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Abstract. In this review we have outlined a very brief history of the Higgs boson search and the development of
the strategies for searching for the Higgs boson in its diphoton decay channel. We have reviewed the methodology
and tools that led to the ﬁrst observation of the Higgs boson decaying to a pair of photons. We have presented the
latest results from the measured properties of the newly found boson. We concentrate for most part on the analysis
developed by the CMS experiment, but also present the latest results of the ATLAS experiment along with CMS
results.
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1. Introduction
A little over 50 years ago it was discovered that if a
ﬁeld theory demonstrated spontaneous breaking of a
continuous symmetry, and has its conserved current
(associated with the internal symmetry group) coupled
to gauge ﬁelds, then the spin-1 quanta of some of these
gauge ﬁelds acquire mass. This mechanism, which is
now known as the Brout–Englert–Higgs mechanism,
was proposed in three independently written papers, all
of which appeared in volume 13 of Physical Review
Letters, in 1964. The proponents were Englert with
Brout [1], Kibble, Guralnik and Hagen [2,3], and Higgs
[4–6]. This mechanism was incorporated in the Standard Model (SM) of particle physics as the mechanism
for generating mass terms for the W and Z bosons
in the Lagrangian of the SM, which are otherwise not
allowed by gauge symmetry. The ﬁeld that undergoes
spontaneous symmetry breaking is a complex SU(2)
doublet and three out of its four degrees of freedom
are ‘absorbed’ to appear as the longitudinal degrees
of freedom of the gauge ﬁelds that acquire mass as a
result of the symmetry breaking, namely the W ± and
the Z bosons. The quantum of the surviving massive
scalar ﬁeld is the Higgs boson of the SM. The Yukawa
interactions between the Higgs boson and the fermions
generate mass for the fermions in the theory. The SM

predicts the rate of its decay into other particles and its
production rates as functions of its mass, but does not
predict its mass.
Thus appearing in theory, without a prediction for
its mass, the Higgs was elusive and the search for this
particle in a wide mass range is a dominant part of the
history of collider experiments in the last few decades.
Although the branching fraction of the Higgs decaying
in a diphoton ﬁnal state is minuscule, it was realized quite early that this decay mode can be a clean
channel of discovery at the hadron colliders, due to
a sharp mass peak and much better controlled background rates. Soon after the advent of the SM, the
H → γ γ decay rate was calculated in detail [7,8].
After the null results in searches for the Higgs at the
Large Electron Positron (LEP) Collider at CERN and
the Tevatron at Fermilab, the Large Hadron Collider
(LHC) emerged as the only hope for ﬁnding the particle. In 2002, at the shut-down of LEP, the LEP Higgs
search programme concluded with a 95% conﬁdence
level lower limit on the Higgs mass up to 114.4 GeV
[9] (see ﬁgure 1). However, the LEP Higgs working
group performed a likelihood ﬁt of many electroweak
precision measurements which depend on Higgs mass
through loop-level corrections. The maximum value of
this likelihood was found to occur at 94+29
−24 GeV [10].
1
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Figure 1. χ 2 (= −2 log(L)) as a function of mH from
LEP electroweak ﬁt. The white band in this 2012 plot indicated the allowed Higgs mass range not excluded by LEP or
LHC till this time [10].

The Higgs to diphoton decay mode was foreseen
as a golden channel for discovery for a low mass
Higgs, since the diphoton decay branching ratio peaks
at mH ∼ 125 GeV. The design of the electromagnetic
calorimeters of both CMS and ATLAS experiments
was dictated primarily by the requirements of observing an early signal in this channel. A decade later, the
discovery of Higgs was announced based on the evidence coming from the diphoton channel and four
lepton decay channels [11].
In the intervening period, an intense effort was
invested in understanding the features of this channel
and developing a powerful search strategy. It was estimated that with a sophisticated multivariate analysis
(MVA), a discovery can be made with a few fb−1 of
data that can be collected during the ﬁrst good running year of the LHC. A statistical methodology which
was developed during the LEP and Tevatron searches,
evolved into a robust proﬁle likelihood-based method.
During the early runs, large improvements were made
in the resolution of the energy measured by the electromagnetic calorimeter (ECAL) using MVA tools.
All of these techniques along with a little help from
Nature (that the Higgs mass is right where the diphoton
branching fraction reaches it maximum) led to the ﬁrst
observation. In this article we try to present the salient
features of this search and pay a tribute to the efforts of
the physicists and engineers who made this discovery
possible. Although we have constrained ourselves to
the Higgs to diphoton search of the CMS experiment,
many parts of the search methodology were common
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Figure 2. Different production mechanism of the Higgs
boson. Production of the Higgs boson (a) via gluon–gluon
fusion; (b) via vector boson fusion (VBF); (c) via associated production of the Higgs boson with the boson (VH) and
(d) the production of the Higgs boson with top and antitop
quarks (ttH ).

between the CMS and the ATLAS experiments. Also,
we have included the public results of the ATLAS
experiment in our summary of the important results
from this channel. It is probably important to mention
in the beginning that in the diphoton channel, all the
different production modes of the Higgs boson were
looked at (see ﬁgure 2) and the events were categorized
based on the production modes (see §12). From this section onwards, we shall refer the Higgs boson as Higgs.

2. Higgs to diphoton search in a nutshell
Before we get into the details of the search in the
diphoton decay channel we give in this section an
overview of the methodology for searching a peak in
the mass spectrum of the diphoton system. Although
this has speciﬁc reference to the diphoton search in
CMS, many aspects are common to any resonant peak
search in a high-energy collider experiment.
The very ﬁrst step is to search for patterns of localized energy deposits in the electromagnetic calorimeter
(ECAL), starting from the energy deposits in the crystals of the ECAL. The energy deposit pattern of these
clusters should be consistent with the energy deposit
pattern expected from an electron or a photon hitting the ECAL. Dedicated clustering algorithms are
required to perform this task, and this step needs to
run on the data once before the data has been recorded
on a permanent storage. The product of the clustering algorithm is called a supercluster. In CMS, this
algorithm runs the ﬁrst time, in the ﬁlter farm of the
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experiment, which is a computing farm for running
dedicated high level trigger (HLT) algorithms on the
data. Typically, an event which has at least one such
supercluster with measured transverse momentum pT
above a certain threshold, passes through the HLT and
is recorded for analysis.
The analysis starts from a subset of events which
have been triggered by the presence of two such superclusters in the event. The process of cluster building
and constructing quantities carrying information about
the shape of the superclusters is referred to as ‘photon reconstruction’. However, all superclusters of the
ECAL may not have originated from a photon. For
example, a π 0 within a hadronic jet can leave a signature in the ECAL, very similar to that of a single
photon. Electrons give rise to superclusters, which are
indistinguishable from a photon’s supercluster, because
the energy deposition mechanism of an electron and
a photon in the ECAL is the same. Therefore, one
needs to identify, with further discriminating criteria,
whether the supercluster is originated from a photon.
This step is called ‘photon identiﬁcation’. A multivariate photon identiﬁcation has been developed by the
CMS experiment. We shall describe the reconstruction, identiﬁcation and triggering of diphoton events
in §9.
Once events with two photons are selected, from the
energy and angles the invariant mass of the diphoton
system can be reconstructed. However, to obtain the
angle of the photon with respect to the beam axis (θ , or
equivalently, pseudorapidity η = − ln(tan(θ/2)), that
is used in hadron collisions), one needs to determine
the originating vertex of the two photons, a proton–
proton collision point, precisely, to complete the path
of ﬂight of photon which ends in an ECAL crystal.
This poses a non-trivial challenge, as the photons do
not leave any trajectory in the innermost tracking system of the detector. Determination of the diphoton
vertex can only be done statistically with a certain
efﬁciency for success. CMS uses a multivariate technique for vertex detection. Incorrect determination of
vertex leads to inaccurate measurement of the invariant mass, increasing the width (or resolution, deﬁned
as width/mean of measured mass) of any mass peak
present in the data, thereby reducing its signiﬁcance,
which would translate to longer time for discovery. The
other source of worsening of the resolution of the mass
peak is the inaccuracy of energy measurement in the
ECAL, which can happen due to various factors (e.g.
a part of the energy was lost because the crystal hit is
located at the edge of an ECAL module). One can correct the energy with respect to all these factors. CMS
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employs a multivariate regression technique to achieve
an excellent mass resolution below 2.5% (as measured
in 8 TeV data).
Before investigating the invariant mass spectrum of
the diphoton events, one would like to select a subsample of diphoton events that have other kinematic
properties, that make them likely to be coming from
the decay of a Higgs. These variables should provide
additional discriminating power between Higgs decay
events (signal) and diphoton events originating from
other fundamental interactions or from hadronic jets
faking photons (background), independent of the mass
of the Higgs. In this stage also a multivariate classiﬁer is constructed out of such discriminating kinematic
variables.
As may have been obvious to the reader by now,
in various stages of the search, multivariate analysis
(MVA) techniques play a crucial role both as a classiﬁer and as a regressor. We have therefore included
a very brief overview of MVA methods, in particular,
the boosted decision trees (BDT) in §8. Vertex ﬁnding,
mass resolution and kinematic MVA are discussed in
§10, 11 and 12 respectively.
The signal region of the search consists of collision
events, in which there are two photons in the ﬁnal state,
with transverse momentum above a certain threshold,
satisfying kinematic properties of a two-body decay of
a heavy particle. Both the photons are required to have
a low probability of coming from the decay of a π 0
inside a jet. Once such a subsample is identiﬁed, the
question at hand for an experiment is: given a mass
spectrum reconstructed from the four momenta of the
ﬁnal-state particles (the two photons), how consistent
is this spectrum, with a smoothly changing background
shape, given that there is an alternative possibility, that
there is a local excess (peak), somewhere in the entire
range of interest of the mass spectrum.
In the language of statistics this is a hypothesis
testing problem. The test is for a null hypothesis H0
(‘background-only’ hypothesis), according to which,
the diphoton mass spectrum in the range of the search
is a smooth spectrum coming from known processes in
the SM that yield ﬁnal states with two photons. There
is also an alternative hypothesis H1 (‘signal + background’ hypothesis), according to which the diphoton
mass spectrum consists of a ‘narrow’ peak (around
1 GeV width), appearing on a smoothly varying spectrum. Each hypothesis is modelled by a probability
density function (or a family of probability density
functions as we shall discuss later). The alternative
hypothesis is not unique, but composite, because the
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location of the peak is not known. The ‘signal + background’ model corresponding to each possible mass is
an alternative hypothesis.
The two hypotheses are parametrized by the signal
strength parameter μ, a non-negaive scale factor. If the
expected number of event from the nominal ‘signal’
hypohesis is s and b is the expected number of events
from the ‘background-only’ hypothesis, then the total
expected yield in the data can be written as μs + b. For
binned data, as is used in the Higgs to diphoton analysis (see ﬁgure 15), the expectation value of the number
of events ni in the ith bin can be expressed as
E[ni ] = μsi + bi .

