
CERN, 7/2024

Standard Model 4/4
Andreas Weiler (TU Munich)

101



102-1



Susanne Jardeback's work on 
the certificate for 2013 physics 
laureate Peter Higgs -- a 
collage inspired partly by the 
divine, and partly by a 
sombrero.
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First: some further discussion on the Gargamelle discovery from 
last lecture.
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Discovered at CERN: Gargamelle bubble chamber

In front of  
the CERN 
theory 
group.
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• Obviously weak currents
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• How did they know it is a muon-neutrino?! 
 
 
 
 
 
 

• Why is not a charge current process? (mediated by W-boson)

Shows existence of neutral current

Let us understand the Gargamelle experiment
Gargamelle
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• How did they know it is a muon-neutrino?! 
 
 
 
 
 
 

• Why is not a charge current process? (mediated by W-boson)

Shows existence of neutral current

Let us understand the Gargamelle experiment
Gargamelle

Do you know of a particle that prefers to decay to muon 
neutrinos? ***cough***  *** cough***π+

Γ(π− → μ−ν̄μ)
Γ(π− → e−ν̄e)

|EXP ≈ 104
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• How did they know it is a muon-neutrino?! 
 
 
 
 
 
 

• Why is not a charge current process? (mediated by W-boson)

Shows existence of neutral current

Let us understand the Gargamelle experiment
Gargamelle

suppressed since 
higher order in expansion 
      ~ g4/(16 pi^2) ~ 0.001Small

Do you know of a particle that prefers to decay to muon 
neutrinos? ***cough***  *** cough***π+

Γ(π− → μ−ν̄μ)
Γ(π− → e−ν̄e)

|EXP ≈ 104
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This would jump generations (change 
the “flavor” from electron to muon)  
 
We know this transition must be possible,  
since we know that neutrinos change flavor  
in neutrino oscillations! 

But the effect is tiny! It is proportional to the neutrino mass


                        mν < 1 eV ≪ me = 511 keV
(We will see that for quarks these flavor changes can be much bigger!)
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This would jump generations (change 
the “flavor” from electron to muon)  
 
We know this transition must be possible,  
since we know that neutrinos change flavor  
in neutrino oscillations! 

But the effect is tiny! It is proportional to the neutrino mass


                        mν < 1 eV ≪ me = 511 keV
(We will see that for quarks these flavor changes can be much bigger!)
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Matter ForcesHiggs
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Meaning of the mug?
Matter quantum fields: full form
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Meaning of the mug?
Matter quantum fields: full form

Left-handed quark field

Dirac-index (1,2) generations (1,2,3)

color SU(3) (1,2,3)weak SU(2) (1,2)
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Weak interactions paradoxes
We need non-abelian gauge theory, but gauge bosons need to be massive!  
How can we save SU(2) gauge invariance?

Since the weak interactions are chiral (only the left-handed particles are charged), 
the left-handed and right-handed particles are fundamentally different.  
How can they have a mass term?

(u
d)L

M2
W W+

μ Wμ− + 1
2 M2

Z ZμZμ

dR

vs. m(ūLuR + ūRuL) not SU(2) invariant !

uRSU(2) ?
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Avengers of the SM assemble

Peter Higgs Francois Englert Robert Brout

2013 2013
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4th of July 2012 
Genf (CH)
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4/7/2012 
discovery of the 

Higgs

theory：1964

design：1984

construction：1998
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One year later in the theory 
group at CERN…
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Higgs is at the center of SM
• the only particle that talks to everybody* 

• the only elementary particle that doesn’t spin 

• the only particle that is condensed in the universe 

• the source of all masses of elementary particles 

• We don’t know why all of this is the case 

• important & special particle!
* if we ignore the graviton

126



• Explain the 3 massive weak bosons ( ), SU(2) structure


• Two types of massless gauge bosons (photon, 8 gluons)


• Explain why the left-handed and right-handed particles can have 
different quantum numbers (= are different particles) while being 
massive


• Make some predictions we can test.

