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Motivations
Why Stop Worrying and Love the Higgs…

The Higgs is an exhibitionist…
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From a physicist’s point of view:

From a young physicist’s point of view:
The Higgs boson has been discovered in our lifetime



Motivations
It is everywhere…From a particle’s point of view:

Why Stop Worrying and Love the Higgs…



Motivations
It is everywhere…From a particle’s point of view:

From  our children’s point of view:
The Higgs boson might hold the key for the fate of the universe

Why Stop Worrying and Love the Higgs…



Motivation
From a poet’s point of view:

The Higgs field is like… 

Cotton candy!

A crowded room!

Air!

Snow!

Water!

Strassler

Ellis

Giudice

P. Higgs

top
electron

Why Stop Worrying and Love the Higgs…



Motivation
From a heavy particle’s point of view:

The Higgs discriminates between particles, 
and gives (some of them*) different masses

*=remember that 99% of the universe mass 
 comes from QCD in the proton mass

Why Stop Worrying and Love the Higgs…



Motivation
From a heavy particle’s point of view:

The Higgs discriminates between particles, 
and gives (some of them*) different masses

*=remember that 99% of the universe mass 
 comes from QCD in the proton mass

From a perfectionist’s point of view: The Higgs mechanism shows that things 
might be more ordered than they look

Why Stop Worrying and Love the Higgs…



Motivation
From a theorist’s point of view:

The Higgs closes the door to what we know…

… but perhaps it will leave a window open into the unknown

New Physics at TeV

No New Physics at TeV

Why Stop Worrying and Love the Higgs…



Motivation
Finally… The Higgs hides a secret, the “hierarchy problem”: 

Is it ok to have such a large separation of scales, 
given that scales mix with each other at the 
quantum level?

Is “Naturalness” a principle of Nature?

Why Stop Worrying and Love the Higgs…



Motivation
Finally… The Higgs hides a secret, the “hierarchy problem”: 

Is it ok to have such a large separation of scales, 
given that scales mix with each other at the 
quantum level?

Is “Naturalness” a principle of Nature?

Why Stop Worrying and Love the Higgs…

...”elementary particles with properties 
of the Higgs are unlikely to be 
observable at measurable energies...” 
Wilson (Nobel 1936)



Outline
1. Before the Standard Model  (B-1SM) 

2. Standard Model (SM) 

3. Beyond the Standard Model (BSM)

What do vectors need to be massive?
The SM without Higgs boson?

 Why was LHC built?

How is it defined?
How predictive is it?

How do we search for the Higgs boson?

How has the Higgs discovery changed our picture of BSM?
Hierarchy Problem?

How can physics BSM impact Higgs phenomenology?



Part I 

Before the Standard Model (B
-1

SM) 

(Higgs: the missing piece of what puzzle?)

?



In Nature we observe both massless (  ) and massive vectors (W   Z)� ±

…both mediate fundamental interactions, but differ in a crucial aspect:

Massless: 2 degrees of freedom

Polarizations: ✏µ = (a, b, c,
d)k = (1, 0, 0,

1) k.k = 0
✏T1
µ

✏T2
µ

/ kµ

✏µ✏
µ

Momentum: = ✏Lµ
(✏.k=0)

+ +

(Arbuzov lectures)

In physical quantities (e.g. norm): 

hA|Ai ⇠
= ✏T .✏

T+2✏
T .✏

L+✏L .✏
L

�

A story of degrees of freedom - (2➜3)
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No, discontinuity in the m➜0 limit!
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“missing link”
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A story of degrees of freedom - (2➜3)
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Another important aspect: Gauge invariance
(or how democracy shows up in the mathematical world)

How could a    be described by a Lorentz Vector      ?
�

Aµ

2 d.o.f.

4 d.o.f. 4 Legs Good  2 legs better

A story of degrees of freedom - (4➜2)
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Another important aspect: Gauge invariance
(or how democracy shows up in the mathematical world)

How could a    be described by a Lorentz Vector      ?
�

Aµ

2 d.o.f.