(1)

μ = 0 will correspond to ‘background-only’ hypothesis and μ = 1 will correspond to nominal ‘signal +
background’ hypothesis. The nominal signal in this
case is the expected number of signal events, assuming the SM prediction of the Higgs to diphoton rate
is correct. Any other value of μ will correspond to a
non-nominal ‘signal + background’ hypothesis.
To test the compatibility of the data with the null
hypothesis, one summarizes the data into one single
quantity – a test statistic, tμ . The quantity tμ is a function of the data (e.g. it is a function of the ni s in case of
binned data) – and therefore is a random variable, with
its own probability density function. The distribution
of tμ , assuming H0 is true, f (tμ |μ = 0) is different
from f (tμ |μ), the distribution of tμ under the assumption that the alternative hypothesis is true. A powerful
test statistic is one, where the two distributions are well
separated. The test statistic obtained from the data is
then used to test the compatibility of the data with the
null hypothesis, and is expressed as a p-value. p-value
of the data under H0 (H1 ) is the probability of obtaining
a data (in a random repeat of the experiment), at least
as unlikely as the present data, if one assumes μ = 0
(μ = some other ﬁxed value > 0) to be true. It is
expressed as follows:
 ∞
pμ =
f (tμ |μ)dtμ ,
(2)

that would have the same p-value. This is called the
Z statistic. Z is deﬁned as the distance from the mean
of a standard Gaussian for which the area (of one side)
under the Gaussian distribution beyond that distance
equals the p-value. Z value can be calculated from the
equation
 2
 ∞
x
1
dx.
(3)
exp −
p=√
2
2π Z
Each p-value corresponds to a value of Z, in particular Z = 5 corresponds to a p-value of 2.9 × 10−7 .
Rejection of the ‘background-only’ hypothesis with
this p-value, is a ‘5 sigma effect’ and is taken as the
quantitative requirement for announcing a discovery of
a new phenomenon in High Energy Physics.

3. Theory
The Higgs has no tree-level coupling with the two
massless gauge bosons – the gluon and the photon.
Yet, at the LHC the most dominant mechanism for
the production of Higgs is via gluon–gluon fusion (see
ﬁgure 3) and the ﬁrst evidence of the Higgs came
through the observation of its decay to a pair of photons – a rare decay (branching fraction is ∼0.23%
for a 125 GeV Higgs) in the SM. It turned out to be
one of the golden channels to search for evidence of
a low mass (110–150 GeV) Higgs. Both the production via gluon–gluon fusion and decay via diphoton

Figure 3. Feynman diagram showing the production of
SM Higgs via gluon–gluon fusion.

tμ,obs

where tμ,obs is the value of the statistic tμ observed
from the data and f (tμ |μ) denotes the PDF of tμ under
the assumption of the signal strength μ. Smaller the
value of p, greater is the incompatibility of the data
with the ‘background-only’ hypothesis. A description
of how the tμ is actually constructed is deferred till §14.
A deviation from the null hypothesis can equivalently be expressed as ‘signiﬁcance’. Signiﬁcance may
be deﬁned as a number of sigmas deviation on the
higher side, from the mean of a Gaussian distribution

Figure 4. Feynman diagram showing the decay of SM
Higgs to two photons via top and W loop.
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processes are loop-induced (see ﬁgures 3 and 4). The
gluon–gluon fusion cross-section wins over other production mechanisms, thanks to the much higher gluon
ﬂux at low-momentum fraction, x, at the LHC energies
compared to the quark ﬂux (see ﬁgure 5).
At 14 TeV centre of mass energy, for a 125 GeV
Higgs, the gluon–gluon fusion production mode crosssection is ∼50 pb, ∼12 times larger than the next
largest rate production mechanism, viz. vector boson
fusion (see ﬁgure 6).
The cross-section via the gluon–gluon fusion channel involves fermion triangle diagrams and is dominated by top quark, because it is the heaviest of the
fermions and the Yukawa coupling of the Higgs to
fermions is proportional to mf /mW . On the other hand,
the decay of Higgs to diphoton occurs through top and
W ± loops as shown in ﬁgure 4.

35

The importance of this rare decay channel (for experiments) was realized early on, and was calculated in
several different ways in the late seventees [8,13–15]
(and reconﬁrmed in 2011 [16]) in the light of some
criticisms based on the fact that the W loop does not
vanish in the decoupling limit (mW /mH → 0). The
one-loop amplitude of the Higgs to diphoton decay is
ﬁnite, although divergent integrals appear in the calculation and dimensional regularization is needed. The
width of the diphoton decay mode is given by

2

α 2 g 2 m3H 
2 
N
e
F
(4)
H →γ γ =

C i i ,

1024π 3 m2W  i
where Fi is a function of (mi /mH )2 . mi is the mass of
the particle in the loop and the sum is over all scalars,
fermions and bosons of the SM. However Fi vanishes
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Figure 5. Parton ﬂux at LHC for Q2 = 10 GeV2 on the left and Q2 = 104 GeV2 on the right from MSTW 2008. The PDFs
are calculated at NLO using 68% CL [12]. One can see that as the Q2 value increases from 10 GeV2 to 104 GeV2 , the gluon
ﬂux increases.
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Figure 6. Cross-section from various production modes of SM Higgs.
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Figure 7. Branching ratio of SM Higgs to various decay channels.

for mi  mH , effectively leaving only the top quark
contribution in the fermion loop. Amongst the gauge
bosons of the SM, W ± are only charged bosons, and
contribute to the triangle. The contribution of the top
and the W loops are shown in ﬁgure 4. The branching fraction of the Higgs to various decay channels
is shown in ﬁgure 7. It is below 0.3% for the entire
mass range of search at the LHC. As can be seen from
ﬁgure 7, the decay mode H → γ γ is effective for a
Higgs mass in the range of 110–150 GeV.
The diphoton channel is not only important because
it can appear as a narrow peak standing out of a large
but monotonically falling background, and from the
same analysis one can make an accurate estimate of the
Higgs mass, but also because experimental evidence of
the existence of the diphoton decay mode also establishes that the particle is a boson with a spin different
from 1 (Landau–Yang theorem) [17,18].