W+, W−, Z

Model building the SM — requirements
Plan
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Higgs mechanism!
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Spontaneous symmetry breaking
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Spontaneous symmetry breaking
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Symmetries? what is the ground state?
Classical mechanics

x0−x0 x

V(x)
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Symmetries? what is the ground state?
Classical mechanics

x0−x0 x

V(x)
x → − x
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Symmetries? what is the ground state?
Quantum mechanics

x0−x0 x

V(x)
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Symmetries? what is the ground state?
Quantum mechanics

x0−x0

Tunneling amplitude

x

V(x)
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Symmetries? what is the ground state?
Quantum Field Theory

ϕ0−ϕ0 ϕ

132-1



Symmetries? what is the ground state?
Quantum Field Theory

ϕ0−ϕ0 ϕ

124 andreas weiler, tum

Let us compare to QM again. Consider a spatially homogeneous field

configuration �(x, t) = �(t)

S = ⌦

Z
dt

 
�̇2

2
� V (�)

!
. (8.15)

It has the same form as a QM particle with the mass:

M = ⌦ (8.16)

in a potential

U(�) = ⌦V (�). (8.17)

The tunneling amplitude between �0 and ��0:

A / exp

 
�

Z �0

��0

p
2M(U(�) � E)d�

!
(WKB) (8.18)

/ exp

 
�⌦

Z �0

��0

p
2V (�)d�

!
, (8.19)

where we used E = 0 since V (�0) = 0. The amplitude tends

exponentially to zero as ⌦ ! 1.

In quantum theory, it is legitimate to consider � = �0 as the ground

state, if the spatial volume is large. This is the situation in QFT.

) the symmetry is spontaneously broken.

Let us choose as ground state: �0 = +v and define a new field �(x)

� = v + �(x) (8.20)

with v = µ
p

�
. We know

@µ(v + �) = @µ� (8.21)

V (v + �) =
�

4
((� + v)2 � v2)2 (8.22)

So

V�(�) = �v2�2 + (�v)�3 +
�

4
�4 +

Ignore?y
µ4

4�
. (8.23)

L� = @�2
�µ2�2

�

p

�µ�3
�

�

4
�4. (8.24)

The shifted field � creates a particle of mass

m� =
p

2µ > 0. (8.25)

The last term is just v(�)|�=v. We can drop it (zero-point energy).

L[�] is not invariant under � ! �� (!), but under � !x?
�+v!���v

�� � 2v,

which means symmetry is hidden in the relationship between

m�, ↵�3, ��4 (8.26)

Ω = volume of space

“QFT tunneling  
amplitude” → 0

Ground state is not combination of  and -  ϕ0 ϕ0
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Symmetries? what is the ground state?
Quantum Field Theory

Ground state solution has fever symmetries than the potential. 
ϕ0−ϕ0 ϕ

124 andreas weiler, tum
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Spontaneous symmetry breaking

ℒ = 1
2 ∂μϕ∂μϕ − V(ϕ)

Real scalar field (see Tim’s lectures)

V(ϕ) = − μ2

2 ϕ2 + λ
4 ϕ4

ϕ0−ϕ0 ϕ
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Spontaneous symmetry breaking

ℒ = 1
2 ∂μϕ∂μϕ − V(ϕ)

Real scalar field (see Tim’s lectures)

V(ϕ) = − μ2

2 ϕ2 + λ
4 ϕ4

ϕ0−ϕ0 ϕ

Minimum at: 

quantum field theory 2 123

The probability of being in either one of the minima must be equal,

thus respecting the reflection symmetry q ! �q of the Hamiltonian.

The ground state wave function  0 will be even!

 0(q) =  0(�q). (8.8)

8.2.1 Spontaneous symmetry breaking in QFT

Let us try the same reasoning as in QM. The energy functional (or

Hamiltonian) is

E =

Z
d3x

2

64
1

2
(@0�)2 +

1

2
(@i�)2�

µ2

2
�2 +

�

4
�4

| {z }
V

3

75 . (8.9)

Study N = 1 first (� = �1). The case N � 2 will be dramatically
di↵erent.

Ground state: field configuration �(x) with minimal energy.