4 d.o.f. 4 Legs Good  2 legs better

Global Symmetry:
All animals  

are equal

Different mathematical descriptions 
=  

Same physical system 

(e.g. translational invariance)

Local Symmetry: So much symmetry, that even an entire d.o.f. can 

become part of the same redundant description of the 

same physical system!

Aµ ! Aµ + @µ↵(x)…some are more  
equal than others

Action must be invariant under:
Wµ ! UWµU

�1 + @µUU�1

(                         
                for          non-abelian)

U2G

(In fact, 1864 Maxwell’s equations are gauge-invariant - although initially unnoticed)

A story of degrees of freedom - (4➜2)



massive vector = massless gauge vector + 1 scalar d.o.f.

Massive Vectors
Aµ �

4➙2➙3



massive vector = massless gauge vector + 1 scalar d.o.f.

Massive Vectors
Aµ �

4➙2➙3
Aµ ! Aµ + @µ↵(x) � ! �+ ↵(x)



massive vector = massless gauge vector + 1 scalar d.o.f.

Massive Vectors
Aµ �

4➙2➙3
Aµ ! Aµ + @µ↵(x) � ! �+ ↵(x)

Simplest gauge-redundant Lagrangian: L = �1

4
Fµ⌫F

µ⌫ � m2

2
(@µ��A)2

(for                    is a mass term)↵(x) = ��(x)



massive vector = massless gauge vector + 1 scalar d.o.f.

Massive Vectors
Aµ �

4➙2➙3
Aµ ! Aµ + @µ↵(x) � ! �+ ↵(x)

Massive photon= photon + phase of Cooper ee pair m = 0

m 6= 0

Exemple: Meissner effect
EM field decays exponentially inside superconductor

Simplest gauge-redundant Lagrangian: L = �1

4
Fµ⌫F

µ⌫ � m2

2
(@µ��A)2

(for                    is a mass term)↵(x) = ��(x)
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Massive Vectors
Aµ �

4➙2➙3
Aµ ! Aµ + @µ↵(x) � ! �+ ↵(x)

Massive photon= photon + phase of Cooper ee pair m = 0
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Non-abelian symmetry = self-interactions
Trouble in WLWL  scattering…
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Massive Vectors in the SM?
Can this work for the SM                         symmetry?SU(2)L ⇥ U(1)Y

Non-abelian symmetry = self-interactions
Trouble in WLWL  scattering…

Unitarity violated  

(probability for scattering>1) 

➙New Physics at TeV
 necessary!

Why? Fields that transform as                        are very special in physics: 
they are Goldstone bosons of a spontaneously broken symmetry

� ! �+ ↵

They appear with derivatives ➙ their interactions grow with Energy 

So what’s going on? They are necessarily only the low energy manifestation 
of a more complicated microscopic theory! 

(non-linear transformation)

???

(massive vectors)E
4⇡v

4⇡
v
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✓
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◆

(approximate)



- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

✓
uR

dR

◆✓
uL

dL

◆

(approximate)

Quark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

SU(2)L=R



But, for                               pion   quarks

- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

quarks

GBs only 

✓
uR

dR

◆✓
uL

dL

◆

4⇡f⇡

(approximate)

EQuark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

E & 4⇡f⇡ ' 1GeV

SU(2)L=R



But, for                               pion   quarks

- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

quarks

GBs only 

✓
uR

dR

◆✓
uL

dL

◆

4⇡f⇡

(approximate)

EQuark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

E & 4⇡f⇡

(*= Interestingly this would give mass to the W,Z bosons mW≈50MeV… for this reason physicists have 
proposed a new version of QCD - Technicolor - with                             to explain the W,Z masses)f⇡ = 246GeV

For U(1)

' 1GeV

SU(2)L=R



But, for                               pion   quarks

- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

quarks

GBs only 

✓
uR

dR

◆✓
uL

dL

◆

4⇡f⇡

(approximate)

EQuark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

E & 4⇡f⇡

(*= Interestingly this would give mass to the W,Z bosons mW≈50MeV… for this reason physicists have 
proposed a new version of QCD - Technicolor - with                             to explain the W,Z masses)f⇡ = 246GeV

For U(1)

' 1GeV

- …anything with a simpler UV completion? The Higgs mechanism:
Not just     but…�

� = 'ei�
Linear rep.

non-linear (G.B.)