[21] in the ϒ → H + γ channel, SINDRUM Collaboration [22] in π + → e+ νe H with H → e+ e− and
CLEO Collaboration [23] searched for B → K + H
with H → μ+ μ− , π + π − or K + K − ) around the same
time but none of them found any exciting signal. The
conclusion from all the searches was that they excluded
a Higgs of mass below 9 GeV.
Then came the LEP collider at CERN which operated in two different periods as LEP1 and LEP2. LEP1
operated at the Z peak (with a centre of mass energy of
∼90 GeV) and looked for the following decay channels
for the search of Higgs boson:
Z → H Z∗ → H
∗

+ −

Z → H Z → ν ν̄,

,
(6)

where = e, μ. The ﬁrst channel is cleaner whereas,
the second channel has larger branching ratio. Data

4. Searches in earlier experiments
The earliest Higgs searches for relatively low masses
(of the order of 10 GeV, a good review can be found in
ref. [19]) began in the eightees. The ﬁrst signal came
from the Crystal Ball Collaboration [20] using the
DORIS electron–positron collider at DESY in 1984.
They had found a peak corresponding to a mass of
8.32 GeV in the γ spectrum of the following decay
channel:
ϒ → H + γ.

(5)

It was reported to have a high statistical signiﬁcance
above 5σ . But similar observation was not conﬁrmed
by the CESR Collaboration at Cornell University. Moreover, with more data, the Crystal Ball peak also disappeared. There were more searches (CUSB Collaboration

Figure 8. Plot showing the p values as a function of
Higgs mass under the background-only hypothesis. Median
expected values assuming SM signal is present, is also
shown. The green and yellow bands correspond to 1σ and
2σ deviation respectively. This plot is taken from [19].
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from LEP1 excluded Higgs with mass below 65 GeV.
LEP2 went beyond the Z peak and ﬁrst operated at
the CM energy of 200 GeV where it excluded a Higgs
below 107.9 GeV. After this, LEP energy was pushed
to 209 GeV where it excluded Higgs mass below
114.4 GeV [9].
After LEP, Tevatron carried out an extensive search
for the Higgs. Tevatron was shut down in 2011 after 24
years of operation. With 8.6 fb−1 of data in July 2011,
Tevatron exluded the Standard Model Higgs masses
between 156 GeV and 177 GeV at 95% CL. In 2012,
with the full dataset of 10 fb−1 , Tevatron excluded
Higgs masses between 100 GeV and 103 GeV, and
between 147 GeV and 180 GeV. The most interesting part of the Higgs searches at Tevatron was that
they observed a 3σ excess between 115 GeV and

35

140 GeV in the H → bb̄ channel [24] as shown in
ﬁgure 8. Table 1 summarizes the search history of
Higgs before the LHC era.

5. The Large Hadron Collider
The LHC [25] is the world’s largest and highest energy
particle collider ring capable of colliding proton on
proton, lead (Pb82+) on lead or lead on proton. The LHC
is 26.7 km in circumference. It is located in a tunnel
which is 47–170 m underground, straddling the border
of Switzerland and France. It is the same tunnel that
was used for LEP. The LHC is designed to collide two
proton beams of energy 7 TeV each with a centre of
mass energy of 14 TeV. Each proton achieves its terminal energy in the LHC ring, but through a series of

Table 1. Summary of Higgs search before the LHC era.
Experiment

Search channel

Mass limit (GeV)

DORIS
CUSB
SINDRUM
CLEO
LEP
Tevatron

ϒ →H +γ
ϒ →H +γ
π + → e+ νe H with H → e+ e−
B →K +H
Z → HZ ∗
+
−
H → bb̄, H → W W , H → τ + τ − , H → γ γ , H → ZZ

8.32
9
9
9
114.4
Between 100 and 103; between 147 and 180

Figure 9. CERN accelerator complex. Protons are ﬁrst accelerated in the LINAC and then transferred to the Booster where
they are accelerated to 1.4 GeV energy. After this they enter the PS ring where they are arranged in bunches and accelerated
to 25 GeV. Next they are transferred to SPS where they are accelerated to 450 GeV and then they are ﬁnally injected into
the LHC [26].
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Figure 10. A schematic diagram of the LHC ring showing the eight insertion points in the straight sections and eight in
the curved section [26].

other accelerators, as shown in ﬁgure 9. LHC is divided
into eight straight sections and eight circular sections
which contain beam pipes as shown in ﬁgure 10.
There are two separate beam pipes to collide the
proton–proton or lead–lead beams which go in the opposite directions. To bend the beams in the curved sections, 1232 superconducting dipole magnets, made of
niobium–titanium coil immersed in superﬂuid helium
II at 1.9 K are used. Its designed ﬁeld can reach a
magnitude of 8.33 T, thus allowing for the bending
of protons with a maximum centre of mass energy
√
of s = 14 TeV in the ﬁxed radius tunnel. As the
two same-charged beams go in opposite directions,
the ﬁeld of the dipole magnets in the two beam pipes
are in opposite directions. Apart from dipole magnets,
there are quadrupole magnets to focus the beams, sextupole and octupole magnets to correct for aberrations.
There are four crossing points in the straight sections where four detectors are placed: ATLAS, ALICE,
CMS and LHCb. The two beam pipes cojoin inside the
experiments. The two beams are collided with a small
angle between them to avoid any parasitic ‘long-range’
collisions [27,28].

With the discovery of the Higgs, in 2012, LHC has
already achieved its ﬁrst major goal, though the properties of the newly discovered boson and search for new
physics are still on its agenda. The foreseen schedule
for the LHC is to run through 2025 with several phases
of upgrade. Currently,
√ LHC has already started its run
II with collisions at s = 13 TeV which is the energy
that has never been achieved in any particle accelerator
before. This is planned to run till the start of 2018 followed by a long shutdown 2 (LS2) till the end of 2019.
After LS2, LHC plans to get restarted with run III in
2020 to deliver physics till the end of 2022 followed by
a long shutdown in 2023. During all the long shutdown
periods, all the experiments plan to upgrade. During
this extensive series of runs, LHC will open a window
for new physics which was not possible until before,
allowing for further study of the properties of Higgs
and addressing unsolved mysteries.

6. The Compact Muon Solenoid experiment
The conceptual design of the Compact Muon Solenoid
(CMS) experiment was motivated by the possibility
of the detection of the then undiscovered SM Higgs
[29–31]. A search was planned over a large range of
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masses and in different decay modes (pairs of photons, Z bosons, W bosons, τ leptons and b quarks)
because its mass is not predicted by the SM theory and
its production cross-section and decay width vary over
a mass range. To achieve this goal, a detector capable
of observing a Higgs over a broad mass range and
able to detect the potential signals beyond the SM, was
required.
The central feature of the CMS detector [32] is a
superconducting solenoid of 6 m internal diameter,
which provides a magnetic ﬁeld of 3.8 T parallel to
the beam pipe. It houses silicon pixel and strip tracker,
a lead tungstate crystal ECAL and a brass/scintillator
hadron calorimeter (HCAL). Muons are measured in
gas-ionization detectors which are embedded in the
steel ﬂux-return yoke. Extensive forward calorimeters
complement the coverage provided by the barrel and
end-cap detectors (CMS has a cylindrical design, barrel region is the main cylinder and the end-cap region
is deﬁned by the two ‘end-disks’). Charged particles
are tracked within the pseudorapidity range |η| < 2.5.
θ is the polar angle measured from the positive z-axis
(along the anticlockwise beam direction – The z-axis
is parallel to the beam direction and points towards
the Jura mountain from LHC point 5, where the CMS
detector is situated).
The tracker has a track-ﬁnding efﬁciency larger than
99% for muons with pT greater than 1 GeV and a
transverse momentum resolution between 1.5% and
2.5% for charged tracks of pT > 100 GeV in the
central region (|η| < 1.5). The dimuon mass resolution at the ϒ mass, dominated by instrumental
effects, is measured to be 0.6% in the barrel region
[33], consistent with the design goal. The ECAL is a
ﬁne-grained hermetic calorimeter consisting of 75848
lead tungstate crystals. Preshower detectors consisting of two planes of silicon sensors interleaved with
a total of three radiation lengths of lead absorber are
located in front of the end-caps. Electromagnetic showers are very narrow in lead tungstate (Moliere radius
of 21 mm), helping in particle identiﬁcation and in the
implementation of isolation criteria. In the central barrel region the energy resolution of electrons that do not
radiate substantially in the tracker material indicates
that the resolution of unconverted photons is consistent with design goals. For such photons, the diphoton
mass resolution is 1.1 GeV at a mass of 125 GeV.
The HCAL barrel and end-caps are sampling calorimeters consisting of brass and scintillator plates, covering |η| < 3.0. Muons are detected in the range |η| <
2.4, with detection planes based on three technologies: drift tubes (|η| < 1.2), cathode strip chambers
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(0.9 < |η| < 2.4), and resistive plate chambers
(|η| < 1.6). The ﬁrst two technologies provide a precise position measurement and trigger whilst the third
provides precise timing information as well as a second
and independent trigger.
The CMS trigger and data acquisition systems ensure
that potentially interesting events are recorded with
high efﬁciency. The ﬁrst-level (L1) trigger, comprising
the calorimeter, muon, and global trigger processors,
uses coarse-granularity information to select the most
interesting events in less than 4 ms. The detector data
are pipelined to ensure negligible dead time up to a
L1 rate of 100 kHz. After L1 triggering, data are transferred from the readout electronics of all subdetectors,
through the readout network, to the high-level-trigger
processor farm, which operates ofﬂine-quality reconstruction algorithms to decrease the event rate to
around 0.5 kHz, before data storage.