@t�(x, t) = 0x?
time-independent

and @i�(x, t) = 0.x?
homogeneous

(8.10)

So we can conclude

�(x, t) = const. (8.11)

@V

@�
= 0 , �µ2�+ ��3 = 0 (8.12)

Solving for � we get

�0 = ±
µ

p
�

= ±v. (8.13)

If we want to transfer the field from one ground state, say �0 = v

to �0 = �v, we need to add energy which is proportional to the

volume of space.

� = ⌦(V (0) � V (v)) = ⌦ ·
µ4

4�
(8.14)

with ⌦ = Vol. of space.

So for a large system (⌦ ! 1), we have to choose one of the ground

states, and perturb around it. This spontaneously breaks � ! ��

symmetry!

134-2



Spontaneous symmetry breaking

ℒ = 1
2 ∂μϕ∂μϕ − V(ϕ)

Real scalar field (see Tim’s lectures)

V(ϕ) = − μ2

2 ϕ2 + λ
4 ϕ4

ϕ0−ϕ0 ϕ

Minimum at: 

quantum field theory 2 123

The probability of being in either one of the minima must be equal,

thus respecting the reflection symmetry q ! �q of the Hamiltonian.

The ground state wave function  0 will be even!

 0(q) =  0(�q). (8.8)

8.2.1 Spontaneous symmetry breaking in QFT

Let us try the same reasoning as in QM. The energy functional (or

Hamiltonian) is

E =

Z
d3x

2

64
1

2
(@0�)2 +

1

2
(@i�)2�

µ2

2
�2 +

�

4
�4

| {z }
V

3

75 . (8.9)

Study N = 1 first (� = �1). The case N � 2 will be dramatically
di↵erent.

Ground state: field configuration �(x) with minimal energy.

@t�(x, t) = 0x?
time-independent

and @i�(x, t) = 0.x?
homogeneous

(8.10)

So we can conclude

�(x, t) = const. (8.11)

@V

@�
= 0 , �µ2�+ ��3 = 0 (8.12)

Solving for � we get

�0 = ±
µ

p
�

= ±v. (8.13)

If we want to transfer the field from one ground state, say �0 = v

to �0 = �v, we need to add energy which is proportional to the

volume of space.

� = ⌦(V (0) � V (v)) = ⌦ ·
µ4

4�
(8.14)

with ⌦ = Vol. of space.

So for a large system (⌦ ! 1), we have to choose one of the ground

states, and perturb around it. This spontaneously breaks � ! ��

symmetry!

quantum field theory 2 123

The probability of being in either one of the minima must be equal,

thus respecting the reflection symmetry q ! �q of the Hamiltonian.

The ground state wave function  0 will be even!
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Study N = 1 first (� = �1). The case N � 2 will be dramatically
di↵erent.

Ground state: field configuration �(x) with minimal energy.

@t�(x, t) = 0x?
time-independent

and @i�(x, t) = 0.x?
homogeneous

(8.10)

So we can conclude

�(x, t) = const. (8.11)

@V
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= 0 , �µ2�+ ��3 = 0 (8.12)

Solving for � we get

�0 = ±
µ

p
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= ±v. (8.13)

If we want to transfer the field from one ground state, say �0 = v

to �0 = �v, we need to add energy which is proportional to the

volume of space.

� = ⌦(V (0) � V (v)) = ⌦ ·
µ4
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(8.14)

with ⌦ = Vol. of space.

So for a large system (⌦ ! 1), we have to choose one of the ground

states, and perturb around it. This spontaneously breaks � ! ��

symmetry!

Scalar field develops “vacuum  
expectation value” (  = vev). v
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Ground state: field configuration �(x) with minimal energy.
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time-independent
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Pick one!

134-4



Couple complex scalar field to a photon
Anderson-Higgs mechanism

9

The Anderson-Higgs mechanism

How does spontaneous symmetry breaking manifest itself in gauge

theories?

Gauge transformation:

Aµ ! Aµ � @µ⇤ (9.1)

Promote global symmetry to local invariance, e.g.

