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Outline

• Historical and theoretical aspects

• Brief introduction to LHC, ATLAS, CMS

• Main decay channels with focus on H →γγ

• Combined results and prospects
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July 4 2012 at CERN
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After half a century, the discovery!
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and a few hours before...

4

http://blogs.discovermagazine.com/cosmicvariance/2012/07/03/live-blogging-the-higgs-seminar/#.VDZdG-evRBY

http://blackholekevinearthdestroyer.blogspot.ch/2012/07/higgs-dependence-day.html

http://blogs.discovermagazine.com/cosmicvariance/2012/07/03/live-blogging-the-higgs-seminar/#.VDZdG-evRBY
http://blogs.discovermagazine.com/cosmicvariance/2012/07/03/live-blogging-the-higgs-seminar/#.VDZdG-evRBY
http://blackholekevinearthdestroyer.blogspot.ch/2012/07/higgs-dependence-day.html
http://blackholekevinearthdestroyer.blogspot.ch/2012/07/higgs-dependence-day.html
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Press coverage
after July 4 2012

[Andreas Hoecker]
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Reactions to the discovery
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The Nobel Prize in Physics 2013 was awarded jointly to 
François Englert and Peter W. Higgs "for the theoretical 
discovery of a mechanism that contributes to our 
understanding of the origin of mass of subatomic particles, 
and which recently was confirmed through the discovery of 
the predicted fundamental particle, by the ATLAS and CMS 
experiments at CERN's Large Hadron Collider"

The top Breakthrough of the Year – the discovery of 
the Higgs boson – was an unusually easy choice, 
representing both a triumph of the human intellect 
and the culmination of decades of work by many 
thousands of physicists and engineers
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Reactions to the discovery
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Reactions to the discovery

• Massless electron → infinite Bohr 
radius, atoms lose integrity

• No chemistry, no life
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Reactions to the discovery

• Massless electron → infinite Bohr 
radius, atoms lose integrity

• No chemistry, no life

• 98% of the mass of the proton 
comes from binding energy 

• QCD confinement
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The Standard Model and the Higgs boson
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Higgs pre-history: summary
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1964  The “BEH mechanism”

Brout, Englert ; Higgs ; Guralnik, Hagen, Kibble

1967  “BEH mechanism” included in the EW theory (SM)

1973  Neutral current interactions observed at Gargamelle (CERN)

1983  W and Z bosons discovered at CERN SppS

2000  LEP excludes mH < 114.4 GeV

2011  Tevatron: 156-175 GeV excluded, LHC: hints around 125 GeV

2012  A new particle discovered at the LHC
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The Standard Model (SM) of particle physics
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• Unifies special relativity, 
quantum mechanics and 
field theory

• Describes electroweak 
and strong interactions 
between all known 
particles

• BEH mechanism gives 
mass to W,Z bosons 
(+ fermions)

• Survived last decades of 
experimental verification

• Higgs boson was (?) the 
only missing piece
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Gauge principle: Quantum electrodynamics (QED)

• Matter particles (fields) are fermions, obey Dirac equation:

• Gauge principle: 𝓛 invariant under local phase transformations
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Gauge principle: Quantum electrodynamics (QED)

• Fermion masses allowed

• Gauge-boson mass forbidden

• Photon mass term violates gauge invariance

• Massless photon “predicted” → consistent with observations: mγ < 10-18 eV 
(PDG)
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Gauge principle vs. masses in the SM

• Gauge group of the SM:    SU(3)C     ⊗    SU(2)L    ⊗    U(1)Y  and Lagrangian:

• Weak interactions short-ranged → massive gauge bosons (W±, Z)

• But mass terms break gauge invariance:

• Mass terms for fermions not allowed by SU(2)L ⊗ U(1)Y
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Break symmetry explicitly and abandon gauge principle ???
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Spontaneous symmetry breaking: BEH mechanism

• Only way to break gauge symmetry consistently is to spontaneously break 
the symmetry of the vacuum:

• Scalar field + potential with non-trivial minimum

• Goldstone theorem: SSB ↔ massless (Nambu-Goldstone) bosons

• But no bosons observed!