7. Developing search strategies for discovery
at the LHC
It was understood well before the start-up of LHC that
the diphoton invariant mass distribution from the signal events would appear as a narrow and small peak
over a smoothly varying background. It was also well
studied that a signiﬁcant background comes from jets
misidentiﬁed as photons – either two jets in a multijet event can fake two photons or one jet in a prompt
photon + jets ﬁnal state can fake a photon. The rates
of these QCD processes were understood to have large
uncertainties and one could not rely on Monte Carlo
estimates. It was also understood from several studies
that detailed simulation of the background is not necessary to identify this peak appearing on a smoothly
falling background, but a reliable estimate of the background under the peak is to be obtained from ﬁtting
the background away from the peak. Later, this channel
could be used for a precise measurement of the mass of
the Higgs, thanks to the excellent resolution of the electromagnetic calorimeters designed by the CMS and the
ATLAS experiments.
The early search strategies were inherited from the
Higgs search strategies developed during the LEP
Higgs searches. It was known that the search can beneﬁt from dividing the event sample in several categories
of purity. A search for a signal is to be carried out
within each subsample in parallel. In each analysis,
every event can be assigned a purity which is estimated
by calculating the signal over background ratio (s/b)
from that region of the phase-space where the event
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Figure 11. (a) The integrated luminosity needed for a 5σ discovery and (b) the discovery sensitivity with an integrated
luminosity of 30 fb−1 with the optimized analysis [37].

belongs [34]. For instance, it was studied that an event
in which both the photons are detected in the higher
resolution barrel part of the detector and none of them
have converted into e+ e− pairs in the central tracking
system, will have signiﬁcantly higher s/b compared to
an event where both photons are in the end-cap and
one or both of them have converted. If, one then orders
the events in bins of s/b that provides a natural way
of combining the searches from all the categories, and
also later combining with other channels or even with
different experiments, it can only result in an analysis
which has more power than any of the individual channels. The idea is to not pollute the high-purity events
with events of lower purity, but at the same time utilize
the information that can be extracted from lower purity
events.
It was also known from LEP and Tevatron searches
[35,36] that a multivariate analysis can be much more
powerful than a simple rectangular cut-based analysis.
In a Monte Carlo-based study of the CMS experiment
these ideas were employed. The event sample was split
into six categories, based on the location of the photons in the detector (barrel or end-cap) and a variable
(R9 ) based on the shower shape in the ECAL, which
is sensitive to how early a photon is converted in the
tracking volume (described in §9). Information from
the tracker, the ECAL, and the HCAL, used to determine if the photon is isolated, was combined into a
single neural network output and this was combined
with kinematic information of the events which are

largely independent of the mass of the Higgs. It was
demonstrated that by combining the variables to determine if a photon is isolated and the suitable kinematic
variables with a multivariate technique in each event
category and ﬁnally combining all the categories in
bins of s/b, one can proﬁt signiﬁcantly in terms of the
luminosity required for the discovery. It was predicted
that a discovery using the diphoton decay mode alone
should be possible within the ﬁrst good year of running
[37]. Figure 11 shows the integrated luminosity needed
for a 5σ discovery.
Likelihood ratio-based estimators have been used
for long in particle physics and nuclear experiments
[38,39] and were used in LEP and Tevatron searches
for Higgs. A proﬁle likelihood-based estimator and
asymptotic formulae for the distribution of this estimator were arrived at for searches at the LHC, in the work
of Cowan et al [40], which we describe in more details
in §8. The experiments agreed to use this estimator
prior to the start-up of the LHC.
Much of this methodology developed during the
preparation phase of the LHC evolved in the final analysis
of the data which we describe in the following sections.

8. Multivariate techniques
Two well-known statistical learning methods – neural network and boosted decision tree – have long
been employed in multivariate analyses in high-energy
physics experiments. These techniques have found a
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wide range of applications in two types of statistical
problems – the classiﬁcation problem and the regression problem. In the Higgs to diphoton search, the BDT
has been used for both classiﬁcation and regression.
In a search for a new particle in a high-energy
physics experiment, one aims at drawing a decision
boundary between two classes of events, the signal
and the background. This separation is done, based on
a number of input variables that are differently distributed for the signal and the background events. This
is a classiﬁcation problem.
Both neural network and decision tree classiﬁers are
supervised learning methods – i.e. they have to be
trained with a sample of signal events and a sample
of background events – called a training set. As the
classiﬁer reads in each event, it knows whether it is a
signal or a background. It is also told which variables
(pT , η, φ-difference etc.) from each event to use as
input variables, based on which the classiﬁer should try
to differentiate between the signal and the background.
The classiﬁer then adjusts its internal parameters – such
that its output (one real number, which is a non-linear
function of the input variables) tends to take a high
value for one class and low value for the other (say,
1 for the signal and 0 for the background).
We have already discussed that for the Higgs to
diphoton decay mode it was shown before the startup of the LHC that rectangular decision boundaries
(cut-based analysis) are suboptimal and a neural network is far more effective. While, historically, neural
networks have been in use for a longer period of time
in high-energy experiments, it has been known since a
study performed in the Miniboone experiment [41] that
boosted decision trees can perform considerably better
than neural networks in classifying the signal and the
background. Decision tree is based on repeated binary
splitting of the space of the input variables (called a
feature space). At each step the feature space is sliced
into two hyperboxes (called nodes) by putting a cut
on one of the input variables. If a node has Ns signal
events and Nb background events and the events are
weighted, then purity (P ) of the node is
Ns
i=1 Wi
,
(7)
P = N
 Nb
s
i=1 Wi +
j =1 Wj
where Wi is the weight of the ith event.
Choice of the variable to split, and the location of the
split are decided at each step by maximizing a purity measure. We brieﬂy describe one such measure, the Gini
index, to illustrate the idea. Gini index is deﬁned as
 n

G=
Wi P (1 − P ),
(8)
i=1
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where n is the total number of events in that node. Suppose a node N1 is to be split into two nodes N2 and N3,
then the splitting variable and splitting point are chosen
such that GN 1 − (GN 2 + GN 3 ) is maximized. When
the number of events in a node is below a minimum
or when it is a pure signal or a pure background node,
it is not split further. Such a terminal node is a leaf.
As a result of repeated slicing, the phase-space is broken into a number of subspaces, which are labelled as
signal leaf if P > 0.5, or as background leaf otherwise.
Decision trees are known to be unstable, i.e. a slightly
different dataset can result in a very different tree.
Boosting is a method of combining many weak classiﬁer trees into a strong classiﬁer. It is an iterative procedure in which the weights of misclassified events (signal
event landing in a background leaf or vice versa) in a
tree are increased, and a new tree is constructed with
the new set of weighted events. When data come, each
data event is run through each tree and if it falls in a
signal leaf it is given a score of 1. Otherwise, the score
is −1. The sum of all scores normalized to the total
number of trees is then the BDT output of the event. It
will tend to be close to 1 for the signal and to −1 for the
background. The BDT classiﬁer is used in three steps
of the analysis: (1) Photon identiﬁcation, (2) diphoton
vertex identiﬁcation, and (3) event classiﬁcation.
In a regression problem, prediction of a random variable Y is required as a function of a vector of input
random variables Xf (x). The vector X is the predictor
and Y is the response.
Accurate estimation of photon energy is of critical
importance for the Higgs to diphoton search. To this
end, a correction factor y = Etrue /Esupercluster based on
a set of input factors like the |η| location of the impact
point of the photon, R9 (described in §9) etc. needs
to be estimated carefully. Gradient-boosted regression
tree [42,43] has been used for this regression problem,
signiﬁcantly improving the mass resolution. A regression tree is grown very similar to a decision tree. The
space of the predictor variables is recursively split into
rectangular regions. In each region Ri , the f (x) is
modelled by a constant ci [44]. The estimator of f (x) is

fˆ(x) =
ci I (X ∈ Ri ),
(9)
Ri

where I is a step function such that I = 1 when X ∈ Ri
and I = 0 elsewhere. The split variable and the split
point are chosen such that some loss function is minimized. If the loss function is the sum of the squared
differences (yj − fˆ(xj ))2 summed over all data, then
it can be shown that ci is the average of y’s falling in
the region Ri :
(10)
ĉi = ave(yj |xj ∈ Ri ).
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In later sections we shall discuss these steps of the
analysis in more detail.