�(x) ! ei↵(x)�(x) (9.2)

Aµ(x) ! Aµ +
1

g
@µ↵(x). (9.3)

We should use gauge-covariant derivatives:

@µ� becomes Dµ� = (@µ � igAµ)� (9.4)

Dµ� !(@µ � igAµ � i@µ↵(x))ei↵(x)�(x) (9.5)

= ei↵(x)(@µ � igAµ)�(x) (9.6)

= ei↵(x)Dµ� (9.7)

The invariant Lagrangian is then:

L = Dµ�†Dµ� + µ2�†� � �(�†�)2 �
1

4
Fµ⌫Fµ⌫ (9.8)

9.0.1 Abelian Higgs mechanism

L = �
1

4
Fµ⌫Fµ⌫ + (D�)†D� � (�µ2�†� + �(�†�)2) (9.9)

For the ground state use the energy functional

E(Aµ, �) =

Z
d3x


1

2
(F0i)

2 +
1

4
(Fij)

2 + (D0�)?D0� + (Di�)?Di� + V (�?, �)

�

(9.10)

where 1

2
(F(0i))

2+ 1

4
(Fij)2 are the gauge kinetic terms and (D0�)?D0�+

(D�i)?D�i are the scalar kinetic terms.

Now find the configuration of �, Aµ which minimizes E ! ground

state. If (A(0)

µ , �(0)) is a ground state, then (Aµ + 1

g @µ↵(x), ei↵(x)�(x))

is also one!

gauge symmetry:
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Couple complex scalar field to a photon
Anderson-Higgs mechanism
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gauge symmetry:

Groundstate ϕ(0) = v =
μ
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(Would it have been problematic if the photon developed a vacuum value?)

(vev)
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Particle spectrum
Higgs-Anderson Mechanism

Expand around minimum: ϕ(x) = v + 1
2

(χ(x) + iθ(x))

real scalar fieldsvev
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Particle spectrum
Higgs-Anderson Mechanism

Expand around minimum: ϕ(x) = v + 1
2

(χ(x) + iθ(x))

real scalar fields

ℒ = − 1
4 FμνFμν + Dμϕ†Dμϕ + μ2ϕ†ϕ − λ

2 (ϕ†ϕ)2

ℒ = − 1
4 F2

μν+e2v2AμAμ+ 1
2 (∂μχ)2 − μ2 χ2 + …

vev
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Particle spectrum
Higgs-Anderson Mechanism

Expand around minimum: ϕ(x) = v + 1
2

(χ(x) + iθ(x))

real scalar fields

ℒ = − 1
4 FμνFμν + Dμϕ†Dμϕ + μ2ϕ†ϕ − λ

2 (ϕ†ϕ)2

ℒ = − 1
4 F2

μν+e2v2AμAμ+ 1
2 (∂μχ)2 − μ2 χ2 + …

m2
A

Higgs particle

the gauge boson became massive. 

vev
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Particle spectrum
Higgs-Anderson Mechanism

Expand around minimum: ϕ(x) = v + 1
2

(χ(x) + iθ(x))

real scalar fields

ℒ = − 1
4 FμνFμν + Dμϕ†Dμϕ + μ2ϕ†ϕ − λ

2 (ϕ†ϕ)2

ℒ = − 1
4 F2

μν+e2v2AμAμ+ 1
2 (∂μχ)2 − μ2 χ2 + …

What happened to the  field? It got eaten by the gauge boson!  θ(x)
m2

A

Higgs particle

the gauge boson became massive. 

vev
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massless photon

Count physical degrees of freedom

2 polarizations

complex scalar:  

   2 real degrees of freedom

∑ 2+2 = 4

ϕ(x) = v + 1
2

(χ(x) + iθ(x))

(2 transverse)
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massless photon

Count physical degrees of freedom

2 polarizations

complex scalar:  

   2 real degrees of freedom

∑ 2+2 = 4

ϕ(x) = v + 1
2

(χ(x) + iθ(x))

(2 transverse)

massive spin s=1

(2s+1) = 3 polarizations⟨ϕ(x)⟩ = v

real scalar 

    1 degree of freedom

3+1 = 4∑

(2 transverse + 1 longitudinal )

before SSB after SSB

137-2



massless photon

Count physical degrees of freedom

2 polarizations

complex scalar:  