• Things work differently in 
gauge theories...
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Spontaneous symmetry breaking: BEH mechanism

• Only way to break gauge symmetry consistently is to spontaneously break 
the symmetry of the vacuum:

• Scalar field + potential with non-trivial minimum
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102 Chapter 5. The Standard Model and the Higgs boson

W±
µ = W †

µ, Wµ =
1p
2

�
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µ

�
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The remaining component W 3

µ mixes with Bµ via the Weinberg angle ✓W in such

a way to form two neutral bosons: the photon and the Z.
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Again, the non-abelian group symmetry predicts the existence of interactions

between the gauge bosons. There are triple gauge couplings and vertices involving

four bosons, always with the presence of a W pair.

This Lagrangian describes charged and neutral interactions associated with weak

decays, such as the phenomena mentioned in the beginning of the section. It in-

corporates QED and self-interactions between the gauge bosons. Nevertheless it is

in strong disagreement with experimental facts. The W±, the Z and the fermions

are massive objects, and mass terms for any of these particles violate explicitly the

gauge symmetry.

5.2 The Higgs mechanism

The contradiction pointed out in the last section left the theorists with a di�cult

question: should one brutally add the mass terms to the Lagrangian and abandon

gauge invariance with the nice properties associated such as renormalizability, or is

there an alternative to generate masses without breaking the symmetry explicitly?

The answer is yes and came from the work of Higgs, Englert, Brout and others

on the mechanism of spontaneous symmetry breaking. One introduces a doublet of

complex scalar fields �(x) and a scalar potential V (�) given by e.g.:

�(x) =

 
�+(x)

�0 (x)

!
(5.15)

V (�) = µ2 �†� + �
�
�†�

�
2

. (5.16)

The Lagrangian that includes this potential is invariant under SU(2)L ⌦ U(1)Y

transformations. The existence of minima is guaranteed by taking � > 0. The

usual choice µ2 > 0 gives a mass term for � and implies a trivial minimum of the

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

μ2 > 0 μ2 < 0

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/
http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/


Bruno Lenzi (CERN) Higgs physics and experimental results 21-25/10/2014

Spontaneous symmetry breaking: BEH mechanism

• Develop the theory around a point of minimum:
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Doublet of complex fields (4 degrees of freedom)
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Although the Lagrangian remains invariant under SU(2) ⌦ U(1), the choice of

a particular value for the ground state breaks the symmetry. This is illustrated in

fig. 5.1: the potential on fig. 5.1b is symmetric under rotations, but any minimum

chosen is not. One now has to develop the theory around a point of minimum, so

that the scalar doublet can be written in terms of real fields as following:

�(x) =
1p
2
ei �a

2 ✓a(x)
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!
. (5.18)

The local SU(2) invariance of the Lagrangian allows any choice of the fields ✓i(x).

In particular, taking ✓i = 0 in the so-called unitary gauge, the kinetic term of the

scalar field, using the covariant derivative from equation 5.10, becomes:

(Dµ�)† Dµ�! 1

2
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ZµZ
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We have obtained a kinetic term for a scalar field, interactions between the scalar

and the gauge bosons and mass terms for the gauge bosons given by:

MW = MZ cos ✓W =
1

2
gv . (5.20)

Out of the four degrees of freedom introduced by the scalar doublet, three were

absorbed by the longitudinal components of W± and the Z, and the remaining one

is the Higgs particle, with a mass MH =
p�2µ2 =

p
2�v. All that came from the

spontaneous symmetry breaking and the field redefinition in the unitary gauge.

Moreover, mass terms for the fermions (f) that would violate the gauge symmetry

are now allowed by the scalar doublet and its charge conjugate. In the unitary gauge

they take the form:

LY = �1

2
(v + H) �f f̄f . (5.21)

The couplings between fermions and the Higgs boson �f are arbitrary. They

are related to the fermion masses via mf = �f
vp
2

which are free parameters of the

theory.

