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The Standard Model

Particle content:

→ Obtains Vacuum Expectation Value  due to Electroweak Symmetry Breaking (EWSB) 
→ Generates masses of elementary particles

v

Φ =
1

2 ( 0
v + H)

Vacuum expectation value  

⟨Φ⟩ = v/ 2

Higgs field

mass

Central role of Higgs field in SM:

interactions
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The Standard Model

→ Generates masses of elementary particles, 
    e.g.

Central role of Higgs field in SM:
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In the real world

> Mass of valence quarks is 9.1 MeV / 1 GeV ~ 1% of the mass of the proton

u

u 

d

99% of the total mass is dynamically emerging from strong interactions! 
Gravity couples to the total mass 
Higgs only couples to mass of fundamental particles.

Picture of proton taken by  the HERA accelerator 
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In the real world

> Mass of valence quarks is 9.1 MeV / 1 GeV ~ 1% of the mass of the proton
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99% of the total mass is dynamically emerging from strong interactions! 
Gravity couples to the total mass 
Higgs only couples to mass of fundamental particles.

Picture of proton taken by  the HERA accelerator 

mu = 2.16 MeV/c2

md = 4.70 MeV/c2

note, however:  
only small contribution of hadron masses due to constituent quarks,  

mass largely generated by dynamics of QCD interaction
(1% for protons/neutrons)

2mu + md ≈ 9 MeV/c2 mproton ≈ 938 MeV/c2
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The Standard Model

→ Generates masses of elementary particles,

Central role of Higgs field in SM:
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The Standard Model

particle content:

→ Obtains Vacuum Expectation Value  due to Electroweak Symmetry Breaking (EWSB) 
→ Generates masses of elementary particles

v

Φ = 1
2 ( 0

v + H)

Vacuum expectation value  
⟨Φ⟩ = v

Higgs field

mass

Central role of Higgs field in SM:

interactions→ Solves some issues of the electroweak sector:

• generates masses of W- and Z-bosons without violating underlying symmetry 
• avoids unitarity violation in longitudinal vector boson scattering

∝ s2 ∝ s
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The Standard Model
Lagrangian

Kinematic terms of gauge bosons 

Kinematic terms of fermions 
& Interactions of Fermions with Gauge Bosons 

Fermion masses/mixing  
& Interaction with Higgs boson 

Kinematic term & Potential of Higgs
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The Standard Model
& Symmetry GroupLagrangian

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

particles assigned to multiplets of the group

color → QCD
electroweak sector: 
    L: left-handed interactions 
    Y: hypercharge

EWSB

SU(3)C ⊗ U(1)Q

electric charge



Fields, Particles 
& Gauge Symmetries
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Field Theory
Fields: Assign number(s) to each point in space(-time)  

     e.g.: • Temperature T( , t) 
• Electromagnetic potential  
• Scalars , Spinors , …

⃗x
Aμ = (Φ, ⃗A )

Φ( ⃗x , t) Ψ( ⃗x , t)

Dynamics governed by Lagrangian density  
   → Euler Lagrange equations: 

e.g. for Electrodynamics: 

ℒ

∂μ
∂ℒ

∂(∂μϕi)
−

∂ℒ
∂ϕi

= 0

ℒ = ψ̄(iγμ∂μ − eγμAμ − m)ψ −
1
4

FμνFμν

with field-strength tensor Fμν = ∂μAν − ∂νAμ

→ equations of motion: 
• Dirac equation:           
• Maxwell equations:         with  

(iγμ∂μ − eγμAμ − m)ψ = 0
∂μFμν = jν jν = e ψ̄γνψ
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Quantum Field Theory & Particles

Quantization via canonical commutation relations 

[Φ( ⃗x , t), Π( ⃗x ′ , t)] = iℏ δ( ⃗x − ⃗x ′ )

field Φ

Π =
∂ℒ

∂(∂0ϕ)

conjugate momentum

can identify: ground state               vacuum 

excitations                 particles

=̂

=̂

Φ( ⃗x , t) = ∫
d3 ⃗p

2E (2π)3 (a( ⃗p )e−ipx + a+( ⃗p )eipx)

Equations of Motion for free fields      
solved by plane-wave decomposition

→

Klein Gordon Equation  (∂μ∂μ + m2)Φ = 0
(eq. of motion of a scalar field)
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From Global Symmetries to Gauge Theories
Let’s start with the Lagrangian of a free Dirac Fermion   (e.g. electron)ψ

ℒ = ψ̄ iγμ∂μ ψ − m ψ̄ ψ

This Lagrangian is invariant under the global U(1) transformation  (  multiplication with complex phase)  =̂

kinematics           mass

ψ → eiαψ  ( since  ,  we have   )ψ̄ = ψ+γ0 ψ̄ → e−iαψ̄

 constantα

What happens if we instead consider local U(1) transformations ?  

ψ → eiqα(x) ψ

→  not invariant due to extra terms with    

Solution: introduce additional gauge field    
            with covariant derivative   
            →   terms cancelled by gauge transformation of 

ℒ iq∂μα(x)

Aμ

Dμ = ∂μ + iqAμ

i∂μα(x) Aμ
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From Global Symmetries to Gauge Theories

ℒ = ψ̄ iγμ(∂μ + ieAμ) ψ − mψ̄ ψ −
1
4

FμνFμν

Lagrangian of Quantum-Electrodynamics (QED): kinematic terms of gauge field 

is invariant under the gauge transformation

ψ → eiqα(x) ψ
Aμ → Aμ − ∂μα(x)

gauge transformation of  
known from classical electrodynamics: 

,           

Aμ = (ϕ, ⃗A )

ϕ → ϕ − ∂tα ⃗A → ⃗A + ⃗∇ α

Fμν = ∂μAν − ∂νAμ
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From Global Symmetries to Gauge Theories

ℒ = ψ̄ iγμ(∂μ + ieAμ) ψ − mψ̄ ψ −
1
4

FμνFμν

Lagrangian of Quantum-Electrodynamics (QED): kinematic terms of gauge field 

is invariant under the gauge transformation

ψ → eiqα(x) ψ
Aμ → Aμ − ∂μα(x)

gauge transformation of  
known from classical electrodynamics: 

,           

Aμ = (ϕ, ⃗A )

ϕ → ϕ − ∂tα ⃗A → ⃗A + ⃗∇ α

We need: 
• massive W and Z gauge bosons 
→ mass terms

not invariant!

Can we modify the QED Lagrangian to describe electroweak interactions? 

1
2

m2
ZZμZμ, m2

WW+
μ W−μ

Fμν = ∂μAν − ∂νAμ
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From Global Symmetries to Gauge Theories

ℒ = ψ̄ iγμ(∂μ + ieAμ) ψ − mψ̄ ψ −
1
4

FμνFμν

Lagrangian of Quantum-Electrodynamics (QED): kinematic terms of gauge field 

is invariant under the gauge transformation

ψ → eiqα(x) ψ
Aμ → Aμ − ∂μα(x)

gauge transformation of  
known from classical electrodynamics: 

,           

Aμ = (ϕ, ⃗A )

ϕ → ϕ − ∂tα ⃗A → ⃗A + ⃗∇ α

We need: 
• massive W and Z gauge bosons 
→ mass terms

ψ = (ψL
ψR) → (eqLα(x)ψL

eqRα(x)ψR)
mψ̄ ψ = m(ψ+

L ψR + ψ+
R ψL)

→ mass terms

mix left-/right-handed fields

not invariant!

not invariant!

Can we modify the QED Lagrangian to describe electroweak interactions? 

1
2

m2
ZZμZμ, m2

WW+
μ W−μ

• different interaction/transformation of  
left- and right-handed fermions

even worse for :  is doublet,  singletSU(2)L ψL ψR

Fμν = ∂μAν − ∂νAμ
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From Global Symmetries to Gauge Theories

ℒ = ψ̄ iγμ(∂μ + ieAμ) ψ − mψ̄ ψ −
1
4

FμνFμν

Lagrangian of Quantum-Electrodynamics (QED): kinematic terms of gauge field 

is invariant under the gauge transformation

ψ → eiqα(x) ψ
Aμ → Aμ − ∂μα(x)

gauge transformation of  
known from classical electrodynamics: 

,           

Aμ = (ϕ, ⃗A )

ϕ → ϕ − ∂tα ⃗A → ⃗A + ⃗∇ α

We need: 
• massive W and Z gauge bosons 
→ mass terms

ψ = (ψL
ψR) → (eqLα(x)ψL

eqRα(x)ψR)
mψ̄ ψ = m(ψ+

L ψR + ψ+
R ψL)

→ mass terms

mix left-/right-handed fields

not invariant!

not invariant!

Can we modify the QED Lagrangian to describe electroweak interactions? 

1
2

m2
ZZμZμ, m2

WW+
μ W−μ

• different interaction/transformation of  
left- and right-handed fermions

Solution: 
Generate mass terms dynamically  
via Spontaneous Symmetry Breaking 

even worse for :  is doublet,  singletSU(2)L ψL ψR

Fμν = ∂μAν − ∂νAμ



Spontaneous Symmetry Breaking 
& The Higgs Mechanism
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Spontaneous Symmetry Breaking

We consider a complex scalar doublet 
Φ = (ϕ+

ϕ0) : complex scalar fields,  
each with 2 degrees of freedom
ϕ+, ϕ0

with Lagrangian

ℒHiggs = (∂μΦ)+(∂μΦ) − V(Φ+Φ), V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2where
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Spontaneous Symmetry Breaking

We consider a complex scalar doublet 
Φ = (ϕ+

ϕ0) : complex scalar fields,  
each with 2 degrees of freedom
ϕ+, ϕ0

with Lagrangian

ℒHiggs = (∂μΦ)+(∂μΦ) − V(Φ+Φ), V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2where

 needs to be bounded from below     ↔    Theory has a ground stateV(Φ+Φ)
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Spontaneous Symmetry Breaking

We consider a complex scalar doublet 
Φ = (ϕ+

ϕ0) : complex scalar fields,  
each with 2 degrees of freedom
ϕ+, ϕ0

with Lagrangian

ℒHiggs = (∂μΦ)+(∂μΦ) − V(Φ+Φ), V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2where

 needs to be bounded from below     ↔    Theory has a ground stateV(Φ+Φ)

→  ,     but what about  ?λ > 0 μ2
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Spontaneous Symmetry Breaking

We consider a complex scalar doublet 
Φ = (ϕ+

ϕ0) : complex scalar fields,  
each with 2 degrees of freedom
ϕ+, ϕ0

with Lagrangian

ℒHiggs = (∂μΦ)+(∂μΦ) − V(Φ+Φ), V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2where

 needs to be bounded from below     ↔    Theory has a ground stateV(Φ+Φ)

→  ,     but what about  ?λ > 0 μ2

•  :  ground state at     

•  :  non-zero vacuum expectation value 

            

μ2 < 0 |⟨Φ⟩ | = 0

μ2 > 0

|⟨Φ⟩ | = μ2

2λ = v

2

Nature/We choose one of the possible vacuum states  
as ‘true‘  vacuum:

Φ0 = 1

2 (0
v)

!21

The Higgs Potential

Higgs field value 
In our Universe

Potential of  
Higgs field

> Higgs field at ɸ=0 is not the minimum 

> instable configuration! 