9. Reconstruction and identiﬁcation of photons
In this section, we shall describe in some detail the
energy reconstruction and identiﬁcation of photons.
Photon reconstruction is described in §9.1. Once the
energy of photons is reconstructed, one needs to make
sure that the selected object is a signal photon and not
a jet or an electron which can be misidentiﬁed as photon. The identiﬁcation of real photons coming from a
primary vertex is described in §9.3 and 9.4.

9.1 Reconstruction of energy
In the CMS ECAL, photons deposit energy by electromagnetic showering. A high-energy photon converts
to e+ e− within a short distance (∼1 radiation length,
which is 7/9 of the mean free path for high-energy
photons) after entering an ECAL crystal. The e+ and
e− in turn produce bremsstrahlung and more photons are produced. A chain of pair production and
bremsstrahlung continues till low-energy electrons
and photons are left which cannot further produce

bremsstrahlung but only participate in other lowenergy processes [47]. At the end of this showering process, low-energy electrons and photons excite
the crystal lattice. The de-excitation of the crystal
gives rise to scintillation photons (wavelength ∼ 420
nm) which are then collected by photodetectors (PD)
attached to the back end of the lead tungstate crystals
(avalanche photodiode in the barrel and vaccum phototriode in the end-cap). The analog signal (current)
from the PD is ampliﬁed and stretched in time (the signal from the PD is a sharp pulse of a few nanoseconds
rise time). At this point, the analog signal appears as
a voltage pulse. The pulse is digitized by an analogto-digital converter (ADC), reading out 10 samples of
the signal voltage pulse, one sample every 25 ns. The
digitized signal is in the form of ADC counts and
is sent to downstream electronic system for reading
out. Figure 12 summarizes the energy collection starting from the energy deposition by an electromagnetic
object in the ECAL.
Electrons and photons are then reconstructed as local
clusters of crystals with energy deposit above a threshold.
Such clusters are reconstructed using dedicated algorithms.
The algorithm starts by looking for local maxima (seed
crystals) in the ECAL. Around a seed crystal if there are

25 ns sampling

Figure 12. Summary of the chain involved in the collection of energy deposited by an electromagnetic object starting from
the ECAL crystal until it is sent to the trigger system [45,46].
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adjacent crystals with energy deposit above a threshold,
their energies are summed together. A typical electromagnetic shower from a photon or an electron produces
a cluster of 5 × 5 crystals around the seed crystal.
A large fraction of photons convert and electrons
produce bremsstrahlung, while crossing the tracker
volume, before reaching the ECAL. So a photon often
does not reach the ECAL as a photon. Instead, the pairproduced electron and positron produces two clusters
in the ECAL, which share the energy of the original
photon. The two clusters get separated in φ direction,
due to the magnetic ﬁeld parallel to the z-axis. (For
electrons the energy of the original electron may get
shared with a bremsstrahlung photon that it emits on
its way to the ECAL.) To reconstruct the energy of
the original photon (or electron), a search is performed
along a strip which is 5 crystal wide in η but streches
in φ. All individual clusters in this strip are collected
in a ‘supercluster’.
This way, about 95% of the energy of the photons
and electrons is collected. Energy-weighted centre of
gravity of a supercluster is taken as the impact point of
the original photon/electron at the ECAL.
The photon candidates reconstructed this way, are
required to be within |η| < 2.5 (though ECAL is till
|η| = 3.0, the range of photon selection is restricted
to 2.5 because tracker efﬁciency falls beyond |η| =
2.5. So, to be able to distinguish between electrons
and photons, the |η| range is restricted to 2.5. The region 1.44 < |η| < 1.57, which is the barrel–end-cap
transition region, is excluded.

9.2 Photon energy
Energy of electromagnetic objects is collected from
ECAL and the preshower (which is in the region |η| >
1.65) in the form of ADC counts as explained above.
From the ADC counts, energy in the supercluster can
be converted to GeV follows:

Ee,γ = Fe,γ · G ·
Si (t) · Ci · Ai + EES , (11)
i

where
(a) the sum is over the crystals with index i. These
crystals belong to the same supercluster.
(b) The energy in each crystal is recorded as ADC
counts, Ai . To get the energy in GeV from the
ADC counts, it is multiplied by
(1) ADC-to-GeV conversion factors (G), measured separately for ECAL barrel and ECAL
end-cap,
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(2) by the intercalibration coefﬁcients (Ci ) of the
corresponding crystal (the intercalibration is
a crystal-to-crystal relative weight, which
originates from crystal-to-crystal variations
of the scintillation light yield and crystal
transparency),
(3) and by Si (t), a correction term due to
radiation-induced channel response which
changes as a function of time t (due to radiation light yield from the crystal changes).
(c) The term Fe,γ represents the energy correction for
electrons and photons separately, which takes into
account the way these objects shower. This term
also takes into account the corrections due to gaps,
cracks, pile-up etc.
To get the best estimate of the energy, the calorimeter
signals are calibrated and corrected for several detector effects (e.g. gaps between crystals and groups of
crystals etc).
In CMS, the H → γ γ analysis uses a slightly different approach to get the corrected energy of the photons.
Instead of multiplying eq. (11) by Fe,γ , raw energy
given as
Ee,γ γ = G ·



Si (t) · Ci · Ai + EES ,

(12)

i

is taken and then to correct for the shower losses for
photons that convert in the material before reaching the
ECAL, and the effects of pile-up, a multivariate regression technique is used. This approach is found to give
the best estimate of true photon energy. As discussed
earlier, regression relates an output variable y to a set of
input variables X = x1 , x2 , ..., xn in a functional form:
y = f (x).

(13)

In this case, the output variable is the energy correction
as mentioned above. The energy correction depends on
the position where the photon hits the ECAL, e.g. if the
photon hits near the gap between the crystals or group
of crystals in the ECAL or if the photon has undergone
pair production in the tracker, the amount of energy
correction is larger compared to those photons which
have not fallen near the gaps or which have not undergone pair production. So, the energy correction is a
function of η (position where it hits the ECAL) and
the shower width (broader photon showers can indicate that the photon is converted). In the same way, the
energy correction can be a function of other variables.
The aim of regression is to determine the dependence
of energy correction as a function of such variables
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in the multidimensional plane of these variables. The
output in this case, as described above, is the energy
correction and is deﬁned to be
raw
y = Etrue /Esupercluster
,

(14)

raw
is the energy as given in eq. (12).
where Esupercluster
For each region of the multidimensional hypervolume, the output of the regression is a probability
distribution of energy correction required for that particular region which can be parametrized by a Gaussian
core and two power law tails. If ĉi is the most probable
value of the correction for a region Ri of phase-space,
the ﬁnal corrected energy is given as
raw
Ecorrected = Esupercluster
× ĉi .
(15)

Further, the width of the Gaussian core is used as a
per-photon estimator of the energy uncertainty. This
technique can thus be used to estimate the per-photon
energy and energy uncertainty.

9.3 Variables to identify good photons
Background to H → γ γ process can be categorized
into two types: (1) irreducible background, which is
mainly due to prompt diphoton production (pp →
γ γ ). This forms the continuum in the mγ γ spectrum.
This type of background cannot be simply eliminated
by using photon identiﬁcation variables as described
here. (2) The reducible background, which can be
eliminated by photon identiﬁcation criteria. pp →
γ + jets and dijet events are the main contributing processes in this category. A jet can resemble a photon
in the detector when a neutral meson (mainly π 0 ) in
the jet, carrying a substantial fraction of the pT of the
jet, decays into two photons. At high pT , the two photons from π 0 have only a small separation between
them and end up being reconstructed as a single photon. The high pT of π 0 also means that this ‘single
γ ’ is relatively isolated from the remaining hadronic
constituents of the jet.
To remove the reducible background, a number of
variables are formed which have distinguishing features between real photons and the jets which get
misidentiﬁed as photons. These variables are:
(1) H /E: This is the measure of energy leakage in
the hadronic calorimeter. It is measured as the
ratio of energy in HCAL towers behind the ECAL
supercluster to the energy in the ECAL supercluster. In general, a jet getting misidentiﬁed as
a photon tends to have high values of H /E.
(2) R9 : It is the ratio of energy deposited in a 3×3
crystal matrix centred around the seed crystal to

the uncorrected energy of the supercluster. It
is not only sensitive to how early a photon is
converted in the tracking volume but also to the
jets. Since jets are ‘broader objects’, they tend to
deposit energy in more crystals and hence they
tend to have low values of R9 .
(3) σiηiη : It is the ECAL-crystal-based shower
covariance in the η direction. In other words, it
measures the spread of the shower in the η direction. Jets which get misidentiﬁed as photons tend
to have large values of σiηiη .
(4) Isolation variables: Scalar sum of the transverse
energy around the photon in tracker, ECAL and
HCAL is also a good variable to distinguish
between misidentiﬁed jets and real photons.
Misidentiﬁed jets tend to have more isolation
around the photon compared to the real photons.

9.4 Photon identiﬁcation
To further purify the sample and remove the residual contamination due to photon candidates resulting
from misidentiﬁcation of the jets, a boosted decision
tree (BDT) is trained. The BDT has been implemented
using the TMVA [48] framework. Some of the variables
which are used as inputs to the photon identiﬁcation
BDT are given below:
(1) Lateral shower shape variables, six of which are
formed from the ECAL crystals. In case there
is a cluster in the preshower detector, a variable
measuring the shower spread is also used.
(2) Isolation variables based on particle-ﬂow algorithm [49]. It uses the pT sum of the photons, and of charged hadrons, within regions of
R < 0.3 around the candidate (where R =
√
(φ)2 + (η)2 ). There is a chance that the
photon candidate can come from a vertex other
than the chosen one (§10 describes the vertex choice). Thus, two charged-hadron isolation
variables are used: one that considers charged
hadrons coming from the vertex chosen for the
event (§10) and the other that is the largest of
all such pT sums among those made for each
reconstructed vertex.

10. Diphoton vertex
The diphoton invariant mass is gives as
(16)
mγ γ = 2E1 E2 (1 − cos θ ),
where E1 and E2 are the energies of the two photons
respectively and θ is the angle between the two photons. It can be seen from the above equation that the
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10.1 Diphoton vertex assignment
If the diphoton vertex is associated with charged particles, then the mass resolution is dominated entirely
by the energy resolution because the vertex associated with charged particles is known to be better than
10 mm in the z direction.
In case, the photons do not convert, the diphoton
vertex is identiﬁed indirectly using the properties of
a diphoton system and its correlations with the kinematic properties of the recoiling tracks. To identify the
vertex in this case, a BDT is constructed. Three input
variables are fed to the BDT for each reconstructed
vertex:
 2
(1)
pT : This quantity should be maximum for
the hard interaction vertex because most of the
charged tracks in an event should originate from
the hard interaction vertex.
γγ

p
(2) − (pT · |pTγ γ | ): As charged particles recoil
T

against the diphoton system, this quantity should
peak around unity.


γγ
γγ
(3) (| pT |−|pT |)/(| pT |+|pT |): This quantity should peak around 0, as the magnitude of
the vector sum of the transverse momenta of all
the charged tracks should approximately balance
the pT of the diphoton system where the sums
run over all tracks associated to a given vertex.
pT are the transverse momentum vectors of
charged tracks associated with a given vertex and
γγ
pT is the transverse momentum vector of the
diphoton system with respect to that vertex. If
one or both the photons convert to e+ e− pair,

35

the diphoton vertex can be associated with the
charged particle tracks and an additional variable, gconv , can be used as an input to BDT;
where gconv is deﬁned as the pull between ze (an
estimate of the primary vertex of the longitudinal
position as obtained from the conversion tracks)
and the longitudinal position of the reconstructed
vertex, zvtx : gconv = |ze − zvtx |/σ , where σ is
the uncertainty in ze .

10.2 Per-event vertex probability
A quantity termed as vertex probability is estimated
on an event-by-event basis. It is the probability for
the chosen vertex to be within 10 mm of the diphoton interaction point. This quantity, along with the
event-by-event estimate of the energy resolution (as
described in §9.2) of each photon, is used to estimate
the mass resolution for each event as discussed in §11.
This probability is estimated by constructing a BDT
whose input variables are as follows:
(1) Score of the vertex identiﬁcation BDT output for
the three most likely vertices in the event: This
tells how signal-like the selected vertex is, as
well as the next two good candidates,
8 TeV

Fraction | zreco - ztrue | < 10 mm

mass resolution of the Higgs depends on the energy resolution and the resolution of the angle between the two
photons. Knowledge of the angle between the two photons requires information about the vertex of collision.
If the z coordinate of the vertex from where the photons
originate, can be determined to within 10 mm, then the
contribution to mass resolution from the resolution due
to angle between them is negligible. During Run I, the
mean number of interactions per bunch crossing was
about 9 (21) in 7 TeV (8 TeV) dataset. The interaction vertices were distributed along the beam direction
(z-axis) with an RMS of 6 cm (5 cm) in the 7 TeV
(8 TeV) dataset. As photons do not leave any track
in the tracker unlike the charged particles, it is a difﬁcult task to identify the vertex of the diphoton events.
However, it is possible to determine the vertex using
information from the charged tracks of the additional
jets or the underlying event.
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Figure 13. Fraction of events with their true vertex lying
γγ
within 10 mm of the chosen vertex as a function of pT .
Solid points are the fraction of reconstructed vertices which
are assigned as diphoton vertices by the vertex assignment
BDT, which are within 10 mm of their true
√ location in simulated Higgs events, mH = 125 GeV, s = 8 TeV, as a
γγ
function of pT . Also shown is a band, the centre of which
is the mean prediction, from the vertex probability BDT
(described in §10.1), of the probability of correctly locatγγ
ing the vertex. The mean is calculated in pT bins and the
width of the band represents the event-to-event uncertainty
in the estimates [50].
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(2) Total number of reconstructed vertices in the
event: If the number of reconstructed vertices
are more in an event, it is more likely that at
least one minimum bias vertex randomly has a
better compatibitly with the diphoton system.
This decreases the chance of selecting the correct
vertex.
(3) Transverse momentum of the diphoton system,
γγ
γγ
pT : Events with high pT in most of the cases
γγ
have more hadronic activity (to balance pT ).
This leads to more charged particle tracks and
hence higher chance of selecting the correct
vertex.
(4) The distances between the chosen vertex and the
second- and third-best vertices.
(5) Number of photons with associated conversion
tracks: With the presence of conversion tracks, it
becomes easier to identify the correct vertex.
In order to check whether the vertex probability BDT
is giving reasonable results, it is tested on simulated
signal events as shown in ﬁgure 13, and the performance in data is tested using Z → μμ events. The
probability to identify a close-enough vertex (vertex
probability) has a linear relationship with the vertex
probability BDT score, the parameters of which are
obtained from a ﬁt using a sample of simulated signal
events.

11. Mass resolution and diphoton MVA
The diphoton mass resolution depends on several factors: the location of the associated energy deposits in
the calorimeter, if one or both the photons are converted in the detector volume in front of the calorimeter; and the diphoton vertex identiﬁcation probability.
In fact, estimation of mass resolution is important
because per-event mass resolution estimate is used
to train the diphoton BDT (see §12). The following
variables are used to train the diphoton BDT:
(a) Transverse momenta of the two selected photons, pT1 /mγ γ and pT2 /mγ γ ,
(b) pseudorapidities of both photons, ηγ1 and ηγ2 ,
(c) cosine of the angle between the photons in the
transverse plane,
(d) the per-event relative mass resolution estimate.
As discussed in §10, the diphoton mass resolution has contributions from the resolution of the
energy measurement of the two photons and also
the accuracy with which the vertex of the collision is known. Since in data we do not know
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if the right vertex is chosen, the following two
hypotheses are considered:
(1) Assuming that the right vertex is chosen,
the mass resolution is computed as given
in eq. (17). This is given as input to train
the MVA.
2 
2
1 
right
σE1 /E1 + σE2/E2 .
σm /mγ γ =
2
(17)
(2) In addition to the per-event mass resolution estimate assuming the correct vertex
hypothesis, we also consider the hypothesis of the wrong vertex. In this case, the
mass resolution gets an additional contribution from the vertex resolution, σmvtx ,
which is computed analytically given the
impact positions of the two photons in the
calorimeter. Per-event mass resolution for
this hypothesis is also given as input to the
MVA.

12. Event selection and classiﬁcation
In this analysis, the events are selected using diphoton triggers which have different energy thresholds on
the two photons. While one selection requires a loose
calorimetric identiﬁcation based on the shape of the
electromagnetic shower and loose isolation requirements on the photon candidates (ﬁrst criterion), the
other selection requires a high value of R9 (described
in §9) (second criterion), which is deﬁned as the ratio
of the energy sum of 3×3 crystals centred on the most
energetic crystal in the supercluster to the energy of
the supercluster. Unconverted photons tend to have
smaller values of R9 than the photons which convert
before reaching the calorimeter. High trigger efﬁciency
is maintained by allowing both photons to satisfy either
selection. This means that each of the photon should
pass either the ﬁrst criterion or the second criterion. For
example, if both the photons pass the ﬁrst criterion, the
event is selected. During the entire period of data taking (during run I), two trigger threshold conﬁgurations
are used: pT > 26 (18) GeV and pT > 36 (22) GeV on
the leading (trailing) photon. Only those photon pairs
are used for which the invariant mass, mγ γ , lies in the
range 100 < mγ γ < 180 GeV.
Sensitivity of the analysis depends on the mass resolution and signal-to-background ratio. By classifying
events based on the presence of ﬁnal objects, one can
separate the events with better mass resolution (and
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s/b) from the worse ones. To increase the sensitivity
of the analysis, the events are categorized into classes
depending upon the presence of objects in the ﬁnal
state, in addition to the photon pair, which give the
event the signature characteristic of the production process. Events which are not tagged (untagged events)
are classiﬁed according to a variable constructed using
multivariate techniques. The events are tested against
the class selection requirement in a ﬁxed order as mentioned in §12.1 in order to ensure that the classes are
mutually exclusive.