Nambu-Goldstone 
bosons (massless)

Higgs boson 
(massive)

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/

246 GeV 
(from muon decay)

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/
http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/
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Spontaneous symmetry breaking: BEH mechanism

• Unitary gauge: 

• 3 NB bosons “eaten” by W±, Z bosons that become massive

• Higgs boson (1 d.o.f) with mH2 = -2μ2 = 2λv (free parameter) remains

• Was the only unknown parameter of the SM

• Mass terms for fermions allowed via Yukawa couplings (but not predicted)
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Spontaneous symmetry breaking: BEH mechanism

Four tasks of the Higgs boson / BEH mechanism in the SM:

• Hide electroweak symmetry (distinguish EM, weak interactions)

• Give masses to W±, Z (predicted)

• Give masses and mixings to fermions (free parameters)

• Keep EW theory from misbehaving

• Would break perturbative unitarity at ~1 TeV (WW scattering)
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Higgs profile and hunting (pre-history)
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Higgs hunting: 1976

22

Ellis, Gaillard, Nanopoulos, Nucl. Phys. B106, 292

J. Ellis et al. / Higgs boson 299. 

for example, the Weinberg-Salam model is embedded in a model with a higher simple 
group symmetry broken by the Higgs mechanism down to SU(2) X U(l), then this 
residual symmetry cannot also be broken by the Higgs mechanism. This and other 
aesthetic reasons including economy lead some people to prefer dynamical symmetry 
breaking. Unfortunately no calculable model exists, and the couplings of any physical 
composite Higgs fields in such a situation are unknown. If experiments do not find 
a Higgs boson of the type discussed here, dynamical symmetry breaking may be more 
attractive. 

2.3. Restrictions on the Higgs boson mass 

If we accept the simplest model discussed in subsect 2.1, what theoretical and 
phenomenological arguments restrict the Higgs mass m,? Jackiw and Weinberg [ 151 
considered the effect of the Higgs on calculations of the muon magnetic moment. 
They found that for mH sO(mp) 

(2.15) 

comparable with the effects of virtual W’ and Z0 exchanges, and impossible to dis- 
entangle from hadronic contributions in standard QED. If mH 9 m,, then (AgJH 

electran scattering 

xcluded by neutron -nucleus scattering 

r 0+-o’ transitions 

essible in n-p-Hn at low energies? 

accessible In K-n+H decay? 

sible in 3.7- 3.1.H decay? 

experiment ?? 

Higgs Boson Mass (MeV) 

Fig. 3. Present and possible future limits on the Higgs boson mass. 

“We apologize to experimentalists for 
having no idea what is the mass of the 
Higgs boson [...] 
For these reasons we do not want to 
encourage big experimental searches for 
the Higgs boson [...]”
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Higgs hunting: LEP (1989 - 2000)

• Running at Z pole mass, LEP-I excluded mH < 58 GeV

• LEP-II ran up to 209 GeV and excluded mH < 114.4 GeV 

23

(Z ! f̄f +H)

108 Chapter 5. The Standard Model and the Higgs boson

Figure 5.2: Theoretical limits on the Higgs boson mass from the triviality (upper
bound) and vacuum stability arguments (lower bound), as a function of the cut-o↵
⇤. Extracted from ref. [37].

process e+e� ! Z⇤ ! HZ is illustrated in fig. 5.3.

e�

e+

Z⇤

H

Z

Figure 5.3: Feynman diagram of the dominant production mechanism of the Higgs
boson at LEP2.

An excess of events close to MH = 116 GeV created great expectations close

to the end of LEP operations, but was not enough to claim a discovery. The final

analyses reduced the significance of this signal from 2.9� to 1.7�. The exclusion

limit for MH < 114.4 GeV was set at 95% confidence level (CL), compared with the

expected limit at 115.3 GeV, as shown in fig. 5.4.

Higgs searches have also been conducted at the Tevatron. Essentially two re-

gions are distinguished for the searches, according to the dominant decay modes.

The decay modes of the Higgs boson and its production in hadron colliders will be

discussed in section 5.5. In the low mass region (MH < 130 GeV), the Higgs decays

10
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Higgs mass @ LHC start: precision EW data

24

110 Chapter 5. The Standard Model and the Higgs boson
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Figure 5.5: Observed and expected 95% CL upper limits on SM Higgs boson pro-
duction at the Tevatron. Masses between 100 and 109 GeV, and between 158 and
175 GeV, for which the observed curve lies below 1, are excluded at 95% CL. Ex-
tracted from ref. [43].

top quark, the data is precise enough to constraint this parameter.

W W

W

H

(a)

W W

b

t

(b)

Figure 5.6: One-loop diagrams for the contributions to the W mass involving (a)
the Higgs boson and (b) the top quark.

Stringent limits are set from a global fit using all the observables, historically

by the LEP Electroweak Working Group [38] and more recently using the GFitter

toolkit [40, 45]. Both groups produce results either ignoring or including the direct

searches at LEP and the Tevatron. The values for GFitter are the following [45],

using the Tevatron results from July 2010:

mH = 93+25
�21 GeV

 [GeV]HM
60 70 80 90 100 110 120 130 140

2 r
6

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

m1

m2

SM fit

 measurementHSM fit w/o M

ATLAS measurement [arXiv:1207.7214]

CMS measurement [arXiv:1207.7235]

G fitter SM

M
ay 13

Best-fit @ 68% CL:

Higgs found just above 1σ!

Muon decay and the radiative corrections to the W boson mass

As discussed in §1.1.4, the W boson mass is related to α, Gµ and MZ , eq. (1.77). Including

the radiative corrections, one obtains the celebrated relation [86]

M2
W

(
1 −

M2
W

M2
Z

)
=

πα√
2Gµ

(1 + ∆r) (1.122)

The ∆r correction can be decomposed into three main components and can be written as [60]

1 + ∆r =
1

(1 − ∆α)(1 +
c2W
s2
W

∆ρ) − (∆r)rem

(1.123)

where the ∆α and ∆ρ contributions have been discussed previously and (∆r)rem collects the

remaining non–leading contributions. Among these are some non–quadratic but still sizable

corrections due to the top quark, additional light fermions contributions, as well as some

vertex and box corrections involved in muon decay [60]
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Note that the factorization of the light and heavy fermion contribution and the presence of

the three terms in the denominators of eq. (1.123) effectively sums many important higher–

order terms [56, 60], such as those of the form (∆ρ)2, (∆ρ∆α), (∆α∆rrem) at the two–loop

level and the light fermion contribution (∆α)n to all orders.

At one–loop, the Higgs boson has a contribution to (∆r) that is also only logarithmically

dependent on MH , as in the case of ∆ρ. For a heavy Higgs, MH # MW , it reads [86, 87]

(∆r)1−Higgs
rem $

GµM2
W

8
√

2π2

11

3

(
log

M2
H

M2
W

−
5

6

)
(1.125)

Again, the quadratic correction ∝ M2
H appears only at the two–loop level.

The complete two–loop bosonic corrections to ∆r have been calculated recently [88]

including the full MH dependence and were found to be very small: a few times ×10−5 for

MH values in the range between 100 GeV and 1 TeV. There are also two–loop electroweak

corrections stemming from fermions; the main contribution is in fact contained in ∆ρ but

there is an extra piece contributing to (∆r)rem which, however, is small [66, 67]. Hence, the

theoretical knowledge of the W mass is rather precise, being approximately the same as for

the electroweak mixing angle.
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SM Higgs couplings

• Higgs couplings predicted:

25

We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs boson, as some higher–order effects are

effectively absorbed in this way. The Higgs couplings to fermions, massive gauge bosons as

well as the self–couplings, are given in Fig. 1.2 using both v and Gµ. This general form of

the couplings will be useful when discussing the Higgs properties in extensions of the SM.

•H

f

f̄

gHff = mf/v = (
√

2Gµ)1/2 mf × (i)

•H

Vµ

Vν

gHV V = 2M2
V /v = 2(

√
2Gµ)1/2 M2

V × (−igµν)

•H

H

Vµ

Vν

gHHV V = 2M2
V /v2 = 2

√
2Gµ M2

V × (−igµν)

•H
H

H

gHHH = 3M2
H/v = 3(

√
2Gµ)1/2 M2

H × (i)

•H

H

H

H

gHHHH = 3M2
H/v2 = 3

√
2Gµ M2

H × (i)

Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–
couplings in the SM. The normalization factors of the Feynman rules are also displayed.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q2) =
i

q2 − M2
H + iε

(1.49)
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SM Higgs couplings

• Higgs couplings predicted:

• Trick: (1 + h / v) in mass terms (not true for derivatives)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this chapter, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.
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Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
δV

√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
H

(2.27)

with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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SM Higgs partial decay widths

• Couplings proportional to mass → decays to heaviest particles kinematically 
accessible (with many exceptions)

• Tree-level decays to fermions (NC = 3 for quarks, 1 for leptons):

• Threshold effect depend on velocity: β3 for scalar, β for pseudo-scalar

• Tree-level decays to (on-shell) gauge-bosons (NV = 2 for W, 1 for Z):
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the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given
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2.2 Decays into electroweak gauge bosons

2.2.1 Two body decays

Above the WW and ZZ kinematical thresholds, the Higgs boson will decay mainly into pairs

of massive gauge bosons; Fig. 2.9a. The decay widths are directly proportional to the HV V

couplings given in eq. (2.2) which, as discussed in the beginning of this chapter, correspond

to the JPC = 0++ assignment of the SM Higgs boson spin and parity quantum numbers.

These are S–wave couplings, ∼ !ε1 · !ε2 in the laboratory frame, and linear in sin θ, with θ

being the angle between the Higgs and one of the vector bosons.
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Figure 2.9: Diagrams for the Higgs boson decays into real and/or virtual gauge bosons.

The partial width for a Higgs boson decaying into two real gauge bosons, H → V V with

V = W or Z, are given by [32, 145]

Γ(H → V V ) =
GµM3

H

16
√

2π
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√
1 − 4x (1 − 4x + 12x2) , x =

M2
V

M2
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with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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SM Higgs width
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SM Higgs decays to off-shell gauge bosons

Important for low mass Higgs (two of the main discovery channels)

29
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with δW = 2 and δZ = 1. For large enough Higgs boson masses, when the phase space factors

can be ignored, the decay width into WW bosons is two times larger than the decay width

into ZZ bosons and the branching ratios for the decays would be, respectively, 2/3 and 1/3

if no other decay channel is kinematically open.

For large Higgs masses, the vector bosons are longitudinally polarized [159]

ΓL

ΓL + ΓT
=

1 − 4x + 4x2

1 − 4x + 12x2

MH!MV−→ 1 (2.28)

while the L, T polarization states are democratically populated near the threshold, at x =

1/4. Since the longitudinal wave functions are linear in the energy, the width grows as the

third power of the Higgs mass, Γ(H → V V ) ∝ M3
H . As discussed in §1.4.1, a heavy Higgs

boson would be obese since its total decay width becomes comparable to its mass

Γ(H → WW + ZZ) ∼ 0.5 TeV [MH/1 TeV]3 (2.29)

and behaves hardly as a resonance.
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SM Higgs decays: loop-induced processes

• H → gg: completely dominated by top-quark (in the SM)

• Hopeless as a decay at the LHC, but important for production

• H → γγ and Zγ: destructive interference between W (dominant) and top-quark

• H → γγ  is one of the cleanest decays at the LHC
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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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SM Higgs boson decay branching-ratios

Couplings proportional to mass → decays to particles with heaviest particles 
accessible (with many exceptions)

@ 125.5 GeV, most decay modes accessible experimentally!
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SM Higgs production modes at the LHC

32

Production mechanisms
Gluon-fusion Vector boson fusion (VBF)
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Gluon fusion cross section

33

• Corrections ~100%!

• Scale (missing higher orders) and 
parton distribution function (gluon) 
uncertainties around 7-8% each

• NNLL re-summation of soft QCD 
radiation included

• N3LO on the way (first of a kind), 
could give additional ~5-15% 
increase

  

Higgs boson cross section:Higgs boson cross section:
The Gluon Fusion channelThe Gluon Fusion channel

Perturbative Corrections:
● NLO QCD corrections known exactly (with 

top-bottom interference)
● NNLO QCD corrections (in HQET)
● subleading terms in the m_H/(2m_t) expansion
● EW corrections known
● mixed QCD EW corrections

Resummation:
● Soft gluon NNLL, Pi^2    
● Transverse momentum resummation to NNLL

(now also with exact top and bottom dependence)
● Jet transverse momentum and cone size R to NNLL
● Approximate N3LO 

Tools: 
● mc@nlo, powheg, higlu, HNNLO, Hres, Hqt, 

Fehip, FehiPro (code was never published), 
Hpro, Ihixs, Ehixs (next slide)

  

[graphics by A.Lazopoulos]
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The SM Higgs boson at the LHC
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Production mechanisms
Gluon-fusion Vector boson fusion (VBF)
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Decay modes
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• Main channels (bosonic): H → γγ, H → ZZ* → 4ℓ, H → WW* → ℓνℓν

• Fermionic modes (associated production): (VBF) H → τ τ, (W/Z) H → bb

• Rare decays: H → Zγ, H → μμ

Associated with tt (or bb)

~0.5M ~40k

~20k/10k
~3k/5k

(events produced)



LHC, ATLAS and CMS
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p+p collisions

• Hadron colliders are (usually) good discovery machines...

• Easier to achieve higher energies than with e+e- (synchrotron radiation ~ m-4)

• “Automatic” energy scanning

• Partons carry a fraction of the proton energy

• Gluons dominate at intermediate x

37

The large gluon collider
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p+p collisions

• ...with some drawbacks

• Only part of the energy available for collisions

• Unknown boost along beam-axis

• Low energy collisions dominate

• Huge QCD background and large theoretical
uncertainties
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p+p collisions: kinematics

• Momentum conserved in transverse plane: 

• Directions expressed in pseudo-rapidity η and ϕ

• Particle production ~ constant in rapidity y

• Δy is invariant under boosts along z
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The Large Hadron Collider (LHC)

• Large accelerator complex, 27 km ring

• LEP tunnel (1985) ~100m underground

• Circular collider: energy increased at
each turn (limited by bending power)

• 2-3h to recover beams on a good day

• p+p collisions up to 14 TeV @ 40 MHz 
(nominal)

• 7-8 TeV @ 20 MHz in run-1 (2010 - 2012)

• Also Pb+Pb and p+Pb

• Multi-purpose (ATLAS, CMS) and 
specialized experiments (ALICE, LHCb, ...)
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The Large Hadron Collider (LHC)
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7568 Quench detection systems   
1088 Beam position monitors 
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150 tonnes Helium, ~90 tonnes at 1.9 K 
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LHC collision, another one coming in 25 ns...
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The ATLAS and CMS experiments

• More than 3000 people from ~40 countries in each collaboration

• Detector design and construction with Higgs search in mind (+SM and BSM searches)
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The ATLAS and CMS experiments
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80 Mpixel cameras...

...taking 40M pictures / s
(storing ~300)
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LHC collisions and pile-up
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• Collisions at 40 MHz, 
events recorded @ ~300 Hz,
~90% used for analyses

• Multiple collisions per LHC 
bunch crossing (~20 in 2012)

• Experimental conditions 
beyond detector design 
capabilities

• Clean signatures: leptons 
(e,μ) and photons

• Increasingly difficult: 
(b-)jets, taus, missing 
transverse energy

Z → μμ + ~25 interactions
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LHC collisions and pile-up
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• Collisions at 40 MHz, 
events recorded @ ~300 Hz,
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• Multiple collisions per LHC 
bunch crossing (~20 in 2012)
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• Clean signatures: leptons 
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The ATLAS and CMS experiments
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Detector challenges: low PT charged particles
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Techniques: particle-flow and isolation

• Particle-flow: combine the information from several detectors

• Can improve resolution and pileup rejection

• Isolation: activity around the particle

• Leptons and photons from H, W, Z decays vs. jets
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The Standard Model at work
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1 Higgs boson produced every 1010 events
...and many others look-alike