> Higgs field has a constant value in vacuum corresponding 
to the minimum of the potential 

> “vacuum expectation value” v or vev 

> Higgs field at minimum of potential is non-zero 

> Higgs must be spin 0 to avoid violation of 
space-time symmetry 

> Higgs is the only fundamental particle with 
spin 0
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Spontaneous Symmetry Breaking
Expanding  around the minimum:Φ

Φ = (ϕ+

ϕ0) =
ϕ+

1

2
(v + H(x) + iχ(x)) = 1

2
e

iσiθi(x)
v ( 0

v + H(x))
ℒHiggs = (∂μΦ)+(∂μΦ) + μ2Φ+Φ − λ(Φ+Φ)2

= ∑
i

1
2 (∂θi)2 + 1

2 (∂H )2 − 1
2 (2λv2)H2 − λvH3 − λ

4 H4 − λ
4 v4

→

kinematic terms mass term

<latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit> 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > : <latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit> 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > :
→ We obtain:

• 3 massless ’Goldsone bosons’ 
• 1 massive ‘Higgs boson’ with

mass: m2
H = 2λv2

Introduction

Introduction
Theory

Fields, potential, and mass

Gauge theories (recap)

Symmetry breaking

The Standard Model

Experiment
Search for the Higgs boson

Study of Higgs boson properties

Future of Higgs physics

Hannes Mildner HASCO summer school 2023 July 18, 2023 2 / 77
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Spontaneous Symmetry Breaking
Expanding  around the minimum:Φ

Φ = (ϕ+

ϕ0) =
ϕ+

1

2
(v + H(x) + iχ(x)) = 1

2
e

iσiθi(x)
v ( 0

v + H(x))
ℒHiggs = (∂μΦ)+(∂μΦ) + μ2Φ+Φ − λ(Φ+Φ)2

= ∑
i

1
2 (∂θi)2 + 1

2 (∂H )2 − 1
2 (2λv2)H2 − λvH3 − λ

4 H4 − λ
4 v4

→

kinematic terms mass term interactions
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→ We obtain:

• 3 massless ’Goldsone bosons’ 
• 1 massive ‘Higgs boson’ with

mass: m2
H = 2λv2 interactions

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

Introduction

Introduction
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Symmetry breaking
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Experiment
Search for the Higgs boson

Study of Higgs boson properties

Future of Higgs physics
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Spontaneous Symmetry Breaking
Let us investigate the symmetries of our theory: 
The Lagrangian 

is invariant under the  transformation  SU(2)L ⊗ U(1)Y

Φ = (ϕ+

ϕ0) → ei
σa

2 βa(x)ei
Y
2 α(x) (ϕ+

ϕ0)

What about the ground state   ?Φ0 = 1

2 (0
v)

ℒHiggs = (∂μΦ)+(∂μΦ) + μ2Φ+Φ − λ(Φ+Φ)2

Introduction

Introduction
Theory

Fields, potential, and mass

Gauge theories (recap)

Symmetry breaking

The Standard Model

Experiment
Search for the Higgs boson

Study of Higgs boson properties

Future of Higgs physics

Hannes Mildner HASCO summer school 2023 July 18, 2023 2 / 77
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Spontaneous Symmetry Breaking

What about the ground state   ?Φ0 = 1

2 (0
v)

Introduction

Introduction
Theory

Fields, potential, and mass

Gauge theories (recap)

Symmetry breaking

The Standard Model

Experiment
Search for the Higgs boson

Study of Higgs boson properties

Future of Higgs physics

Hannes Mildner HASCO summer school 2023 July 18, 2023 2 / 77

T3Φ0 =
σ3

2
Φ0 = 1

2 (1 0
0 −1) (

0
v/ 2) = 1

2 (
0

−v/ 2) ≠ 0

A state  is invariant under a transform  ifΦ̃ eiTaβa(x)

eiTaβa(x) Φ = Φ ⟺ Ta Φ = 0

We have e.g.:

YΦ0 = Y(Φ) (
0

v/ 2) ≠ 0

<latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit>
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Ground state not invariant  
under SU(2)L ⊗ U(1)Y
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Spontaneous Symmetry Breaking

What about the ground state   ?Φ0 = 1

2 (0
v)

Introduction

Introduction
Theory

Fields, potential, and mass

Gauge theories (recap)

Symmetry breaking

The Standard Model

Experiment
Search for the Higgs boson

Study of Higgs boson properties

Future of Higgs physics
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T3Φ0 =
σ3

2
Φ0 = 1

2 (1 0
0 −1) (

0
v/ 2) = 1

2 (
0

−v/ 2) ≠ 0

A state  is invariant under a transform  ifΦ̃ eiTaβa(x)

We have e.g.:

YΦ0 = Y(Φ) (
0

v/ 2) ≠ 0

<latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit>

8
>>>
>>>
>>>
>>>
>>>
<

>>>
>>>
>>>
>>>
>>>
:

Ground state not invariant  
under SU(2)L ⊗ U(1)Y

QΦ0 = 1
2 (σ3 + Y )Φ0 = 1

2 (1 0
0 0) (

0
v/ 2) = 1

2 (0
0)

but we can identify the electric charge operator     Q = Y/2 + T3

electric charge Q is symmetry of 
ground state  (and of the full theory)Φ0

Y(Φ) = 1

                     SU(2)L ⊗ U(1)Y U(1)Q

Spontaneous Symmetry Breaking, due to non-vanishing vacuum expectation value

eiTaβa(x) Φ = Φ ⟺ Ta Φ = 0



The Higgs Mechanism
We now consider the Higgs Lagrangian within the SM:

ℒHiggs = (DμΦ)+(DμΦ) − V(Φ+Φ)

where we now have the covariant derivative DμΦ = (∂μ + ig σi

2 Wi
μ + ig′ 

YH

2 Bμ)Φ

since  is  doubletΦ SU(2)L

 Hypercharge of  
Higgs doublet ( )
U(1)Y

YH = 1
gauge couplings

gauge fields

When acting on the ground state , this leads to Φ0

(DμΦ0)+(DμΦ0) = (ig σi

2 Wi + ig′ 
Y
2 B) (

0
v

2 )
2

=
1
2

v2

4

W1
W2
W3
B

T g2 0 0 0
0 g2 0 0
0 0 g2 −gg′ 

0 0 −gg′ g′ 
2

W1
W2
W3
B

Rotation to mass eigenstates: 

(A
Z) = ( cos θW sin θW

−sin θW cos θW) ( B
W3)

→ Weinberg angle   cos θW = g

g2 + g′ 2

= m2
W W+

μ W−μ + 1
2 m2

Z ZμZμ

=
1
2

g2v2

4
(W1μWμ

1 + W2μWμ
2 ) +

1
2

(g2 + g′ 
2)v2

4
ZμZμ

mW = v
2 g, mZ = v

2 g2 + g′ 
2

W± = 1

2
(W1 ∓ iW2)with

→ 3 massive gauge bosons , , ;  photon  remains massless Z W+ W− A



The Higgs Mechanism
We now consider the Higgs Lagrangian within the SM:

ℒHiggs = (DμΦ)+(DμΦ) − V(Φ+Φ)

where we now have the covariant derivative DμΦ = (∂μ + ig σi

2 Wi
μ + ig′ 

YH

2 Bμ)Φ

So far considered: (DμΦ0)+(DμΦ0)

But we actually need:

(DμΦ)+(DμΦ) = (∂μ + ig σi

2 Wi + ig′ 
Y
2 B) 1

2
e

iσiθi(x)
v ( 0

v + H(x))
2

= m2
W W+

μ W−μ + 1
2 m2

Z ZμZμ

can be absorbed by gauge transformations of W, Z 
→ ’unitary gauge’ 

3 ‘would-be Goldstone bosons eaten by W and Z’  
→  gives longitudinal degree of freedom

polarizations of vector bosons  
with momentum  

• transverse:    
   

• longitudinal: 
(only if )

k = ( k2 + m2, 0, 0, k)

m ≠ 0

εT,2 = (0, 0, 1, 0)
εL = 1

m (k, 0, 0, k2 + m2)

εT,1 = (0, 1, 0, 0)



The Higgs Mechanism
We now consider the Higgs Lagrangian within the SM:

ℒHiggs = (DμΦ)+(DμΦ) − V(Φ+Φ)

where we now have the covariant derivative DμΦ = (∂μ + ig σi

2 Wi
μ + ig′ 

YH

2 Bμ)Φ

So far considered: (DμΦ0)+(DμΦ0)

But we actually need:

(DμΦ)+(DμΦ) = (∂μ + ig σi

2 Wi + ig′ 
Y
2 B) 1

2
e

iσiθi(x)
v ( 0

v + H(x))
2

= m2
W W+

μ W−μ + 1
2 m2

Z ZμZμ

= m2
W W+

μ W−μ ⋅ (1+ H
v )2 + 1

2 m2
Z ZμZμ ⋅ (1+ H

v )2 + kinematic terms

= v(1 + H/v)
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•SVVvertex:

S

V1,µ

V2,⌫

=iegµ⌫C(A.41)
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•V¯FFvertex:

Vµ

F̄1

F2

=ie�µ(CL!�+CR!+)(A.43)
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• VVS S vertex:

V1,µ

V2,⌫

S1

S2

= ie2gµ⌫C (A.37)
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• VS S vertex:

Vµ

S1, k1

S2, k2

= ieC(k1 � k2)µ (A.39)
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Yukawa Sector
Coupling of Fermion fields  to Higgs doublet via Yukawa couplingsψi

ℒYukawa = yij ψ̄i,L Φ ψj,R + h . c .