(See Arbuzov’s lecture2)

SU(2)L=R



But, for                               pion   quarks

- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

quarks

GBs only 

✓
uR

dR

◆✓
uL

dL

◆

4⇡f⇡

(approximate)

EQuark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

E & 4⇡f⇡

(*= Interestingly this would give mass to the W,Z bosons mW≈50MeV… for this reason physicists have 
proposed a new version of QCD - Technicolor - with                             to explain the W,Z masses)f⇡ = 246GeV

For U(1)

' 1GeV

- …anything with a simpler UV completion? The Higgs mechanism:
Not just     but…�

� = 'ei�
Linear rep.

non-linear (G.B.)

' ! v + '̃Potential

v

(See Arbuzov’s lecture2)

� '̃ Higgs boson

SU(2)L=R



But, for                               pion   quarks

- Pions in QCD: 

Exemples of Goldstone bosons
SU(2)L⇥SU(2)RQuarks          ,           have                            symm.

quarks

GBs only 

✓
uR

dR

◆✓
uL

dL

◆

4⇡f⇡

(approximate)

EQuark Confinement

hqLqRi 6= 0 breaks it*: 3 GBs⇡±,⇡0

E & 4⇡f⇡

(*= Interestingly this would give mass to the W,Z bosons mW≈50MeV… for this reason physicists have 
proposed a new version of QCD - Technicolor - with                             to explain the W,Z masses)f⇡ = 246GeV

For U(1)

' 1GeV

- …anything with a simpler UV completion? The Higgs mechanism:

GBs  
(massive vectors) 

+ 
higgs

MPLNot just     but…�

� = 'ei�

-Linear reps can be fundamental 
(no problem with derivative couplings and E-growth)

Linear rep.

non-linear (G.B.)

' ! v + '̃Potential
'̃

-But an additional state necessary 
(to extend non-linear into linear) 

v

(See Arbuzov’s lecture2)

� '̃ Higgs boson E

SU(2)L=R
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How to make the SM Valid to arbitrary High-E?
1. Take linear repr. of SU(2)LxU(1)Y

(SM: smallest rep.>3)

or equivalently SU(2)LxSU(2)R

⇢

(More technical, unusual,but more rewarding…)

H = (H+, H0)

⌃=

✓
H0⇤ H+

�H+⇤ H0

◆
(2, 1/2)

(2,2)

H+=h1+ih2

H0=h+ih0
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How to make the SM Valid to arbitrary High-E?
1. Take linear repr. of SU(2)LxU(1)Y

(SM: smallest rep.>3)

or equivalently SU(2)LxSU(2)R

⇢

(More technical, unusual,but more rewarding…)

H = (H+, H0)

⌃=

✓
H0⇤ H+

�H+⇤ H0

◆
(2, 1/2)

(2,2)

BEH

2. Build general symmetric Lagrangian

L = LW,B, 
kin + |DµH|2 � V (|H|) + (y LH R + h.c.) +
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Part II 

the Standard Model (SM) 

Indeed…



the SM
To complete the SM, the only piece of information that was missing was:
We found a Higgs boson with mass mh =125 GeV

B-1SM
SM

mh=125 GeV
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Tree-level

Higgs boson couples (at tree level)  
proportionally to mass
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Higgs Physicsthe SM - loop level
Tree-level

V = W±, Z

f

h

Loop-level
The SM is a renormalizable theory: 
Infinite loops are unobservable, 
but finite loops are measurable! 

2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.

88
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generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.
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For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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1.2.2 The electroweak radiative corrections

The electroweak radiative corrections can be cast into three main categories; Fig. 1.4:

a) The fermionic corrections to the gauge boson self–energies. They can be divided them-

selves into the light fermion f ̸= t contributions and the contribution of the heavy

top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.

c) Vertex corrections to the Z decays into fermions, in particular into bb̄ pairs, and vertex

plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are

also direct box corrections, but their contribution at the Z–peak is negligible.

a) f

V V
•• •• g

q

••

q

b)

••

H

W/Z W/Z
•• H •• H

t

c)

•

•

•t

t̄

b

b̄

Z
W •

•

•
•

µ−

νµ

e−

ν̄e
W

Z

Figure 1.4: Generic Feynman diagrams for the main electroweak radiative corrections: a)

fermionic contributions to the two–point functions of the V = W/Z bosons, b) Higgs boson

contributions to the two–point functions and c) vertex and box corrections.