   2 real degrees of freedom

∑ 2+2 = 4

ϕ(x) = v + 1
2

(χ(x) + iθ(x))

(2 transverse)

massive spin s=1

(2s+1) = 3 polarizations⟨ϕ(x)⟩ = v

real scalar 

    1 degree of freedom

3+1 = 4∑

(2 transverse + 1 longitudinal )

before SSB after SSB

137-3



Warm-up: Higgs for a SU(2) gauge boson

Higgs must couple to SU(2) bosons: 

H(x) = (H+

H0 )Complex 2 vector H(x) → eiσaαa(x)H(x)

H(x) = (H+

H0 ) = 1
2

eiθa(x)σa ( 0
v + h(x))

get eaten
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Higgs potential 

V → + λv2h2 + λvh3 + λ
4 h4

probe at LHC and future machines!
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Higgs potential 

V → + λv2h2 + λvh3 + λ
4 h4

!
probe at LHC and future machines!
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Higgs mechanism for W,Z masses

To arrive at W+, W−, Z,  and γ

propose:   SU(2)L × U(1)Y

Glashow, Salam, Weinberg (Nobel ’73)

140



SU(2)LU(1)Y

Higgs mechanism for W,Z masses
Gauge structure: H(x) → eiβ(x) eiσaαa(x) H(x)
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SU(2)LU(1)Y

Higgs mechanism for W,Z masses
Gauge structure: H(x) → eiβ(x) eiσaαa(x) H(x)

CG SSLP2023 74

Higgs Mechanism

• Gauge boson spectrum

• electrically charged bosons

• electrically neutral bosons

Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

SU(2)L � U(1)Y

H =

�
h+

h0

⇥

U(1)e.m.

⇥H⇤ =
�

0
v�
2

⇥
with v � 246 GeV

DµH = �µH � i

2

⇤
gW 3

µ + g⇤Bµ

⇤
2gW+

µ⇤
2gW�

µ �gW 3
µ + g⇤Bµ

⌅
H with W±

µ = 1⌅
2

�
W1

µ ⇥W2
µ

⇥

|DµH|2 = 1
4 g

2v2 W+
µ W�µ + 1

8

�
W 3

µ Bµ

⇥⇤ g2v2 �gg⇥v2

�gg⇥v2 g⇥2v2

⌅⇤
W 3µ

Bµ

⌅

Weak mixing angle

M2
W = 1

4g
2v2

Zµ = cW 3
µ � sBµ

�µ = sW 3
µ + cBµ

c = g�
g2+g�2

s = g��
g2+g�2

M2
Z = 1

4 (g
2 + g�2)v2

M� = 0

in components:
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Higgs mechanism for W,Z masses

M2
W M2

ZH = 1
2 (0

v)

sin θw = g′ 

g2 + g′ 2

Di
ag

on
al

ize

Department Physik
T75

Technische Universität München

with a significant structural transition in the landscape, while the selection of
the cosmological constant is determined by anthropic considerations.

• Demonstrating excellent collaboration and leadership skills, he organized a weekly
journal club/workshop seminar, facilitating the participation of Master’s and
Ph.D. students in advanced research discussions. His proactive approach, will-
ingness to initiate discussions, and keen interest in nurturing young minds reflect
his engagement with his colleagues and students. He dramatically increased par-
ticipation and encourages PhD and master students to contribute talks. When-
ever nobody could be found, he jumped in a started an interesting discussion.

• He co-advised two PhD students and two master students working on research
projects. While successfully leading these projects to publication, three ideas
which will be crucial for the next ORIGINS application round were developed
and will be core projects.

Overall, he performed way above the ordinary, taking on tasks like the journal club
and conceiving new project ideas and being involved in the conception of the follow-
up grant which go beyond the normal duties, which he also performed extra-ordinarily
(judging from the student feedback forms).

DµH
†
D

µ
H ! g

2
v
2

4
W

+
µ W

�µ +

�
g
2 + g

02�
v
2

4

1

2
ZµZ

µ + 0 ·AµA
µ (1)

Best regards,

Andreas Weiler.

