Y

• Quarks: QLi(3, 2)+1/6, URi(3, 1)+2/3, DRi(3, 1)−1/3

Leptons: LLi(1, 2)−1/2, ERi(1, 1)−1; (i = 1, 2, 3)

• Scalars: ϕ(1, 2)+1/2

• SSB: SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)EM
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The Standard Model

Summary II: spectrum

particle spin color Q mass [v]

W± 1 (1) ±1 1
2g

Z0 1 (1) 0 1
2

√
g2 + g′2

A0 1 (1) 0 0

g 1 (8) 0 0

h 0 (1) 0
√
2λ

e, µ, τ 1/2 (1) −1 ye,µ,τ/
√
2

νe, νµ, ντ 1/2 (1) 0 0

u, c, t 1/2 (3) +2/3 yu,c,t/
√
2

d, s, b 1/2 (3) −1/3 yd,s,b/
√
2
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The Standard Model

Summary III: interactions

interaction force carrier coupling range

electromagneric γ eQ long

Strong g gs long

NC weak Z0 e(T3−s2WQ)
sW cW

short

CC weak W± gV short

Yukawa h yq short
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The Standard Model

Summary IV: parameters

There are eighteen independent parameters:

• gs, g, g
′, v, λ (=⇒ αs, α, mZ , GF , mh)

• ye, yµ, yτ (=⇒ me, mµ, mτ )

• yu, yc, yt, yd, ys, yb (=⇒ mu, mc, mt, md, ms, mb)

• |Vus|, |Vcb|, |Vub|, δKM (=⇒ λ, A, ρ, η)
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The Standard Model

Summary V: accidental symmetries

U(1)B × U(1)e × U(1)µ × U(1)τ

• Explains the non-observation of proton decay

• Explains the non-observation of FCNC charged lepton decays

• Violated in neutrino oscillations

=⇒ The SM is a low energy effective theory, ΛNP ∼< 1015 GeV
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The Standard Model

Summary VI: successes

• Review of particle physics (Particle Data Group),

Chin. Phys. C38 (2014) 090001;

1676 pages of experimental results

Almost all consistent with the SM predictions
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The Standard Model

Summary VII: problems

• Neutrino masses

• Dark matter

• Baryon asymmetry

• Fine tuning

– m2
h

– θQCD
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