The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is

the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly

concentrate by studying three important quantities, ∆ρ, ∆r and the Zbb̄ vertex.

35

…
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since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.

88

1.2.2 The electroweak radiative corrections

The electroweak radiative corrections can be cast into three main categories; Fig. 1.4:
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selves into the light fermion f ̸= t contributions and the contribution of the heavy

top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.
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plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are
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The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2
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0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is
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For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-
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when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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selves into the light fermion f ̸= t contributions and the contribution of the heavy

top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.

c) Vertex corrections to the Z decays into fermions, in particular into bb̄ pairs, and vertex

plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are

also direct box corrections, but their contribution at the Z–peak is negligible.
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fermionic contributions to the two–point functions of the V = W/Z bosons, b) Higgs boson

contributions to the two–point functions and c) vertex and box corrections.

The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is

the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly

concentrate by studying three important quantities, ∆ρ, ∆r and the Zbb̄ vertex.
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1.2.2 The electroweak radiative corrections

The electroweak radiative corrections can be cast into three main categories; Fig. 1.4:

a) The fermionic corrections to the gauge boson self–energies. They can be divided them-

selves into the light fermion f ̸= t contributions and the contribution of the heavy

top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.

c) Vertex corrections to the Z decays into fermions, in particular into bb̄ pairs, and vertex

plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are

also direct box corrections, but their contribution at the Z–peak is negligible.
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fermionic contributions to the two–point functions of the V = W/Z bosons, b) Higgs boson

contributions to the two–point functions and c) vertex and box corrections.

The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is

the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly

concentrate by studying three important quantities, ∆ρ, ∆r and the Zbb̄ vertex.
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Predictions: Higgs before the Higgs

1.2.2 The electroweak radiative corrections

The electroweak radiative corrections can be cast into three main categories; Fig. 1.4:
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top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.

c) Vertex corrections to the Z decays into fermions, in particular into bb̄ pairs, and vertex

plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are

also direct box corrections, but their contribution at the Z–peak is negligible.
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Figure 1.4: Generic Feynman diagrams for the main electroweak radiative corrections: a)

fermionic contributions to the two–point functions of the V = W/Z bosons, b) Higgs boson

contributions to the two–point functions and c) vertex and box corrections.

The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is

the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly

concentrate by studying three important quantities, ∆ρ, ∆r and the Zbb̄ vertex.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
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the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.
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•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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How to see a Higgs boson?
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Large cross-section, 
… invisible neutrino steels  
some kinematic information  
(no mass reconstruction)

h ! W+W�⇤
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How to see a Higgs boson?
The Golden Channel!h ! ZZ⇤

≈ 7% of the times Z decays to e,μ

Very good mass resolution
Very good background discrimination
At least one Z always off-shell
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How to see a Higgs boson?

Very small rate ≈0.02%
h ! µ̄µ



Summary from RUN 1- mass

mh = 125.09± 0.24GeV

Combined Mass measurement:

A very precise measurement: 2‰ 
This was the only missing piece of information, necessary to complete the SM:

everything else is a prediction within the SM!



Summary from RUN 1- couplings
Coupling Measurements*:

*Unlike mh, couplings are not actually free parameters in the SM (remember they are proportional to known particle 
masses)…so what is this plot showing?
Every rate is rescaled by an independent factor (signal strength - μ), that is used in the fit to data.
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Summary from RUN 1- couplings
Coupling Measurements*:

*Unlike mh, couplings are not actually free parameters in the SM (remember they are proportional to known particle 
masses)…so what is this plot showing?
Every rate is rescaled by an independent factor (signal strength - μ), that is used in the fit to data.

SM Higgs
This is certainly a Higgs, responsible  
for EW symmetry breaking!

SM 
Higgs

A generic  
scalar

Mass/coupling relation:


