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What is the Higgs boson?

God particle

Particle that gives mass to 
other particles

Oscillations of the field 
that breaks EW symmetry 
and gives mass to other 
particles

 Particle that ensures 
consistency of theories 
with massive vector 
bosons

- There can be mass without Higgs,   
e.g. RH neutrino Majorana masses, 

proton mass in QCD, etc. 
- Actually most of mass in the Universe
probably does not originate from Higgs
- There can even be mass of SM  vector  

bosons and fermion without Higgs, 
e.g. technicolor theories



What is the Higgs boson?

God particle

Particle that gives mass to 
other particles

Oscillations of the field 
that breaks EW symmetry 
and gives mass to 
fundamental particles

 Particle that ensures 
consistency of theories 
with massive vector 
bosons

Symmetric potential
develops instability

Spontaneous
symmetry
breaking

Masses for 
W and Z bosons

via ABEH mechanism

gL, gY are known couplings 
of SU(2)L x U(1)Y 

It follows v = 246 GeV
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Massive Higgs boson
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(Figure 1). The analytic results of A+−00 at tree-level are in appendix A. t(0)IJ (s) contains the

anomalous coupling a but b does not enter at tree-level. t(4)IJ (s) includes tree-level contribu-

tions from ai counter-terms (see appendix A for analytic result) and the one-loop corrections

to the diagrams in Figure 1. At one-loop level, the b parameters enters t(4)IJ (s) by the one-loop

expression of A+−00 calculated in ref. [16].
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FIG. 1: Diagrams contributing to A(s, t, u) at tree level.

III. SCRUTINY OF THE TREE-LEVEL AMPLITUDES t(0)00 , t
(0)
20 AND t(0)11

For values of a different from 1, the WLWL scattering amplitudes exhibit rather different

behaviour with respect to the MSM case a = 1. The most important difference is that

the |tIJ | < 1 unitarity bound is violated at tree-level pretty quickly. We shall see later

how to restore unitarity with the help of higher loops and counter-terms but in this section

we concentrate on the peculiarities of the tree level amplitudes t(0)00 , t(0)20 and t(0)11 . Here

the partial wave amplitudes are studied in the complete theory, namely away from the ET

approximation. This is a key point since there are interesting kinematical features of t(0)IJ

that are totally missed in the ET approximation, such as the presence of sub-threshold

singularities and zeroes of t(0)IJ absent in ET approximation. Some of these features will be

crucial in our analysis.

In order to study the behaviour of t(0)IJ , we will establish three different regions according

to the range of the values of a = 1, a > 1 and a < 1.

7

What is the Higgs boson?
- Separately, WW scattering amplitudes without Higgs grow as  collision energy 
squared   
- This would lead to perturbative unitarity violation at energies of order 
1 TeV
- But amplitudes with Higgs exchange precisely cancel that growing terms, leading 
to total amplitude asymptoting to a constant at high energies
- Thanks to that,  SM is perturbatively unitary up to very high energy scales 
(infinite scales, if we ignore gravity)
- A Higgs boson is not the only way to ensure perturbative unitarity, but it is the 
simplest and most efficient way
  



Couplings to 
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Ensures unitarity of 
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We know a Higgs particle has been discovered...

where do we stand

04/07/2012



Significance in CMS, from CMS-PAS-HIG-13-005  Significance in ATLAS from ATLAS-CONF-2013-034  

...because LHC experimentalists told us so

We know a Higgs particle has been discovered...

where do we stand

summer 2013

http://cds.cern.ch/record/1542387
http://cds.cern.ch/record/1542387


where do we stand

...because CERN DG told us so

We know a Higgs particle has been discovered...

particle discovered at CERN 
is a Higgs boson

summer 2013



Higgs: what do we know

...because Nobel Committee told us so

We know a Higgs particle has been discovered...

08/10/2013



...because I told you so ;)

We know a Higgs particle has been discovered...

where do we stand



What are have we been  
looking for
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Higgs: Production

- Fairly large production cross section
- About a million Higgs bosons produced so far at LHC!
- Several distinct production mechanisms  that can be 
experimentally separated 



Higgs: Decay

- Roughly, Higgs decays to the heaviest pair of SM particles that is kinematically 
available
- Heavy Higgs would decay mostly to massive gauge bosons and top quarks 
- Light Higgs would decay mostly to b-quarks and tau leptons
- Intermediate mass Higgs (∼125 GeV) is the best of all possible worlds for 
experimentalists 
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Higgs: Decay



What experimental data 
have we got so far



Higgs: diphoton channel

- Small deficit of inclusive rate:
μ = 0.77 ± 0.27 

- Interesting excess in 7 TeV data in 
not borne out in 8 TeV 
- Mass measured at:
         mh = 125.0 ± 0.7 GeV  

- ∼2σ excess of inclusive rate:
μ = 1.65 ± 0.32 

- Excess quite stable from 7 to 8 TeV
- Best fit mass measured at:
         mh =126.8 ± 0.2 ± 0.7 GeV  

γγ

Larger rate and slightly 
smaller mass for cut based 

analysis

h h



Higgs: what do we know from experiment

- Rate in good agreement with SM:
μ = 0.92 ± 0.28  

- Mass measured at:
         mh = 125.8 ± 0.6 GeV  

- Rate in decent agreement with SM 
μ = 1.7 ± 0.4 

- Best fit mass measured at:
         mh = 124.3±0.7 GeV  

(for mh = 125.5 GeV: μ=1.41+0.42-0.33)

ZZ



Higgs: WW channel

WW

- Rate in perfect agreement with SM 
μ = 0.98±0.30

Mass resolution much 
worse in this channel

- Rate in decent agreement with SM 
μ = 0.72±0.20 



progress in ττ channel

ττ

- Rate slightly larger than in SM 
μ = 1.4-0.4+0.5 

Mass resolution much 
worse in this channel

- Rate in good agreement with SM 
μ = 0.87±0.29 



Higgs: other channels

Searches in the h→bb+W/Z 
channel not conclusive yet

Two other channels  h→ Zγ, 
h→μμ have not reached 
sensitivity to the signal 
expected from the SM Higgs 
bosoh

Besides,
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Higgs: Production

- Fairly large production cross section
- About a million Higgs bosons produced so far at LHC!
- Several distinct production mechanisms  that can be 
experimentally separated 



B. Di Micco Combinations of Results of Hi#s production in a$ decay channels @LHC Moriond- QCD 2014
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Figure 4: The 68% (solid lines) CL region for the signal strength in the gluon-gluon-fusion-plus-
ttH and in the VBF-plus-VH production mechanisms, µggH+ttH and µVBF+VH, respectively. The
different colours show the results obtained by combining data from each of the five analysed
decay modes: gg (green), WW (blue), ZZ (red), tt (violet), bb (cyan). The crosses indicate the
best-fit values. The diamond at (1,1) indicates the expected values for the SM Higgs boson. A
combination of the different decay modes is not possible without making assumptions on the
relative branching fractions.
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Figure 5: Likelihood scan versus µVBF (left) and µVH (right). The solid curve is the data. The
dashed line indicates the expected median results in the presence of the SM Higgs boson. Cross-
ings with the horizontal thick and thin red lines denote the 68% CL and 95% CL intervals.

i: bin of the likelihood fit. 
N i

sig. = µggF+ttH

�
N i

ggF +N i
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�
+

µV BF+V H

�
N i

V BF +N i
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�

Combined fit to all categories, assuming the same signal strength for 
low  sensitive production modes (ttH, VH) and  the high sensitive 
ones (ggF, VBF).
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, respec-
tively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in the
second column specify the contributions of the statistical uncertainty (top), the total (experimental and
theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal cross
section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the dis-
tributions of the likelihood ratios from which the total uncertainties are extracted are overlaid. Changes
with respect to published results are reported in the text.

µVBF/µggF+ttH = 1.4 ±+0.5
�0.4 (stat) +0.4

�0.2 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�136

level that a fraction of Higgs boson production occurs through VBF.137

5 Coupling fits138

Please note that a bug causing a 2% change in mu(gg! H ! WW) is not corrected yet for the coupling139

results and plots in this section and could result in 1-2% changes to some central values.140

In the previous section signal strength scale factors µi, f for either the Higgs boson production or decay141

modes are discussed. However, for a consistent measurement of Higgs boson couplings, production and142

decay modes cannot be treated independently.143

5.1 Framework for coupling scale factor measurements144

Following the framework and benchmarks as recommended in Ref. [13], measurements of coupling scale145

factors, using the combination of all analyses and channels summarized in Table 1, are implemented146
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Figure 2: Likelihood contours in the (µ f
ggF+ttH , µ

f
VBF+VH) plane for the channels f=H! ��,

H!ZZ⇤! 4`, H!WW⇤! `⌫`⌫, H ! ⌧⌧ and a Higgs boson mass mH = 125.5 GeV. The sharp lower
edge of the H!ZZ⇤! 4` contours is due to the small number of events in this channel and the require-
ment of a positive pdf. The best-fit values to the data (⇥) and the 68% (full) and 95% (dashed) CL
contours are indicated, as well as the SM expectations (+).

5 Coupling fits

In the previous section signal strength scale factors µ f
i for given Higgs boson production or decay modes

are discussed. However, for a measurement of Higgs boson couplings, production and decay modes
cannot be treated independently. Scenarios with a consistent treatment of Higgs boson couplings in
production and decay modes are studied in this section. All uncertainties on the best-fit values shown in
this Section take into account both experimental and theoretical systematic values.

5.1 Framework for coupling scale factor measurements

Following the leading order (LO) tree level motivated framework and benchmarks recommended in
Ref. [14], measurements of coupling scale factors are implemented for the combination of all analyses
and channels summarised in Table 1. This framework is based on the following assumptions:

• The signals observed in the di↵erent search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

• The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation is used. Hence the product � ⇥ BR(i ! H ! f ) can be decomposed in the following way
for all channels:

� ⇥ BR(i! H ! f ) =
�i · �f

�H
,

where �i is the production cross section through the initial state i, �f the partial decay width into
the final state f and �H the total width of the Higgs boson.

• Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into
account, while the tensor structure of the couplings is assumed to be the same as in the SM. This
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors k j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor k2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e↵ective scale factors kg and kg for the processes H ! gg and gg ! H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors kt,
kb, kW, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e↵ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section
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ttH couplings

22

gg→ttH (H→bb)→WbWb bb→ lν lνbb, lνqqbb 

• Data d iv ided in j e t 
multipli-cities and n. of b-
tagged jets categories (9 
single-lepton, 6 di-lepton).

• NN used as primary 
discriminant.
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Figure 16: The fitted value of the signal strength and its uncertainty for the individual channels and their
combination, assuming mH = 125 GeV. The green line shows the statistical error on the signal strength.
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Table 5: Observed and expected 95% CL limits on the tt̄H production cross section times H → γγ
branching ratio relative to the SM expectation at mH = 126.8 GeV.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 5.3 6.4 16.2 9.9 4.6 3.4

Combined (statistics only) 5.0 6.0 13.5 8.9 4.3 3.2

Leptonic (with systematics) 9.0 8.4 21.9 13.2 6.1 4.5

Leptonic (statistics only) 8.5 8.0 18.8 12.1 5.7 4.3

Hadronic (with systematics) 8.4 13.6 36.4 21.6 9.8 7.3

Hadronic (statistics only) 7.9 12.6 29.1 18.9 9.1 6.8

Table 6: Observed and expected 95% CL limits on the inclusive Higgs boson production cross section

times H → γγ branching ratio relative to the SM expectation at mH = 126.8 GeV with the tt̄H-specific

selections.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 4.7 5.4 13.7 8.4 3.9 2.9

Combined (statistics only) 4.4 5.0 11.4 7.5 3.6 2.7

Leptonic (with systematics) 7.6 6.9 17.9 10.8 4.9 3.7

Leptonic (statistics only) 7.1 6.4 15.3 9.8 4.6 3.5

Hadronic (with systematics) 7.7 12.5 34.0 19.9 9.0 6.7

Hadronic (statistics only) 7.2 11.4 26.4 17.2 8.2 6.1
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Figure 3: Observed and expected 95% CL upper limits on the tt̄H production cross section (a) and

inclusive Higgs boson production cross section (b) times the H → γγ branching ratio divided by the

SM expectations as a function of the Higgs boson mass, combining the results of the tt̄H leptonic and

hadronic channels. For the tt̄H limits, the contributions from all other Higgs boson production modes

were set to the SM prediction taking into account their respective uncertainties.
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Higgs: mass measurement

Mass combination:
         mh = 125.7 ± 0.4 GeV  

Mass combination:
         mh = 125.5 ± 0.6 GeV  

mh

In spite of some jitters in ATLAS, experiments agree 
that mh is likely between 125 and 126 GeV

In this talk mh = 125.6 GeV

Systematic error? Fluctuation? Anyway, less worrying than last year...



Higgs production rates, split into 
separate production and decay 
channels 

Some information about tensor 
structure of the Higgs couplings 

Constraints on precision observables 
where Higgs enters indirectly 

what have the experimentalists ever done for  us ?



How we interpret that



Before 2012, the last free parameter in the SM had been the Higgs mass 
and we’ve already pinpointed it with a fantastic precision (no need to know 
better really ;)

 All the Higgs couplings and self-couplings can be expressed in terms of  
previously measured parameters 

Nothing left to do :), at least in the context of the SM   

Understanding Higgs Data

Couplings to 
EW gauge 

bosons

Self-
Couplings Couplings to 

fermions

Ensures unitarity of 
 VV->VV scattering

Ensures unitarity of 
 VV->ff  scattering

Ensures unitarity of 
 VV->hh scattering

No Higgs

Ensures unitarity of 
 VV->VVVV... scattering



Simpler effective theory with 7 free parameters 

<ALL> these parameters are meaningfully constrained by current Higgs data

Limit of SM+SILH with constraints 

Standard Model limit: cV=cf=1, cgg=cγγ=cZγ=0

Simplified Effective Higgs Lagrangian  



Global Fit 
to Higgs Couplings

\



Higgs: the story so far
Table 1: The LHC Higgs search results used in our fit.

ATLAS

Production Decay µ̂ Ref.

2D �� 1.55+0.33
�0.29 [5, 6]

ZZ 1.41+0.42
�0.33 [5, 7]

WW 0.98+0.33
�0.26 [5, 8]

⌧⌧ 1.4+0.4
�0.5 [9]

VH bb 0.2+0.7
�0.6 [10]

ttH bb 2.69± 5.53 [11]

�� �1.39± 3.18 [12]

inclusive Z� 2.96± 6.69 [13]

µµ 1.75± 4.26 [14]

CMS

Production Decay µ̂ Ref.

2D �� 0.77+0.29
�0.26 [15]

ZZ 0.92+0.29
�0.24 [16]

WW 0.68+0.21
�0.19 [16]

⌧⌧ 0.87± 0.29 [17]

VH bb 1.00± 0.49 [18]

VBF bb 0.7± 1.4 [19]

ttH bb 1.0+1.9
�2.0 [20]

�� �0.2+2.4
�1.9 [20]

⌧⌧ �1.4+6.3
�5.5 [20]

multi-` 3.7+1.6
�1.4 [21]

inclusive Z� �0.21± 4.86 [22]

µµ 2.9+2.8
�2.7 [23]

uncertainty on the prediction of the SM ggH production cross-section by introducing a nuisance

parameter with a Gaussian distribution around the central value. For the LHC at
p
s = 8 TeV

we take[25] the scale error (+7.2%, -7.8%) and the PDF error (+7.5%, -6.9%) and add those two

linearly. We obtain the following central values and 68% CL intervals for the parameters:

cV = 1.04+0.02
�0.02, cu = 1.27+0.35

�0.39, cd = 1.08+0.17
�0.26, cl = 1.06+0.20

�0.20,

cgg = �0.0012+0.0016
�0.0015, c�� = 0.00065+0.00093

�0.00066, cZ� = 0.007+0.014
�0.034. (9)

We find �2

SM

��2

min

= 3.1 which means that the SM gives a perfect fit to the Higgs and electroweak

precision data. When quoting the confidence regions above we ignored degenerate minima of the

likelihood function isolated from the SM point where a large 2-derivative Higgs coupling conspires

4



7 parameter fit

 ∆χ2=χ2SM  -  χ2min  ≈ 5.5, 
with  7 d.o.f.

SM hypothesis is 
a perfect fit 

using only Higgs data:



Overwhelming evidence it is a Higgs boson (particle 
coupled to mass of W and Z)

Statement independent of possible higher order 
couplings to W and Z 

Smells like the Higgs boson 

7 parameter fit