The details get a bit messy, but some things to remember are: 
• , :  doublets  

:      singlet  
• invariance under       →      only certain combinations of  allowed 

                                   →       can be grouped into blocks 
                                               for leptons, up- & down-type quarks 

•  : in total 3x3x3=27 complex parameters: 
-  3 lepton masses (neutrinos are massless) 
-  6 quark masses  
-  3 angles & 1 physical phase →  quark-mixing given by CKM matrix 

  all other parameters are unphysical phases (and can be absorbed into a redefinition of the fermion fields) 

ψL Φ
ψR

U(1)Y i, j
yij

yL
ij , yU

ij , yD
ij

yk
ij

i, j = {e, μ, τ; u, c, t; d, s, b}

of       →         invariantSU(2)L ψ̄LΦ ψR
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Yukawa Sector
Coupling of Fermion fields  to Higgs doublet via Yukawa couplingsψi

ℒYukawa = yij ψ̄i,L Φ ψj,R + h . c .

inserting Φ = 1

2
e

iσiθi(x)
v ( 0

v + H(x))
ℒYukawa = mi ψ̄iψi ⋅ (1+ H

v )

(and rotating to mass eigenstates)

Fermion-Higgs couplings

→

→

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

mf

v

i, j = {e, μ, τ; u, c, t; d, s, b}
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Theory Summary

V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2

• Ground state of Higgs potential 

breaks symmetry     to  SU(2)L ⊗ U(1)Y U(1)Q

mW = v
2 g = 80.38 GeV

(DμΦ)+(DμΦ)•  
generates masses 

mZ = v
2 g2 + g′ 

2 = 91.19 GeV

•  contains Higgs self interactionsV(Φ+Φ)

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM
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What do we know of the real shape  
of the potential?

& couplings 
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•SVVvertex:

S

V1,µ

V2,⌫

=iegµ⌫C(A.41)
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•V¯FFvertex:
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• VVS S vertex:

V1,µ

V2,⌫

S1

S2

= ie2gµ⌫C (A.37)
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• VS S vertex:

Vµ

S1, k1

S2, k2

= ieC(k1 � k2)µ (A.39)
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ℒYukawa = yij ψ̄i,L Φ ψj,R + h . c .•  
generates fermion masses  
& couplings 

mf
• All the couplings of the Higgs boson to SM particles 

(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

mf

v
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Theory Summary

V(Φ+Φ) = − μ2Φ+Φ + λ(Φ+Φ)2

• Ground state of Higgs potential 

breaks symmetry     to  SU(2)L ⊗ U(1)Y U(1)Q

mW = v
2 g = 80.38 GeV

(DμΦ)+(DμΦ)•  
generates masses 

mZ = v
2 g2 + g′ 

2 = 91.19 GeV

•  contains Higgs self interactionsV(Φ+Φ)

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?
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What do we know of the real shape  
of the potential?

with Fermi’s constant 

GF =
2

8
g2

m2
W

= 1.16638 ⋅ 10−5 GeV−2

v = 1

2GF

= 246.22 GeV

→ vacuum expectation value
& couplings 
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•SVVvertex:

S

V1,µ

V2,⌫

=iegµ⌫C(A.41)
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•V¯FFvertex:

Vµ
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=ie�µ(CL!�+CR!+)(A.43)

V¯F1F2CR,CL

Af̄ifj

8>>><
>>>:

CR=�Qf
h
�ij

⇣
1+�Ze+

1
2�ZAA

⌘
+1

2

⇣
�Zf,R

ij+�Z
f,R†
ij

⌘i
+�ijg+f

1
2�ZZA

CL=�Qf
h
�ij

⇣
1+�Ze+

1
2�ZAA

⌘
+1

2

⇣
�Zf,L

ij+�Z
f,L†
ij

⌘i
+�ijg�f

1
2�ZZA

Zf̄ifj

8>>>><
>>>>:

CR=g+f
h
�ij

⇣
1+

�g+f
g+f

+1
2�ZZZ

⌘
+1

2

⇣
�Zf,R

ij+�Z
f,R†
ij

⌘i
��ijQf

1
2�ZAZ

CL=g�f
h
�ij

⇣
1+

�g�f
g�f

+1
2�ZZZ

⌘
+1

2

⇣
�Zf,L

ij+�Z
f,L†
ij

⌘i
��ijQf

1
2�ZAZ
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• VVS S vertex:

V1,µ

V2,⌫

S1

S2

= ie2gµ⌫C (A.37)

V1V2S 1S 2 C

W+W�HH 1
2s2

h
1 + 2�Ze � 2 �ss + �ZW + �ZH

i

W+W���
W+W��+��

�
1

2s2

h
1 + 2�Ze � 2 �ss + �ZW

i

ZZ�+�� (s2�c2)2

2s2c2

h
1 + 2�Ze +

2
(s2�c2)c2

�s
s + �ZZZ

i
+ s2�c2

sc �ZAZ

ZA�+�� s2�c2

sc

h
1 + 2�Ze +

1
(s2�c2)c2

�s
s +

1
2�ZZZ +

1
2�ZAA

i
+ (s2�c2)2

2s2c2
1
2�ZZA + �ZAZ

AA�+�� 2
h
1 + 2�Ze + �ZAA

i
+ s2�c2

sc �ZZA

ZZHH 1
2s2c2

h
1 + 2�Ze + 2 s2�c2

c2
�s
s + �ZZZ + �ZH

i

ZZ�� 1
2s2c2

h
1 + 2�Ze + 2 s2�c2

c2
�s
s + �ZZZ

i

ZAHH
ZA��

)
1

2s2c2
1
2�ZZA

W±Z�⌥H � 1
2c

h
1 + 2�Ze � �cc +

1
2�ZW +

1
2�ZH +

1
2�ZZZ

i
� 1

2s
1
2�ZAZ

W±A�⌥H � 1
2s

h
1 + 2�Ze � �ss +

1
2�ZW +

1
2�ZH +

1
2�ZAA

i
� 1

2c
1
2�ZZA

W±Z�⌥� ⌥ i
2c

h
1 + 2�Ze � �cc +

1
2�ZW +

1
2�ZZZ

i
⌥ i

2s
1
2�ZAZ

W±A�⌥� ⌥ i
2s

h
1 + 2�Ze � �ss +

1
2�ZW +

1
2�ZAA

i
⌥ i

2c
1
2�ZZA (A.38)

• VS S vertex:

Vµ

S1, k1

S2, k2

= ieC(k1 � k2)µ (A.39)
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ℒYukawa = yij ψ̄i,L Φ ψj,R + h . c .•  
generates fermion masses  
& couplings 

mf
• All the couplings of the Higgs boson to SM particles 

(except itself) known before the discovery

Higgs Boson couplings in the SM

63

What do we know of the real shape  
of the potential?

mf

v

All Higgs couplings determined by particle masses! 
Only free parameter at this point: mH
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Higgs Production at the LHC
Higgs couplings given by particle masses  →  need to produce heavy particle first !

HiggsbosonPhänomenologie89
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Abbildung 8.7: Der Gluonfusionswirkungsquerschnitt auf LO, NLO, NNLO inklusive Ska-
lenvariation. [Harlander,Kilgore]

[Cahn, Dawson; Hikasa; Altarelli, Mele, Pitolli],

pp → W ∗W ∗/Z∗Z∗ → H . (8.34)

Die NLO QCD Korrekturen sind berechnet worden und betragen bis zu ∼ 10% [Han, Va-
lencia, Willenbrock]. In der Zwischenzeit wurden weitere höhere Ordnungs-QCD und EW
Korrekturen berechnet. (Sie werden hier nicht weiter behandelt.)

- Higgsstrahlung: Higgsboson-Produktion in Higgsstrahlung [Glashow et al.; Kunszt et al.]
geht über
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pp → W ∗/Z∗ → W/Z +H . (8.35)

Die QCD Korrekturen betragen ∼ 30% [Han,Willenbrock]. Die NNLO QCD Korrekturen
fügen weitere 5-10% hinzu [Harlander, Kilgore; Hamberg, Van Neerven, Matsuura; Brein, Djouadi,

Harlander]. Der theoretische Fehler ist auf etwa 5% reduziert. Die gesamten EW Korrekturen
reduzieren den Wirkungsquerschnitt um 5-10% [Ciccolini, Dittmaier, Krämer].

- Assoziierte Produktion: Higgsbosonen können auch zusammen mit top- und
bottom-Quarks produziert werden [Kunszt;Gunion; Marciano, Paige]

pp → tt̄/bb̄+H . (8.36)

Die NLO QCD Korrekturen zu assoziierter Top-Produktion vergrößern den Wirkungsquer-
schnitt am LHC um 20%. [Beenakker, et al.;Dawson, et al.].

Für alle Produktions- und Untergrundsprozesse wurden in den letzten Jahren in der Be-
rechnung der höheren Ordnungs-QCD und EW Korrekturen viele Fortschritte gemacht. Sie
werden in dieser Vorlesung aber nicht weiter behandelt. Für mehr Informationen wird auf
die entsprechende Literatur verwiesen.

Figur 8.8 zeigt die Higgsboson-Produktions-Wirkungsquerschnitte am LHC als Funktion
der Higgsbosonmasse (links) und als Funktion der Schwerpunktsenergie (rechts).

Abbildung 8.8: Higgs-Produktions-Wirkungsquerschnitte bei
√
s = 13 TeV für 120GeV ≤

MH ≤ 130 GeV inklusive theoretischer Unsicherheiten (links) und für MH = 125 GeV als
Funktion der Schwerpunktsenergie

√
s (rechts). [LHC Higgs Cross Section Working Group]
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1) Gluon Fusion                      gg → H via heavy-quark loop

loop suppressed, but: 
• large couplings: top Yukawa &  
• large gluon content of the proton

αs
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Der Parameter τQ = 4M2
Q/M

2
H ist durch die Polmasse MQ des schweren Schleifenquarks

Q = t, b gegeben. Im Grenzfall schwerer Quarkmassen geht der Formfaktor AH
Q → 1. Die

starke Koppungskonstante wird mit αs bezeichnet. Die QCD-Korrekturen zu dem Zerfall
wurden berechnet und sind groß. Auf nächstführender Ordnung vergrößern sie die partielle
Breite um 70%. Das Verzweigungsverhältnis inklusive QCD Korrekturen auf nächst-nächst-
nächst-höherer (N3LO) Ordnung ist

BR(H → gg) = 0.08169 . (8.21)

Abbildung 8.2: Der Higgszerfall in Gluonen.

Weitere Schleifen-induzierte Zerfälle sind die in 2 Photonen oder ein Photon und ein Z-
Boson. Sie werden durch Schleifen mit geladenen Fermionen und W -Bosonen vermittelt,
wobei letztere dominant sind, cf. Fig. 8.3. Die partielle Breite in Photonen ergibt sich auf

Abbildung 8.3: Der Higgszerfall in γγ und Zγ.
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mit den Formfaktoren
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f (τ) = 2τ [1 + (1− τ)f(τ)] (8.23)

AH
W (τ) = −[2 + 3τ + 3τ(2− τ)f(τ)] , (8.24)

wobei die Funktion f(τ) in Glg. (8.20) definiert ist. Die Parameter τi = 4M2
i /M

2
H (i = f,W )

sind durch die Massen der entsprechenden Schleifenteilchen gegeben. Ncf bezeichnet den
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Abbildung 8.7: Der Gluonfusionswirkungsquerschnitt auf LO, NLO, NNLO inklusive Ska-
lenvariation. [Harlander,Kilgore]

[Cahn, Dawson; Hikasa; Altarelli, Mele, Pitolli],

pp → W ∗W ∗/Z∗Z∗ → H . (8.34)

Die NLO QCD Korrekturen sind berechnet worden und betragen bis zu ∼ 10% [Han, Va-
lencia, Willenbrock]. In der Zwischenzeit wurden weitere höhere Ordnungs-QCD und EW
Korrekturen berechnet. (Sie werden hier nicht weiter behandelt.)

- Higgsstrahlung: Higgsboson-Produktion in Higgsstrahlung [Glashow et al.; Kunszt et al.]
geht über
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pp → W ∗/Z∗ → W/Z +H . (8.35)

Die QCD Korrekturen betragen ∼ 30% [Han,Willenbrock]. Die NNLO QCD Korrekturen
fügen weitere 5-10% hinzu [Harlander, Kilgore; Hamberg, Van Neerven, Matsuura; Brein, Djouadi,

Harlander]. Der theoretische Fehler ist auf etwa 5% reduziert. Die gesamten EW Korrekturen
reduzieren den Wirkungsquerschnitt um 5-10% [Ciccolini, Dittmaier, Krämer].

- Assoziierte Produktion: Higgsbosonen können auch zusammen mit top- und
bottom-Quarks produziert werden [Kunszt;Gunion; Marciano, Paige]

pp → tt̄/bb̄+H . (8.36)

Die NLO QCD Korrekturen zu assoziierter Top-Produktion vergrößern den Wirkungsquer-
schnitt am LHC um 20%. [Beenakker, et al.;Dawson, et al.].

Für alle Produktions- und Untergrundsprozesse wurden in den letzten Jahren in der Be-
rechnung der höheren Ordnungs-QCD und EW Korrekturen viele Fortschritte gemacht. Sie
werden in dieser Vorlesung aber nicht weiter behandelt. Für mehr Informationen wird auf
die entsprechende Literatur verwiesen.

Figur 8.8 zeigt die Higgsboson-Produktions-Wirkungsquerschnitte am LHC als Funktion
der Higgsbosonmasse (links) und als Funktion der Schwerpunktsenergie (rechts).

Abbildung 8.8: Higgs-Produktions-Wirkungsquerschnitte bei
√
s = 13 TeV für 120GeV ≤

MH ≤ 130 GeV inklusive theoretischer Unsicherheiten (links) und für MH = 125 GeV als
Funktion der Schwerpunktsenergie

√
s (rechts). [LHC Higgs Cross Section Working Group]
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• characteristic detector signature: 
quarks generate forward & backward jet 
→ helps to identify Higgs event  

• direct probe of HVV coupling
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1) Gluon Fusion                      gg → H via heavy-quark loop 
2) Vector Boson Fusion (VBF)   qq → qqVV → qqH
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wurden berechnet und sind groß. Auf nächstführender Ordnung vergrößern sie die partielle
Breite um 70%. Das Verzweigungsverhältnis inklusive QCD Korrekturen auf nächst-nächst-
nächst-höherer (N3LO) Ordnung ist

BR(H → gg) = 0.08169 . (8.21)
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Die NLO QCD Korrekturen sind berechnet worden und betragen bis zu ∼ 10% [Han, Va-
lencia, Willenbrock]. In der Zwischenzeit wurden weitere höhere Ordnungs-QCD und EW
Korrekturen berechnet. (Sie werden hier nicht weiter behandelt.)

- Higgsstrahlung: Higgsboson-Produktion in Higgsstrahlung [Glashow et al.; Kunszt et al.]
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Die QCD Korrekturen betragen ∼ 30% [Han,Willenbrock]. Die NNLO QCD Korrekturen
fügen weitere 5-10% hinzu [Harlander, Kilgore; Hamberg, Van Neerven, Matsuura; Brein, Djouadi,

Harlander]. Der theoretische Fehler ist auf etwa 5% reduziert. Die gesamten EW Korrekturen
reduzieren den Wirkungsquerschnitt um 5-10% [Ciccolini, Dittmaier, Krämer].

- Assoziierte Produktion: Higgsbosonen können auch zusammen mit top- und
bottom-Quarks produziert werden [Kunszt;Gunion; Marciano, Paige]

pp → tt̄/bb̄+H . (8.36)

Die NLO QCD Korrekturen zu assoziierter Top-Produktion vergrößern den Wirkungsquer-
schnitt am LHC um 20%. [Beenakker, et al.;Dawson, et al.].

Für alle Produktions- und Untergrundsprozesse wurden in den letzten Jahren in der Be-
rechnung der höheren Ordnungs-QCD und EW Korrekturen viele Fortschritte gemacht. Sie
werden in dieser Vorlesung aber nicht weiter behandelt. Für mehr Informationen wird auf
die entsprechende Literatur verwiesen.

Figur 8.8 zeigt die Higgsboson-Produktions-Wirkungsquerschnitte am LHC als Funktion
der Higgsbosonmasse (links) und als Funktion der Schwerpunktsenergie (rechts).

Abbildung 8.8: Higgs-Produktions-Wirkungsquerschnitte bei
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s = 13 TeV für 120GeV ≤
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Der Parameter τQ = 4M2
Q/M

2
H ist durch die Polmasse MQ des schweren Schleifenquarks

Q = t, b gegeben. Im Grenzfall schwerer Quarkmassen geht der Formfaktor AH
Q → 1. Die

starke Koppungskonstante wird mit αs bezeichnet. Die QCD-Korrekturen zu dem Zerfall
wurden berechnet und sind groß. Auf nächstführender Ordnung vergrößern sie die partielle
Breite um 70%. Das Verzweigungsverhältnis inklusive QCD Korrekturen auf nächst-nächst-
nächst-höherer (N3LO) Ordnung ist

BR(H → gg) = 0.08169 . (8.21)

Abbildung 8.2: Der Higgszerfall in Gluonen.

Weitere Schleifen-induzierte Zerfälle sind die in 2 Photonen oder ein Photon und ein Z-
Boson. Sie werden durch Schleifen mit geladenen Fermionen und W -Bosonen vermittelt,
wobei letztere dominant sind, cf. Fig. 8.3. Die partielle Breite in Photonen ergibt sich auf

Abbildung 8.3: Der Higgszerfall in γγ und Zγ.
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mit den Formfaktoren

AH
f (τ) = 2τ [1 + (1− τ)f(τ)] (8.23)

AH
W (τ) = −[2 + 3τ + 3τ(2− τ)f(τ)] , (8.24)

wobei die Funktion f(τ) in Glg. (8.20) definiert ist. Die Parameter τi = 4M2
i /M

2
H (i = f,W )

sind durch die Massen der entsprechenden Schleifenteilchen gegeben. Ncf bezeichnet den
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Higgs Production at the LHC
Higgs couplings given by particle masses  →  need to produce heavy particle first !

1) Gluon Fusion                      gg → H via heavy-quark loop 
2) Vector Boson Fusion (VBF)   qq → qqVV → qqH 
3) Higgs Strahlung                  qq → VH 
4) Top Associated Prod.           pp → ttH
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Abbildung 8.7: Der Gluonfusionswirkungsquerschnitt auf LO, NLO, NNLO inklusive Ska-
lenvariation. [Harlander,Kilgore]

[Cahn, Dawson; Hikasa; Altarelli, Mele, Pitolli],

pp → W ∗W ∗/Z∗Z∗ → H . (8.34)

Die NLO QCD Korrekturen sind berechnet worden und betragen bis zu ∼ 10% [Han, Va-
lencia, Willenbrock]. In der Zwischenzeit wurden weitere höhere Ordnungs-QCD und EW
Korrekturen berechnet. (Sie werden hier nicht weiter behandelt.)

- Higgsstrahlung: Higgsboson-Produktion in Higgsstrahlung [Glashow et al.; Kunszt et al.]
geht über
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pp → W ∗/Z∗ → W/Z +H . (8.35)

Die QCD Korrekturen betragen ∼ 30% [Han,Willenbrock]. Die NNLO QCD Korrekturen
fügen weitere 5-10% hinzu [Harlander, Kilgore; Hamberg, Van Neerven, Matsuura; Brein, Djouadi,

Harlander]. Der theoretische Fehler ist auf etwa 5% reduziert. Die gesamten EW Korrekturen
reduzieren den Wirkungsquerschnitt um 5-10% [Ciccolini, Dittmaier, Krämer].

- Assoziierte Produktion: Higgsbosonen können auch zusammen mit top- und
bottom-Quarks produziert werden [Kunszt;Gunion; Marciano, Paige]

pp → tt̄/bb̄+H . (8.36)

Die NLO QCD Korrekturen zu assoziierter Top-Produktion vergrößern den Wirkungsquer-
schnitt am LHC um 20%. [Beenakker, et al.;Dawson, et al.].

Für alle Produktions- und Untergrundsprozesse wurden in den letzten Jahren in der Be-
rechnung der höheren Ordnungs-QCD und EW Korrekturen viele Fortschritte gemacht. Sie
werden in dieser Vorlesung aber nicht weiter behandelt. Für mehr Informationen wird auf
die entsprechende Literatur verwiesen.

Figur 8.8 zeigt die Higgsboson-Produktions-Wirkungsquerschnitte am LHC als Funktion
der Higgsbosonmasse (links) und als Funktion der Schwerpunktsenergie (rechts).

Abbildung 8.8: Higgs-Produktions-Wirkungsquerschnitte bei
√
s = 13 TeV für 120GeV ≤

MH ≤ 130 GeV inklusive theoretischer Unsicherheiten (links) und für MH = 125 GeV als
Funktion der Schwerpunktsenergie

√
s (rechts). [LHC Higgs Cross Section Working Group]
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wurdenberechnetundsindgroß.Aufnächstf̈uhrenderOrdnungvergr̈oßernsiediepartielle
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• direct probe of ttH coupling
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pp → W ∗/Z∗ → W/Z +H . (8.35)

Die QCD Korrekturen betragen ∼ 30% [Han,Willenbrock]. Die NNLO QCD Korrekturen
fügen weitere 5-10% hinzu [Harlander, Kilgore; Hamberg, Van Neerven, Matsuura; Brein, Djouadi,

Harlander]. Der theoretische Fehler ist auf etwa 5% reduziert. Die gesamten EW Korrekturen
reduzieren den Wirkungsquerschnitt um 5-10% [Ciccolini, Dittmaier, Krämer].

- Assoziierte Produktion: Higgsbosonen können auch zusammen mit top- und
bottom-Quarks produziert werden [Kunszt;Gunion; Marciano, Paige]

pp → tt̄/bb̄+H . (8.36)

Die NLO QCD Korrekturen zu assoziierter Top-Produktion vergrößern den Wirkungsquer-
schnitt am LHC um 20%. [Beenakker, et al.;Dawson, et al.].

Für alle Produktions- und Untergrundsprozesse wurden in den letzten Jahren in der Be-
rechnung der höheren Ordnungs-QCD und EW Korrekturen viele Fortschritte gemacht. Sie
werden in dieser Vorlesung aber nicht weiter behandelt. Für mehr Informationen wird auf
die entsprechende Literatur verwiesen.

Figur 8.8 zeigt die Higgsboson-Produktions-Wirkungsquerschnitte am LHC als Funktion
der Higgsbosonmasse (links) und als Funktion der Schwerpunktsenergie (rechts).

Abbildung 8.8: Higgs-Produktions-Wirkungsquerschnitte bei
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s = 13 TeV für 120GeV ≤

MH ≤ 130 GeV inklusive theoretischer Unsicherheiten (links) und für MH = 125 GeV als
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Higgs decays
Higgs boson branching ratios (BRi = �i

�tot
, with �tot = q

i
�i):

1. 58% bb̄: Large rate due to b Yukawa coupling: �
Hæff̄

= Ncm
2
f

MH—
3
f

8fiv2

mb largest fermion mass with 2mb < MH , colour factor Nc = 3 for
quarks, velocity —f ¥ 1

b-quarks form short-lived b-hadrons – decays after O(cm) flight are
identified with “b-tagging” algorithms

2. 21% WW ú: Useful if both W s decay into leptons (5% of all cases)

3. 8% gg: Impossible to identify due to huge backgrounds

4. 6% ·+·≠: Characteristic one-prong and three-prong decays

5. 3% cc̄: Charmed hadrons similar to b hadrons, harder to identify

6. 3% ZZú: Golden channel when both Z bosons decay into leptons

7. 0.2% ““: Fairly clean signal but relatively large background

8. 0.2% Z“: Interesting if Z æ ¸¸

9. 0.02% µµ: Rarest decay we have a chance to find
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Higgs Decays

BR =
Γi

Γtot
, Γtot = ∑

i

Γi

Γtot = 4.1 MeV
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8.2.1 Die Higgsboson Zerfallskanäle

Da das Higgsboson proportional zur Masse der Teilchen koppelt, sind seine wichtigsten Zer-
fallskanäle die in die schweren Teilchen, die kinematisch noch erlaubt sind. Die Wahrschein-
lichkeit, mit der das Higgsboson in einen Endzustand X zerfällt, wird durch das Verzwei-
gungsverhältnis (englisch: branching ratio) BR(X) angegeben. Dieses ergibt sich aus der
partiellen Zerfallsbreite (oder Partialbreite) Γ in den Zustand X , Γ(H → XX), geteilt durch
die Gesamtbreite Γtot des Higgsbosons. Die Gesamtbreite bestimmt sich aus der Summe der
Partialbreiten sämtlicher Zerfallskanäle des Higgsbosons. Also

BR(H → XX) ≡
Γ(H → XX)

Γtot(H)
, (8.4)

mit

Γtot(H) =
∑

i

Γ(H → ii) , (8.5)

wobei i über sämtliche mögliche Zerfallskanäle des Higgsbosons summiert. Die Partialbreite
des Higgszerfalls in den Zustand X wird bestimmt, indem man den Wirkungsquerschnitt für
den Zerfall des Higgsbosons in den Endzustand XX berechnet (siehe Übungsaufgaben). Für
den Zerfall in den Fermionendzustand f f̄ haben wir das Feynmandiagramm in Fig. 8.1, das
zur Zerfallsamplitude beiträgt. Für die Zerfallsbreite ergibt sich

Abbildung 8.1: Das zum Zerfall H → f f̄ beitragende Feynmandiagramm.

Γ(H → f f̄) =
NcfGFMH

4
√
2π

m2
f β

3 . (8.6)

Bei Ncf handelt es sich um den Farbfaktor. Er ist Ncf = 1 für Leptonen und Ncf = 3 für
Quarks. Mit β wird die Velozität bezeichnet. Sie ist gegeben durch

β = (1− 4m2
f/M

2
H)

1/2 . (8.7)

Wie aus der Energieerhaltung zu erwarten, findet der Zerfall also nur statt, wenn die Schwer-
punktsenergie zum Quadrat größer als (2mf)2 ist. Die Schwerpunktsenergie ist hier die Ru-
heenergie des zerfallenden Higgsbosons, also M2

H . Die Verzweigungsverhältnisse der Higgs-
zerfälle in Fermionpaare für ein Higgsboson der Masse MH = 125 GeV sind

BR(H → bb̄) = 0.5811 (8.8)

BR(H → τ+τ−) = 0.0626 (8.9)

BR(H → cc̄) = 0.0289 (8.10)

BR(H → s̄s) = 0.2238 · 10−3 (8.11)

BR(H → µ+µ−) = 0.2171 · 10−3 . (8.12)

• to fermions 

Γ ∝

2

= NC, f
m2

H β3

8πv2
m2

f

 = color factor: 
         3 for quarks 
         1 for leptons

NC, f

velocity β ≈ 1

‣ 58% of Higgs bosons decay to bb̄
 quarks form short-lived B hadrons 
→ can be identified by displaced tracks 

but large QCD backgrounds

b

‣ 0.02% of Higgs bosons decay to μ+μ−

small benching fraction, but 
very clear detector signature

0 0
2.38 58.1

0.26 6.3
0.12 2.9

<0.01 0.02
<0.01 0.02

BR [%]Γ [MeV]
assuming :mH = 125 GeV

tt̄
bb̄

τ+τ−

cc̄

μ+μ−

ss̄

→ life time τ = 10−22 s
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BR =
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Γtot
, Γtot = ∑

i

Γi

0 0
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0.88 21.5

0.26 6.3
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0.11 2.6

<0.01 0.02
<0.01 0.02

BR [%]Γ [MeV]

Γtot = 4.1 MeV

→ life time τ = 10−22 s

assuming :mH = 125 GeV

tt̄
bb̄

WW

τ+τ−

cc̄
ZZ

μ+μ−

ss̄

• to fermions 
• to vector bosons (ZZ*, WW*) 

  →  one of the V has to be off-shell 
                                    
vector bosons decay to quarks or leptons:

mH < 2mV H →ZZ → !+!−!+!−

The gold-plated mode

H

g

g

l+

l-

l+

l-

Z

Z

! This is the most important and clean

search mode for 2mZ < mH < 600 GeV.

! continuum, limited, irreducible back-

ground from qq̄→ZZ

" small BR(H→ !+!−!+!−) ≈ 0.15%

(even smaller when mH < 2mZ)

Carlo Oleari Introduction to EW theory and Higgs boson physics at the LHC 72

BR  Z → l+l− ≈ 10 %

BR  W → lν ≈ 30 %

21%3%BR:

→ small event rates when including decays to leptons, 
    but clean detector signature

(indicated by V*)
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mit dem Formfaktor

AH
Q =

3

2
τ [1 + (1− τ)f(τ)] (8.19)

f(τ) =

{
arcsin2 1√

τ τ ≥ 1

−1
4

[

log 1+
√
1−τ

1−
√
1−τ − iπ

]2
τ < 1

(8.20)

Der Parameter τQ = 4M2
Q/M

2
H ist durch die Polmasse MQ des schweren Schleifenquarks

Q = t, b gegeben. Im Grenzfall schwerer Quarkmassen geht der Formfaktor AH
Q → 1. Die

starke Koppungskonstante wird mit αs bezeichnet. Die QCD-Korrekturen zu dem Zerfall
wurden berechnet und sind groß. Auf nächstführender Ordnung vergrößern sie die partielle
Breite um 70%. Das Verzweigungsverhältnis inklusive QCD Korrekturen auf nächst-nächst-
nächst-höherer (N3LO) Ordnung ist

BR(H → gg) = 0.08169 . (8.21)

Abbildung 8.2: Der Higgszerfall in Gluonen.

Weitere Schleifen-induzierte Zerfälle sind die in 2 Photonen oder ein Photon und ein Z-
Boson. Sie werden durch Schleifen mit geladenen Fermionen und W -Bosonen vermittelt,
wobei letztere dominant sind, cf. Fig. 8.3. Die partielle Breite in Photonen ergibt sich auf

Abbildung 8.3: Der Higgszerfall in γγ und Zγ.
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Γ(H → γγ) =
GFα2M3

H
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W (τW )

∣
∣
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2

, (8.22)

mit den Formfaktoren

AH
f (τ) = 2τ [1 + (1− τ)f(τ)] (8.23)

AH
W (τ) = −[2 + 3τ + 3τ(2− τ)f(τ)] , (8.24)

wobei die Funktion f(τ) in Glg. (8.20) definiert ist. Die Parameter τi = 4M2
i /M

2
H (i = f,W )

sind durch die Massen der entsprechenden Schleifenteilchen gegeben. Ncf bezeichnet den

‣ to gluons  (BR:  8.2%)

→ phenomenologically irrelevant, due to  
    huge QCD backgrounds at LHC 
    

‣ to photons  or    (BR:  0.2% each)γγ Zγ
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mit den Formfaktoren

AH
f (τ) = 2τ [1 + (1− τ)f(τ)] (8.23)

AH
W (τ) = −[2 + 3τ + 3τ(2− τ)f(τ)] , (8.24)

wobei die Funktion f(τ) in Glg. (8.20) definiert ist. Die Parameter τi = 4M2
i /M

2
H (i = f,W )

sind durch die Massen der entsprechenden Schleifenteilchen gegeben. Ncf bezeichnet den

→  small BR compared to  due to 
- coupling  instead of  
- destructive interferences of the 3 diagrams 

→ clear detector signature ( in particular  )

H → gg
α αs

H → γγ

BR =
Γi

Γtot
, Γtot = ∑

i

Γi

→ life time τ = 10−22 s
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Higgs Production & Decay
In another world (where  GeV) … mH ≠ 125

production cross section branching ratio

for  GeV:    large variety of production channels and decay modes relevant! mH = 125



Experimental 
Results



42

Higgs Discovery
July 4, 2012:   ATLAS and CMS announce the observation of a new particle,  

 compatible with the SM Higgs with  GeVmH = 125

→ resonance in the            and              spectrumm4l mγγ
( )H → ZZ* → 4l ( )H → γγ
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Higgs Discovery
July 4, 2012:   ATLAS and CMS announce the observation of a new particle,  

 compatible with the SM Higgs with  GeVmH = 125

→ many happy faces …
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Higgs Discovery
July 4, 2012:   ATLAS and CMS announce the observation of a new particle,  

 compatible with the SM Higgs with  GeVmH = 125

→ many happy faces …

… and a year later:  
   Nobel Prize awarded to François Englert & Peter Higgs

(*1932) (1929-2024)
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Higgs Discovery
July 4, 2012:   ATLAS and CMS announce the observation of a new particle,  

 compatible with the SM Higgs with  GeVmH = 125

But is this new particle the Higgs Boson? 
Need to measure: • spin 

• parity 
• couplings to other SM particles
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Higgs Discovery
July 4, 2012:   ATLAS and CMS announce the observation of a new particle,  

 compatible with the SM Higgs with  GeVmH = 125

But is this new particle the Higgs Boson? 
Need to measure: • spin 

• parity 
• couplings to other SM particles

10th anniversary in July 2022
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A portrait of the Higgs boson by the CMS 
experiment ten years after the discovery

The CMS Collaboration* ✉

In July 2012, the ATLAS and CMS collaborations at the CERN Large Hadron Collider 
announced the observation of a Higgs boson at a mass of around 125 gigaelectronvolts. 
Ten years later, and with the data corresponding to the production of a 30-times larger 
number of Higgs bosons, we have learnt much more about the properties of the Higgs 
boson. The CMS experiment has observed the Higgs boson in numerous fermionic and 
bosonic decay channels, established its spin–parity quantum numbers, determined its 
mass and measured its production cross-sections in various modes. Here the CMS 
Collaboration reports the most up-to-date combination of results on the properties of 
the Higgs boson, including the most stringent limit on the cross-section for the 
production of a pair of Higgs bosons, on the basis of data from proton–proton 
collisions at a centre-of-mass energy of 13 teraelectronvolts. Within the uncertainties, 
all these observations are compatible with the predictions of the standard model of 
elementary particle physics. Much evidence points to the fact that the standard model 
is a low-energy approximation of a more comprehensive theory. Several of the 
standard model issues originate in the sector of Higgs boson physics. An order of 
magnitude larger number of Higgs bosons, expected to be examined over the next  
15 years, will help deepen our understanding of this crucial sector.

The established theory of elementary particle physics, commonly 
referred to as the standard model (SM), provides a complete descrip-
tion of the electromagnetic, weak and strong interactions of matter 
particles, which are spin-1/2 fermions, through three different sets of 
mediators, which are spin-1 bosons. (In quantum mechanics, spin is 
an intrinsic form of angular momentum carried by elementary parti-
cles). These vector bosons are the massless photons (gluons) for the 
electromagnetic (strong) interaction, and the heavy W and Z bosons 
for the weak interaction. The SM has been very successful in providing 
accurate predictions for essentially all particle physics experiments 
carried out so far. In 2012, the final missing particle of the SM, the Higgs 
boson, was observed by the ATLAS1 and CMS2,3 collaborations at CERN.

The Higgs boson is a prediction of a mechanism that took place in the 
early Universe, less than a picosecond after the Big Bang, which led to the 
electromagnetic and the weak interactions becoming distinct in their 
actions. In the SM, this mechanism, labelled as the Brout–Englert–Higgs 
(BEH) mechanism, introduces a complex scalar (spin-0) field that perme-
ates the entire Universe. Its quantum manifestation is known as the SM 
Higgs boson. Scalar fields are described only by a number at every point 
in space that is invariant under Lorentz transformations. An analogy 
can be drawn of a map of an area where temperature is shown at various 
positions mimicking a scalar field. The same map, where instead the 
wind speed and direction are shown, would correspond to a vector field.

The long road to the Higgs boson
The BEH mechanism was first proposed in 1964 in the works of Brout and 
Englert4, Higgs5,6, and Guralnik, Hagen and Kibble7. Further details of the 

mechanism were presented in 1966 by Higgs8 and in 1967 by Kibble9. In 
1967, Weinberg10 and Salam11, extending the 1961 work of Glashow12, pro-
posed the use of the BEH mechanism for a theory of the unification of 
the electromagnetic and weak interactions, labelled as the electroweak 
interaction. The key element in this work was the conjecture that nature 
possesses an electroweak symmetry, mathematically described by 
the Lagrangian of the theory, which is spontaneously broken, grant-
ing mass to the W and Z bosons. An additional feature of this model is 
that it provides a mechanism for granting masses to fermions as well, 
through the so-called Yukawa interactions10,13. Thus, the elementary 
particles interacting with the BEH field acquire mass. The impact is 
far reaching: for example, electrons become massive, allowing atoms 
to form, and endowing our Universe with the observed complexity.
Salam and Weinberg had further conjectured that the model they put 
forward might be renormalizable (that is, give finite answers). In 1971, 
’t Hooft and Veltman14,15 showed how indeed this theory could be renor-
malized. This development put the Glashow–Salam–Weinberg model 
on a firm basis deserving serious experimental scrutiny.
After the W and Z bosons were discovered by the UA1 and UA2 experi-
ments at CERN in 198316–19, the search for the Higgs boson became a cen-
tral thrust in particle physics and an important motivation for the CERN 
Large Hadron Collider (LHC)20, and the ATLAS and CMS experiments.
Finding the Higgs boson has been demanding. This is a consequence 
of its large mass, which puts it beyond the reach of previous electron–
positron colliders, such as the Large Electron–Positron (LEP) collider21 
at CERN, and low cross-section modes coupled with unfavourable decay 
channels in the range of mass in which it was eventually found, which 
made it challenging to observe at previous hadron colliders, such as 
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A detailed map of Higgs boson interactions 
by the ATLAS experiment ten years after the 
discovery

The ATLAS Collaboration* ✉

The standard model of particle physics1–4 describes the known fundamental particles 
and forces that make up our Universe, with the exception of gravity. One of the central 
features of the standard model is a !eld that permeates all of space and interacts with 
fundamental particles5–9. The quantum excitation of this !eld, known as the Higgs 
!eld, manifests itself as the Higgs boson, the only fundamental particle with no spin. 
In 2012, a particle with properties consistent with the Higgs boson of the standard 
model was observed by the ATLAS and CMS experiments at the Large Hadron Collider 
at CERN10,11. Since then, more than 30 times as many Higgs bosons have been recorded 
by the ATLAS experiment, enabling much more precise measurements and new tests 
of the theory. Here, on the basis of this larger dataset, we combine an unprecedented 
number of production and decay processes of the Higgs boson to scrutinize its 
interactions with elementary particles. Interactions with gluons, photons, and W and 
Z bosons—the carriers of the strong, electromagnetic and weak forces—are studied in 
detail. Interactions with three third-generation matter particles (bottom (b) and top 
(t) quarks, and tau leptons (τ)) are well measured and indications of interactions with a 
second-generation particle (muons, µ) are emerging. These tests reveal that the Higgs 
boson discovered ten years ago is remarkably consistent with the predictions of the 
theory and provide stringent constraints on many models of new phenomena beyond 
the standard model.

The standard model of particle physics has been tested by many experi-
ments since its formulation1–4 and, after accounting for the neutrino 
masses, no discrepancies between experimental observations and 
its predictions have been established so far. A central feature of the 
standard model is the existence of a spinless quantum field that per-
meates the Universe and gives mass to massive elementary particles. 
Testing the existence and properties of this field and its associated 
particle, the Higgs boson, has been one of the main goals of particle 
physics for several decades. In the standard model, the strength of 
the interaction, or ‘coupling’, between the Higgs boson and a given 
particle is fully defined by the particle’s mass and type. There is no 
direct coupling to the massless standard model force mediators, the 
photons and gluons, whereas there are three types of couplings to mas-
sive particles in the theory. The first is the ‘gauge’ coupling of the Higgs 
boson to the mediators of the weak force, the W and Z vector bosons. 
Demonstrating the existence of gauge couplings is an essential test of 
the spontaneous electroweak symmetry-breaking mechanism5–9. The 
second type of coupling involves another fundamental interaction, the 
Yukawa interaction, between the Higgs boson and matter particles, or 
fermions. The third type of coupling is the ‘self-coupling’ of the Higgs 
boson to itself. A central prediction of the theory is that the couplings 
scale with the particle masses and they are all precisely predicted once 
all the particle masses are known. The experimental determination of 

the couplings of the Higgs boson to each individual particle therefore 
provides important and independent tests of the standard model. It 
also provides stringent constraints on theories beyond the standard 
model, which generally predict different patterns of coupling values.

In 2012, the ATLAS12 and CMS13 experiments at the Large Hadron 
Collider (LHC)14 at CERN announced the discovery of a new particle 
with properties consistent with those predicted for the Higgs boson 
of the standard model10,11. More precise measurements that used all 
of the proton–proton collision data taken during the first data-taking 
period from 2011 to 2012 at the LHC (Run 1) showed evidence that, in 
contrast to all other known fundamental particles, the properties of 
the discovered particle were consistent with the hypothesis that it has 
no spin15,16. Alternate spin-1 and spin-2 hypotheses were also tested and 
were excluded at a high level of confidence. Investigations of the charge 
conjugation and parity (CP) properties of the new particle were also 
performed, demonstrating consistency with the CP-even quantum 
state predicted by the standard model, while still allowing for small 
admixtures of non-standard model CP-even or CP-odd states15,16. Limits 
on the particle’s lifetime were obtained through indirect measurements 
of its natural width15–19. In addition, more precise measurements of 
the new particle’s interactions with other elementary particles were 
achieved20. The results of all these investigations demonstrated that 
its properties were compatible with those of the standard model Higgs 
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More Higgs Data
2012: 2022:

LHC Run 3 
(2015-1018)

integrated luminosity: 
    139 fb-1

→ 8M Higgs bosons 
    produced (per exp.) 

→ 20.000   
    decays 
→ 2.000  
    decays

H → γγ

H → ZZ* → 4l

Higgs mass (PDG comb.)
mH = 125.25 ± 0.17 GeV
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Higgs Spin & Parity
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Figure 86: (a) Kinematics of the decay HJ → Z∗Z → (!−1 !
+
1 )(!

−
2 !

+
2 ) in the rest frame of the Higgs boson. The

angles θ1,2 denote the polar angles of the leptons !−1,2 in the rest frame of the virtual Z
∗ and real Z bosons; (b)

Higgs production in gluon collisions and subsequent γγ and Z∗Z decays, also in the Higgs rest frame. If the gluons
are replaced by electroweak gauge bosons, φ = φ1 − φ2 (mod 2π) ∈ [0, 2π) corresponds to the azimuthal angle
between the two initial q V and q′V ′ emission planes [476].

11.3.2 Higgs Decay into Virtual/Real Z Bosons
Denoting the polar angles of the leptons !−1,2 in the rest frame of the virtual Z

∗ and real Z bosons by θ1,2
(see Fig. 86(a)), the forward-backward symmetric differential decay distributions of the polar angles for
pure-spin/parity unpolarized boson states HJ decaying into Z∗

λZλ′ final states can be expressed in terms
of four independent helicity amplitudes [435]:

1

Γ

dΓ

d cos θ1d cos θ2
= N−1

[
sin2 θ1 sin

2 θ2 |T00|2 +
1

2
(1 + cos2 θ1)(1 + cos2 θ2)[|T11|2 + |T1,−1|2]

+ (1 + cos2 θ1) sin
2 θ2 |T10|2 + sin2 θ1(1 + cos2 θ2) |T01|2

]
(177)

for fixedM2
∗ and suppressing the quartic terms involving the P -violating parameters, η1,2, which are very

small ∼ 0.15 for leptonic Z decays, see also Ref. [501]. The distribution is normalized to unity by the
coefficient N . Other helicity amplitudes are related by parity and Bose symmetry of the state: Tλλ′ =
nHT−λ,−λ′ and Tλλ′ [Z,Z∗] = (−1)JTλ′λ[Z∗,Z], respectively, the normality given by nH = P (−1)J .
The amplitude T00 vanishes specifically for negative-parity states. The corresponding azimuthal distri-
bution of the Z-decay planes can be expressed by helicity amplitudes as

1

Γ

dΓ

dφ
=

1

2π

[
1 + nH |ζ1| cos 2φ

]
with |ζ1| = |T11|2/

[
2
∑

|Tλλ′ |2
]

(178)

suppressing the small P -violating η1,2-dependent parts again. (The full expressions of the polar and
azimuthal distributions, (177) and (178), can be found in Ref. [435].) The sign of the φ modulation is
uniquely determined by the normality of the Higgs state. The characteristic behavior of the azimuthal
angle between the two Z decay planes is illustrated in Figure 87(a) for spin-zero of positive (SM) and
negative parity. Distributions of positive and negative parity decays are mutually anti-cyclic. This will
also be observed in jet-jet correlations of electroweak-boson and gluon fusion [441, 443–446, 476, 502].

The spin averaged distribution applies to all configurations in which the orientation of the Z∗Z
event axis in the rest frame is summed over so that the decay state is effectively unpolarized.

The functional form of the angular correlations among the Z decay products is not specific to
the spin of the decaying boson for J ≥ 2. These spins cannot be discriminated anymore by such
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Figure 87: (a) Oscillations of the azimuthal angle between the two Z decay planes for spin = 0 with positive parity
in the SM compared with negative parity; (b) Threshold behavior of the decay width HJ → Z∗Z for the SM and
spin-2 (ci = 0 except c2 = 1/M2

H, ci defined in Table 55) even normality bosons, with a Higgs boson mass of
125 GeV.

generic analyses. However, angular correlations supplemented by threshold suppression can resolve the
ambiguities. After solving for the case J = 2 specifically, the analysis is quite general and transparent for
J > 2 since the tensor structure of these decay amplitudes leads to a characteristic signature of the spin.
The (J + 2)-tensor structure enforces the amplitude T for J > 2 to rise at least ∼ βJ−2 and the decay
width correspondingly with ∼ β2J−3. In the absence of the (1 + cos θ21) sin

2 θ2 and sin2 θ1(1+ cos2 θ2)
polar-angle correlations, the pronounced difference of the threshold behavior is exemplified for the spin
= 0 SM and spin = 2 even normality bosons with identical 4# angular correlations in Figure 87(b).

Alternatively the measurement of the polar angular distribution of the Z∗Z axis in the production
process gg → HJ → Z∗Z can be exploited to analyze spin states of any value J . This method can also
be applied in γγ decays which, since technically simpler, will be described in detail later.

11.3.3 Standard Model
The SM Higgs boson with JP = 0+ predicts by angular momentum conservation only two non-
vanishing H → Z∗Z decay helicity amplitudes, T00 = (M2

H −M2
∗ −M2

Z)/(2M∗MZ) and T11 = −1.
The angular distributions can therefore be cast into the transparent form [435, 477]:

1

ΓH

dΓH

d cos θ1 cos θ2
=

9

16

1

γ4 + 2

[
γ4 sin2 θ1 sin

2 θ2 +
1

2
(1 + cos2 θ1)(1 + cos2 θ2)

]
(179)

1

ΓH

dΓH

dφ
=

1

2π

[
1 +

1

2

1

γ4 + 2
cos 2φ

]
(180)

where γ2 = (M2
H−M2

∗−M2
Z)/(2M∗MZ). These angular distributions will come with the Z∗Z threshold

rise [435, 477]

dΓ[H→ Z∗Z]

dM2
∗

⇒ β ∼
√

(MH −MZ)2 −M2
∗ /MH for M∗ ⇒MH −MZ (181)

The observation of the angular distributions associated with the helicity amplitudes, T00, T11 and of the
threshold rise ∼ β are necessary conditions for the zero-spin character of the SM Higgs boson. They
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Higgs has spin 0  and is CP-even 
confirmed by study of decay distributions in 2013

invariant mass of the  decayZ* → ll

(spin-1/2 & spin-1 hypothesis already 
 excluded by observation of  in 2012)H → γγ
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Extended Data Fig. 6 | The agreement with the SM predictions in Higgs 
boson production and decay. Signal-strength parameters per individual 
production mode and decay channel µi

f , and combined per production mode µi 
and decay channel µf. In this fit, ttH and tH are considered together and the µi 

results are slightly different from those of Fig. 2 (left). The dashed vertical lines 
at 1 represent the SM value. Light grey shading indicates that µ is contained  
to be positive. Dark grey shading indicates the absence of measurement.  
The p-value with respect to the SM prediction is 5.8%.

Can measure ’signal strength’ for each production & decay channel …

μ =
σ(pp → H → XX)experiment

σ(pp → H → XX)theory

all measurements in good agreement with SM predictions 
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expectation value of the Higgs field. Figure 5 shows the results for two 
scenarios: one with the coupling to c quarks constrained by κc = κt in 
order to cope with the low sensitivity to this coupling; and the other 
with κc left as a free parameter in the fit. All measured coupling strength 
modifiers are found to be compatible with their standard model predic-
tion. When the coupling strength modifier κc is left unconstrained in 
the fit, an upper limit of κc < 5.7 (7.6) times the standard model predic-
tion is observed (expected) at 95% CL and the uncertainty in each of 
the other parameters increases because of the resulting weaker con-
straint on the total decay width. This improves the current observed 
(expected) limit of κc < 8.5 (12.4) at 95% CL from the individual measure-
ment of H cc→  decays41 despite the relaxed assumptions on other cou-
pling strength modifiers, through constraints coming from the 
parameterization of the total Higgs boson decay width that impacts 
all measurements.

The third class of models in the κ framework closely follows the previ-
ous one, but allows for the presence of non-standard model particles 
in the loop-induced processes. These processes are parameterized 
by the effective coupling strength modifiers κg, κγ and κZγ instead of 
propagating modifications of the standard model particle couplings 
through the loop calculations. It is also assumed that any potential 
effect beyond the standard model does not substantially affect the 
kinematic properties of the Higgs boson decay products. The fit results 
for the scenario in which invisible or undetected non-standard model 
Higgs boson decays are assumed not to contribute to the total Higgs 
decay width, that is, Binv. = Bu. = 0, are shown in Fig. 6 together with the 

results for the scenario allowing such decays. To avoid degenerate 
solutions, the latter constrains Bu. ≥ 0 and imposes the additional con-
straint κV ≤ 1 that naturally arises in various scenarios of physics beyond 
the standard model54,55. All measured coupling strength modifiers are 
compatible with their standard model predictions.

When allowing invisible or undetected non-standard model Higgs 
boson decays to contribute to the total Higgs boson decay width, the 
previously measured coupling strength modifiers do not change sig-
nificantly, and upper limits of Bu. < 0.12 (expected 0.21) and Binv. < 0.13 
(expected 0.08) are set at 95% CL on the corresponding branching 
fraction. The latter improves on the current best limit of Binv. < 0.145 
(expected 0.103) from direct ATLAS searches42.

In all tested scenarios, the statistical and the systematic uncer-
tainty contribute almost equally to the total uncertainty in most of 
the κ parameter measurements. The exceptions are the κµ, κZγ, κc and 
Bu. measurements, for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the inter-
nal structure of its couplings are studied in the framework of sim-
plified template cross-sections44,56–58. The framework partitions the 
phase space of standard model Higgs boson production processes 
into a set of regions defined by the specific kinematic properties of 
the Higgs boson and, where relevant, of the associated jets, W bosons, 
or Z bosons, as described in Methods. The regions are defined so as 
to provide experimental sensitivity to deviations from the standard 
model predictions, to avoid large theory uncertainties in these predic-
tions, and to minimize the model-dependence of their extrapolations 
to the experimentally accessible signal regions. Signal cross-sections 
measured in each of the introduced kinematic regions are compared 
with those predicted when assuming that the branching fractions 
and kinematic properties of the Higgs boson decay are described by 
the standard model.

The results of the simultaneous measurement in 36 kinematic regions 
are presented in Fig. 7. Compared to previous results with a smaller 
dataset22, a much larger number of regions are probed, particularly 
at high Higgs boson transverse momenta, where in many cases the 
sensitivity to new phenomena beyond the standard model is expected 
to be enhanced. All measurements are consistent with the standard 
model predictions.

Conclusion
In summary, the production and decay rates of the Higgs boson were 
measured using the dataset collected by the ATLAS experiment during 
Run 2 of the LHC from 2015 to 2018. The measurement results were 
found to be in excellent agreement with the predictions of the standard 
model. In different scenarios, the couplings to the three heaviest fer-
mions, the top quark, the b quark and the τ lepton, were measured with 
uncertainties ranging from about 7% to 12% and the couplings to the 
weak bosons (Z and W) were measured with uncertainties of about 5%.  
In addition, indications are emerging of the presence of very rare Higgs 
boson decays into second-generation fermions and into a Z boson 
and a photon. Finally, a comprehensive study of Higgs boson produc-
tion kinematics was performed and the results were also found to be 
compatible with standard model predictions. In the ten years since its 
discovery, the Higgs boson has undergone many experimental tests 
that have demonstrated that, so far, its nature is remarkably consistent 
with the predictions of the standard model. However, some of its key 
properties—such as the coupling of the Higgs boson to itself—remain 
to be measured. In addition, some of its rare decay modes have not yet 
been observed and there is ample room for new phenomena beyond the 
standard model to be discovered. Substantial progress on these fronts 
is expected in the future, given that detector upgrades are planned 
for the coming years, that systematic uncertainties are expected to 
be reduced considerably59, and that the size of the LHC’s dataset is 
projected to increase by a factor of 20.
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Fig. 6 | Reduced coupling strength modifiers and their uncertainties per 
particle type with effective photon, Zγ and gluon couplings. The horizontal 
bars on each point denote the 68% confidence interval. The scenario in which 
Binv. = Bu. = 0 is assumed is shown as solid lines with circle markers. The p value 
for compatibility with the standard model (SM) prediction is 61% in this case. 
The scenario in which Binv. and Bu. are allowed to contribute to the total Higgs 
boson decay width while assuming that κV ≤ 1 and Bu. ≥ 0 is shown as dashed lines 
with square markers. The lower panel shows the 95% CL upper limits on Binv. and Bu.. 
Data are from ATLAS Run 2.
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Is the particle discovered in 2012 the Higgs Boson?
• spin 
• parity 
• couplings to other SM particles

Back to the question: 

Need to measure: 
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Is the particle discovered in 2012 the Higgs Boson?
• spin 
• parity 
• couplings to other SM particles

Back to the question: 

Need to measure: ✓
✓
✓
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ℒHiggs = (∂μΦ)+(∂μΦ) + μ2Φ+Φ − λ(Φ+Φ)2

= ∑
i

1
2 (∂θi)2 + 1

2 (∂H )2 − 1
2 (2λv2)H2 − λvH3 − λ

4 H4 − λ
4 v4

kinematic terms mass term interactions
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Is the particle discovered in 2012 the Higgs Boson?
• spin 
• parity 
• couplings to other SM particles

Back to the question: 

Need to measure: ✓
✓
✓

… and test its relation to the Higgs potential 



55

Probing the Higgs Potential

ℒHiggs = (∂μΦ)+(∂μΦ) + μ2Φ+Φ − λ(Φ+Φ)2

= ∑
i

1
2 (∂θi)2 + 1

2 (∂H )2 − 1
2 (2λv2)H2 − λvH3 − λ

4 H4 − λ
4 v4

kinematic terms mass term interactions

<latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit> 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > : <latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit> 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > :<latexit sha1_base64="wek211uxMlTWY5TyurOh94mZUgM="></latexit> 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > :

Is the particle discovered in 2012 the Higgs Boson?
• spin 
• parity 
• couplings to other SM particles

Back to the question: 

Need to measure: ✓
✓
✓

… and test its relation to the Higgs potential 

• All the couplings of the Higgs boson to SM particles 
(except itself) known before the discovery
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• All the couplings of the Higgs boson to SM particles 
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What do we know of the real shape  
of the potential?

→ need to measure self interactions of the Higgs boson to probe Higgs potential
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Trilinear Higgs coupling can be proved via Double Higgs Production

Same production mechanism as single-H production 
(gluon fusion, VBF, Higgs strahlung, assoc. production)  

but much smaller production cross sections, e.g. 

σ(gg → H ) ≈ 52 pb
σ(gg → HH ) ≈ 0.034 pb = 34 fb

due to • heavier final state  
• destructive interference of box and triangle diagrams

+

→ study of HH production at LHC challenging, but possible
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Trilinear Higgs coupling can be proved via Double Higgs Production

Same production mechanism as single-H production 
(gluon fusion, VBF, Higgs strahlung, assoc. production)  

but much smaller production cross sections, e.g. 

σ(gg → H ) ≈ 52 pb
σ(gg → HH ) ≈ 0.034 pb = 34 fb

due to • heavier final state  
• destructive interference of box and triangle diagrams

→ study of HH production at LHC challenging, but possible

… and what about HHH production to probe quartic coupling?

σ(gg → HHH ) ≈ 0.1 fb

Figure 1: Diagrams that contribute to the LO triple Higgs production in the gluon fusion channel
(modulo permutations of the final state bosons). We identify the pentagon P (left), box B (second
from left) and triangles T4 and T3 (right) diagrams, respectively.

the results presented in Ref. [17]. Then, in Section 4 we present the phenomenological results
for triple Higgs production at the LHC and future hadron colliders. We estimate the dependence
on the reweighting method by comparing the Born-improved result with a modified prescription
(introduced in Ref. [19]), that we call dynamically Born-improved. Finally, we combine our result
with the one presented in Ref. [16] to report our best prediction, and in Section 5 we present our
conclusions.

2 The Amplitude at LO

In this section we will examine the structure of the LO amplitude and cross-section. The Born
amplitudes needed for the numerical calculation were obtained usingRecola2 [20]. For the parton
distribution functions we adopted the MMHT2014 [21] set interfaced via LHAPDF [22], while the
CUBA [23] library was used to perform the numerical integration. The values implemented for the
physical input parameters are GF = 1.16656⇥10�5 GeV�2 for the Fermi constant, mH = 125 GeV,
mt = 173.2 GeV and �H = �t = 0 for the masses and widths of the Higgs boson and the top
quark, respectively, and ↵S(mZ) = 0.135 for the strong coupling constant at LO, as provided by
the MMHT2014 set. Throughout this work, the on-shell top quark mass scheme is used. All the
plots in this section correspond to a collider centre of mass (CM) energy of 100 TeV, although we
explicitly checked that all our conclusions also hold at 14 and 27 TeV.

For triple Higgs production, the relevant diagrams (modulo permutations of the final state
particules) are shown in Figure 1. We can split them in four di↵erent categories: pentagons (P),
boxes (B) and two triangle contributions (T1 and T2), each one of these with a specific dependence
on the parameters 3 = �3/�SM and 4 = �4/�SM that parametrise departures of the self couplings
from the SM expectations,

M = P + 3 B + 
2

3
T3 + 4 T4. (1)

As in the case of double Higgs production [24], there are only two independent helicity configura-
tions of the initial gluons, that we call

M++ = M��, “Spin 0”,

M+� = M�+, “Spin 2”,

according to the value of total spin along the collision axis.

The Spin 2 configuration vanishes in the limitmt ! 1, while the Spin 0 configuration remains.
We observe in Figure 2 that the contribution from the Spin 2 piece is rather small (below 5%

2

+

→ unlikely to be observed at LHC (if not enhanced by BSM physics) 
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Figure 2: Feynman diagrams for the LO HH production via vector boson fusion.

of the HVV coupling [21]. A deviation from this relationship would require the presence of
BSM physics, e.g. a BSM particle, to maintain the asymptotic unitarity of the process or could
significantly increase the rate of the VBF HH production. Allowing for such a deviation and
assuming all the other Higgs boson couplings equal to their SM-predicted values, the HHVV
coupling values smaller than or equal to zero are excluded at a CL corresponding to more than
5 standard deviations [4].

Other Higgs boson couplings also affect the HH production cross sections. In particular at
LO, the HH cross section in the ggF production mode depends on the Higgs boson coupling
to the top quark and the VBF HH cross section depends on the couplings of the Higgs boson
to the vector bosons. Further dependencies on Higgs boson couplings arise when consider-
ing different HH decay channels. The searches for HH production generally provide weaker
constraints on the Higgs boson couplings to fermions and vector bosons compared to single-H
measurements because of the much smaller cross sections.

An alternative way to determine kl is from the cross sections of the main single-H production
mechanisms utilizing next-to-LO (NLO) electroweak corrections that depend on kl because of
the appearance of loops and vertices with three Higgs bosons [22]. These corrections affect
the single-H production cross sections and partial decay widths, as well as the Higgs boson
propagator, as visible in the example Feynman diagrams of Fig. 3.

g

g

H
��

23

q

q̄
�
/q̄ W/Z

H

��

27

q

q�

q

q�

H
V

V

��

xxxxx

25

g

g

t

t

H
��

31

H

V

V
��

32

H H

�� ��

34

Figure 3: Feynman diagrams corresponding to kl-dependent NLO corrections to the main
single-H production mechanisms (in the two top rows), to the H ! VV decay width (bot-
tom left) and to the Higgs boson propagator (bottom right).

The parametrizations of the Higgs boson production cross section and branching fraction vari-
ations as functions of kl are provided in Refs [22, 23]. The largest corrections affect the Higgs
boson production in association with a Z or a W boson (ZH and WH, respectively, or generally
VH), a top quark-antiquark pair (ttH), or a single top quark (tH). In particular, the variation

−1.24 < κλ < 6.49 (CMS)

Self couplings

6

6 �

�

�

^_

6

6

�

�

Self coupling: direct
measurement with di-Higgs
production

Small cross-section due to
destructive interference of
dominant diagrams (Theory
prediction smaller for Ÿ⁄ = 1
than Ÿ⁄ = 0)

Search in H(““)H(bb̄) and
H(··)H(bb̄) channels with
multivariate methods

Close to excluding Ÿ⁄ = 0, long
way to SM sensitivity

Hannes Mildner HASCO summer school 2023 July 18, 2023 68 / 77
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 coupling HHVV
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uncertainties using the dataset: at the time of discovery ( July 2012)2,3; 
for the full Run 1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running69, cor-
responding to L = 3, 000 fb−1. The statistical uncertainties have been 
scaled by L1/ , the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H → µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas-
urements µ are shown in Extended Data Fig. 7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ‘invisible’ Higgs boson 
decays, which could be inferred from the presence of large pT

miss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70–72 yielded B < 0.16Inv.  at 95% CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure 5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc-
tion cross-section is found to be less than 3.4 times the SM expecta-
tion at 95% CL. Figure 5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run 2 data 
(35.9 fb−1)73, the present measurements using the full LHC Run 2 data 
(138 fb−1) and the projections for the HL-LHC (3,000 fb−1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure 6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier κλ and the quartic VVHH coupling 
modifier κ2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% CL. The red lines show the predicted 
cross-sections as functions of κλ or κ2V, which exhibit a characteristic 
dip in the vicinity of the SM values (κ = 1) owing to the destructive inter-
ference of the contributing production amplitudes, as highlighted in 
‘Higgs boson pair production’. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of κ. This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier κλ 
is in the range of −1.24 to 6.49, whereas the quartic κ2V coupling modi-
fier is in the range of 0.67 to 1.38. Figure 6 (right) shows that κ2V = 0 is 
excluded, with a significance of 6.6 s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. 1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con-
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60 years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138 fb−1, recorded at 13 TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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Fig. 6 | Limits on the Higgs boson self-interaction and quartic coupling. 
Combined expected and observed 95% CL upper limits on the HH production 
cross-section for different values of κλ (left) and κ2V (right), assuming the SM 
values for the modifiers of Higgs boson couplings to top quarks and vector 
bosons. The green and yellow bands represent the 1-s.d. and 2-s.d. extensions 

beyond the expected limit, respectively; the red solid line (band) shows the 
theoretical prediction for the HH production cross-section (its 1-s.d. 
uncertainty). The areas to the left and to the right of the hatched regions are 
excluded at the 95% CL.

Projections for High-Luminosity LHC:
0.52 < κλ < 1.5 → can exclude κλ = 0

0.67 < κ2V < 1.38 (CMS)
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