Seite 2

M2
A
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Seite 2

M2
A

143-2



e = g g′ 

g2 + g′ 2

The electro-magnetic coupling is derived from a  
more fundamental theory!

Electro-weak unification
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Higgs mechanism for W,Z masses
SU(2)LU(1)Y

M2
W M2

Z
H = 1

2 (0
v)

sin θw = g
g2 + g′ 2

146



Fermion masses
The SM is chiral. Left- and right-handed electrons are different particles. But m

Not gauge invariant! (νe
e )

L
→ eiσaαa(x) (νe

e )
L

eR → e−iβ(x)eR
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Fermion masses
The SM is chiral. Left- and right-handed electrons are different particles. But m

Not gauge invariant! (νe
e )

L
→ eiσaαa(x) (νe

e )
L

eR → e−iβ(x)eR

?
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Fermion masses
The SM is chiral. Left- and right-handed electrons are different particles. But m

Not gauge invariant! (νe
e )

L
→ eiσaαa(x) (νe

e )
L

eR → e−iβ(x)eR

?

Higgs to the rescue! Fermion masses are emergent and are a result of interacting  
with the Higgs vacuum expectation value.  

ye (ν̄L
ēL) ⋅ (H+

H0 ) eR = yev

2 (ēLeR + 1
v

ēLeR h)
H = 1

2 ( 0
v + h)

eL

⟨h⟩ ⟨h⟩

eLeR

…
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Is the Higgs coupling proportional to mass of particle?

Nature 607 (2022) no.7917, 52-59


?

yev

2 (ēLeR + 1
v

ēLeR h) = me (ēLeR + 1
v

ēLeR h)
h

= me

v
e e
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Flavor in the SM

ℒyukawa = Yij
L (ν̄L

l̄L )
i

H lj
R + Yij

U (ūL

d̄L)
i

H̃ uj
R + Yij

D (ūL

d̄L)
i

H dj
R

Higgs matter interactions are matrices, introduce generation hopping  
interactions (flavor change)
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Flavor in the SM

ℒyukawa = Yij
L (ν̄L

l̄L )
i

H lj
R + Yij

U (ūL

d̄L)
i

H̃ uj
R + Yij

D (ūL

d̄L)
i

H dj
R

Higgs matter interactions are matrices, introduce generation hopping  
interactions (flavor change)

YU ⇡

0

@
6 · 10�6 �0.001 0.008 + 0.004i
1 · 10�6 0.004 �0.04 + 0.001

8 · 10�9 + 2 · 10�8i 0.0002 0.98

1

A

YD ⇡ diag
�
2 · 10�5 0.0005 0.02

�
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d̄L)
i

H̃ uj
R + Yij

D (ūL
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What is the reason for this ? 

gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1  

compare to:
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Flavor in the SM
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LHC is pinning down the Higgs (> 8 Million produced) 

courtesy Marumi Kado
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https://indico.cern.ch/event/1139772/


much more on the Higgs searches here:
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At least five missing pieces in the SM


• non-baryonic dark matter


• neutrino mass


• dark energy


• inflation


• baryon asymmetry


We don’t know their energy scales.

Good news: SM is incomplete
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–Hen! Poincaré’s recommendation le"er for 
A. Ein#ein, 1911

“I do not mean to say that all these anticipations 
will withstand the test of experiment on the day 
such a test would become possible. Since he 

seeks in all directions one must, on the contrary, 
expect most of the trails […] to be blind alleys.  
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–Hen! Poincaré’s recommendation le"er for 
A. Ein#ein, 1911

“I do not mean to say that all these anticipations 
will withstand the test of experiment on the day 
such a test would become possible. Since he 

seeks in all directions one must, on the contrary, 
expect most of the trails […] to be blind alleys.  

But one must hope at the same time that one of 
the directions he has indicated may be the right 
one, and that is enough. This is indeed how one 

should proceed. The role of mathematical 
physics is to ask the right questions, and 

experiment alone can resolve them. ” 
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Enjoy the rest of your summer  
at CERN! 

Office hours: 2:00-3:00 (today) 

Office: 4/2-026 
 
andreas.weiler@tum.de
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