12.1 Tagged and untagged categories

the 7 TeV (8 TeV) dataset. Figure 14 shows
(for 8 TeV dataset) how the BDT performs on
simulated SM H → γ γ signal events with
mH = 125 GeV, and on data after the full diphoton pre-selection. To get better visualization of
the performance of the BDT, the classiﬁer score
has been transformed such that the sum of signal events from all processes has a uniform, ﬂat,
distribution.
(2) V BF: This class aims at collecting events in
which the Higgs is produced by the VBF mechanism. The Feynman diagram of this production
mode is shown in ﬁgure 2. Higgs produced by
this mechanism is accompanied by the presence
of two jets separated by a large rapidity gap,
originating from the two scattered quarks. Separating events into this category increases the separation between the signal and the background.
Dijets are selected by a loose selection criterion. A dijet BDT is then trained to select the
VBF events. The diphotons are selected using
the same BDT as the ones used for untagged
category. To ﬁnally select the events, a ﬁnal combined BDT is used which has only three input
variables: the score of the dijet BDT, the score
of the diphoton BDT, and the transverse momentum of the diphoton system normalized by its
γγ
mass (pT /mγ γ ).
(3) VH: The aim of this category is to collect all the
events in which the Higgs is produced by the
VH mechanism. The Feynman diagram of this
19.7 fb-1 (8 TeV)
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(1) Untagged: As mentioned above, events in this
category are selected by using the BDT technique. The BDT is trained with the input variables
which are discussed in §11. Events produced
by gluon–gluon fusion fall in this category. The
Feynman diagram of this production mode is
shown in ﬁgure 2. This classiﬁer takes as
input, a per-event estimate of the diphoton mass
resolution, the identiﬁcation BDT scores of both
photons, and the kinematic properties of the
diphoton system, except for mγ γ . To avoid any
dependence on mH , the transverse momenta and
resolutions are divided by mγ γ . The complete
list of input variables can be found in
ref. [51]. BDT assigns a score to each event.
Depending on the BDT score, this untagged category is further divided into 4 (5) classes in

35

0.1
1

Transformed diphoton BDT classifier score

Figure 14. Transformed diphoton BDT classiﬁer score for events satisfying the full diphoton pre-selection in the 8 TeV
data (points with error bars, left axis), and for simulated signal events from the four production processes (solid ﬁlled
histograms, right axis). The outlined histogram, following the data points, is for simulated background events. The vertical
dashed lines show the boundaries of the untagged event classes, with the leftmost dashed line representing the score below
which events are discarded and not used in the ﬁnal analysis [50].
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Table 2. Event classes for the 7 and 8 TeV datasets and some of their main selection requirements. Events are tested against
the selection requirements of the classes in the order they are listed here.
No. of classes
Label

7 TeV

8 TeV

t t¯H lepton tag

∗

1

VH tight tag

1

1

VH loose tag

1

1

VBF dijet tag 0-2

2

3

VH

1

1

t t¯H multijet tag

∗

1

VH dijet tag

1

1

4

5

tag

Main requirements
γ1

pT > mγ γ /2
1 b-tagged jet + 1 electron or muon
γ1
pT > 3mγ γ /8
(2e or 2μ, pT > 10 GeV; 70 < m < 110 GeV)
γ1
pT > 3mγ γ /8
e or μ, pT > 20 GeV
γ1
pT > mγ γ /2
2 jets; classiﬁed using combined diphoton–dijet BDT
γ1
pT > 3mγ γ /8
γ1

pT > mγ γ /2
1 b-tagged jet + 4 more jets
γ1
pT > mγ γ /2
jet pair, pT j > 40 GeV and 60 < mjj < 120 GeV
The remaining events,
classiﬁed using diphoton BDT

∗ For the 7 TeV dataset, events in the ttH lepton tag and multijet tag classes are selected ﬁrst, and combined to form a single event class.

production mode is shown in ﬁgure 2. This process is tagged by the presence of lepton(s), dijet,
. Based on this, four classes are deﬁned.
or
The presence of a muon or an electron deﬁnes
two classes: according to the presence of another
lepton (Z → ) or the presence of signiﬁcant
. The
missing transverse energy,
presence of minimum two jets constitutes the
third class (Z → jet + jet, W → jet + jet).
Finally, the fourth class consists of events with
.
large
(4) ttH: The aim of this category is to collect all
the events in which the Higgs is produced along
with the top and antitop quarks. The Feynman
diagram of this production mode is shown in
ﬁgure 2. This process has a small cross-section.
The overall σ × BR(H → γ γ ) is 0.3 fb at
NLO. It is thus important to maximize the signal efﬁciency. Events are thus categorized into
lepton-tagged or multijet-tagged event classes
depending on the lepton or hadronic decay of top.
The above procedure leads to 11 classes in the 7 TeV
run and 14 classes in the 8 TeV run (to maintain enough
statistics in each class, in 7 TeV run, which was a
low-luminosity run compared to the 8 TeV run, fewer
classes were formed). As mentioned above, to ensure

that the classes are mutually exclusive, the events are
tested against the class selection requirement in a ﬁxed
order. Table 2 summarizes the order in which the events
are selected and their selection criteria.

13. Signal parametrization and background
estimation
A parametric signal model is constructed from a ﬁt
of the simulated invariant mass shape. This is done
for each event class (25 such classes) in the range
110 ≤ mH ≤ 150 GeV, at 5 GeV intervals (which is
a total of nine samples for each event category). Gaussian distribution can describe the signal distribution of
mγ γ to an approximation. Good description of the distributions, including the tails, is achieved by using a
sum of Gaussian functions, where the means are not
required to be identical.
To determine the number of Gaussian functions to
be used and the starting values of their parameters
for further ﬁts to the other eight samples (for each
event class), the ﬁts are ﬁrst performed for the mH =
125 GeV MC sample. In most of the cases, use of
two or three results in a good ﬁt, though as many
as ﬁve Gaussian functions are also used. To get the
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signal models for intermediate values of mH , linear
interpolation of the ﬁtted parameters is performed.
We have already discussed that it is unreliable to
determine the normalization (total contribution) and
shape of the backgrounds from MC simulation. Thus,
CMS uses a data-driven technique to estimate the shape
and contribution of the background to H → γ γ
in order to extract the Higgs signal. To estimate the
shape and normalization of the background, a binned
likelihood ﬁt to diphoton invariant mass histogram is
performed, with a parametric function. As the two
photons in the selected events are required to have a
minimum pT , the diphoton invariant mass spectrum
from the background also has a turn-on starting from
a minimum mass. After the turn-on region the backgound has a continuous and smoothly falling shape,
because higher invariant mass ﬁnal states have smaller
available phase-space and are less likely to be produced. These are the general physical requirements on
the parametric family of functions chosen to ﬁt the
background. Five well-known families of parametric
curves were tried:

ﬁve times less than the statistical accuracy of the ﬁt prediction. Only Bernstein polynomial produces a small
enough bias in the full mass range, and was used as the
background model in each category.

(1) Sum of N exponentials,

ki m , where m = m .
b1 (m; θB ) = N
γγ
i=1 fi e
(2) Sum of N power terms,

−ki .
b2 (m; θB ) = N
i=1 fi m
(3) Laurent series (N
4),
 = 3 or −(i+2)
b3,4 (m; θB ) = N
f
m
.
i
i=1
(4) Bernstein polynomial,

2 N i
N −i , where
b5 (m; θB ) = N
i=1 fi Ci x (1 − x)
x = (m − 100)/80.

The second product in eq. (19) represents the probability of an auxiliary observation. For example, one may
make a histogram of some quantity in a control sample which is dominated by the background. Then mk
would represent the number of events in the kth bin of
the histogram and uk is the expectation value of mk .
in the numerator denotes the value of θ that maximizes L for the speciﬁed μ, i.e., it is the conditional
maximum-likelihood (ML) estimator of θ . The denominator is the globally maximized likelihood function,
i.e., μ̂ and θ̂ are maximum likelihood estimators of μ
and θ . By deﬁnition, the value of the proﬁle likelihood
ratio does not exceed unity.
The numerator is obtained from the best likelihood
ﬁt of the data with the ‘background-only’ model. This
is equivalent to setting μ = 0. The denominator is
obtained from a best ﬁt to ‘signal + background’ model.
Two good properties of this test statistic makes it
useful for searches. The Neyman Pearson lemma in
hypothesis testing states that a likelihood ratio test
is the uniformly most powerful statistic, when it can
be constructed. (A test can make two types of errors,
namely type-I error: rejecting the null hypothesis H 0,
when it is the true hypothesis and type-II error: erroneously accepting H 0 when it is not true. The most
powerful test is one, which, for a given probability of
making type-I error, has smaller probability of making
type-II error, compared to all other tests with the same

We denote the set of parameters of the background
functions with θB . The Bernstien polynomial has the
good property of being positive deﬁnite everywhere in
the range, as long as the coefﬁcients of the sum are
constrained to be non-negative.
Sufﬁcent number of terms in the backgound functions are determined by an F-test. The F-test compares
χ 2 /N for different values of N and is used to see if
there is signiﬁcant improvement in χ 2 probability of
the ﬁt with increase in N.
Each background function can then be used as a
probability density function to generate a pseudodata
by throwing random numbers according to that density function. A signal component is injected in this toy
Monte Carlo sample. Funcions from other families can
be used to ﬁt this pseudodata. From these ﬁts, bias in
measured signal strength, with respect to the injected
signal is determined. The bias is required to be at least

14. Statistical procedure
The ﬁnal stage of the analysis is to extract the signal
strength parameter μ and test the ‘background-only’
hypothesis. A proﬁle likelihood ratio statistic was chosen to discriminate between the ‘background-only’
and ‘signal + background’ hypotheses. The statistic is
deﬁned as

(18)
where L(μ, θ ) is given by
L(μ, θ ) =

M
N
m

(μsj + bj )nj −(μsj +bj )  uk k −uk
e
e .
nj !
mk !

j =1

k=1

(19)
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Events / GeV

19.7 fb-1 (8 TeV) + 5.1 fb-1 (7 TeV)
×103

CMS

Sum over all classes

10

Data

8

S+B fits (sum)
B component

6

± 1σ
±2 σ

4
2

Events / GeV

type-I error probability). For an exact statement of this
theorem, one can refer to [52].
The second attractive property of the proﬁle likelihood ratio statistic is due to the two results from
[53,54], for large sample limit (which is the case for
the mass spectrum from which the conclusion is to
be derived). Using the results of Wilks and Wald,
analytical formulae can be derived for the proﬁle likelihood statistic distribution under both the ‘backgroundonly’ and ‘signal + background’ hypotheses. This means
one can perform the hypothesis test based on the invariant mass histogram without recourse to the timeconsuming Monte Carlo (MC) trial experiments.
Cowan et al also demonstrated that the statistic can
be suitably modiﬁed for a situation where the deviation of the signal strength parameter can only be
positive if it is due to signal events being present in
data. It was derived that the proﬁle likelihood ratio follows a non-central chi-squared distribution in this case.
The systematic uncertainties were treated as nuisance
parameters of the model and treated in a frequentist
way. The uncertainty on these parameters broadens the
distribution of the proﬁle likelihood ratio, which in turn
increases the p-value of the data (or expected data)
under the ‘background-only’ hypothesis and diminishes
the signiﬁcance of the signal. The interested reader may
refer to the original paper [40] for more details.
Following this full statistical procedure, a ﬁt to the
data is performed to all the 25 event class distributions
simultaneously, with a single overall value of the signal
strength and the mean (which is mH ) of the Gaussian
function of the signal model are left free to vary in
the ﬁt. This overall ﬁtted distribution of mγ γ can be
seen in ﬁgure 15 from the combined 7 and 8 TeV data.
Input to the ﬁt are two signal parameters (in addition
to the background ﬁt function), viz. mH , mean of the
Gaussian function of the signal model, and the signal strength, μ = σ/σSM , where σ/σSM denotes the
production cross-section times the relevant branching
fractions, relative to the SM expectation.
As a result of performing a combined ﬁt to the data,
the ﬁtted value of the signal model are found to be:
mH = 124.7 GeV and μ̂ = 1.14+0.26
−0.23 .
One can calculate the p-value (discussed in §2) at
each point in the mγ γ distribution. Figure 16 shows
the local p-value, in the mass range 110 < mH <
150 GeV, calculated separately for the 7 and 8 TeV
datasets. The same ﬁgure shows the local p-value for
the combined 7 + 8 TeV datasets and the expectation from the SM Higgs (shown in lines). The significance calculated at the minimum of the local p-value
(which is at 124.7 GeV) is 5.7σ where one expects a
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Figure 15. Distribution of mγ γ from all the 25 event
classes in 7 and 8 TeV datasets. The lower plot shows the
residual data after subtracting the ﬁtted background component [50].
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Figure 16. The local p-values as a function of mH for the
7 TeV, 8 TeV, and the combined dataset. The expectation
from the SM Higgs is shown as the dashed lines [50].

local signiﬁcance of 5.2σ for the SM Higgs. It should
be mentioned here that the location of the mass peak
is not known. So an upward ﬂuctuation anywhere in
the range of search can potentially be due to a signal.
The probability of the background-only histogram to
produce such an upward ﬂuctuation somewhere in the
entire search range is much higher than the background
ﬂuctuating upwards signiﬁcantly, at a speciﬁc point in
the mass spectrum. Thus the p-value of an upward
ﬂuctuation somewhere, or the global p-value is larger
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than the local p-value of the ﬂuctuation. This effect
is known as the ‘look-elsewhere’ effect [55]. Taking
into account this effect lowers the signiﬁcance of a
deviation from the ‘background-only’ hypothesis.

15. Spin-parity measurement
In order to conclude that the observed boson is an SM
boson, it is important to measure its other properties
like, spin and parity. The Landau–Yang theorem forbids the direct decay of a spin-1 particle into a pair
of photons [17,18] and as the newly discovered boson
decays to two photons, it cannot have spin-1, but the
boson is allowed to have spin-2. This section focusses
on how the spin and parity of the observed boson are
measured in the diphoton decay mode.
The polarization of a resonance with non-zero spin
depends on the production mechanism. Consequently,
in such a case, there is a non-trivial correlation of the
kinematic distribution of the production and sequential
decay, while there is no such direct correlation in case
of a spin-zero resonance. The correlation of spin with
various kinematic distributions can be fully explored in
H → ZZ ∗ → 4 decay because of the further decay
of ZZ ∗ to 4 .
In the case of H → γ γ , as the γ s do not decay
further, it becomes tough to do a full correlation study
about the spin and parity. Still it is possible to compare spin-2 graviton-like models with minimal coupling model, 2+
m , of the observed boson with respect
to the SM Higgs-like model (0+ ) by looking at the
∗ ) in Collin–Sopper (CS) frame. CS frame is
angle (θCS
the diphoton rest frame in which the two photons are
∗ is the angle between the line of photons
collinear. θCS
and the line that bisects the acute angle between the
colliding protons. It is deﬁned as
∗
cos θSC
=2×

E 2 pz1 − E 1 pz2
γγ

mγ γ mγ γ 2 + (pT )2

,

(20)

where E 1 and E 2 are the energies of the leading and
subleading photons, pz1 and pz2 are the z components
γγ
of their momenta, mγ γ and pT are the invariant
mass and transverse momentum of the diphoton system. This angle is shown in ﬁgure 17. In the rest frame
of a spin-0 boson, the decay photons are isotropic. This
is not, in general, the case with a spin-2 particle.
In this study, the 2+
m resonance is produced in MC,
either entirely by gluon–gluon fusion or entirely by
quark–antiquark annihilation. Cases in which it is produced by a mixture of two processes are also considered.

Figure 17. Schematic diagram of the CS frame for twophoton decays.

This study uses multivariate regression for photon
energy correction as described in §9 but does not
use any MVA to exploit diphoton kinematics. The
analysis divides the diphoton events into four categories of (η, R9 ). Photon identiﬁcation has been optmized separately for each category using a subset of
discriminating variables as discussed in §9.
Photons with a high value of R9 are mostly unconverted and have a better energy resolution than those
with a lower value of R9 . Such photons are also less
likely to arise from misidentiﬁcation of jets. In the
same way, photons in the barrel have good energy resolution and are most likely the signal photons. With this
categorization, events with good photon energy resolution (hence good diphoton mass resolution), and good
signal-to-background ratio are grouped together. This
increases the sensitivity of the analysis.
∗ | category,
Each diphoton class is binned in 5| cos θCS
resulting in 20 event categories in total.

15.1 Signal modelling, background modelling and
signal extraction
To build signal models, MC samples are used. The
samples are divided into each of the 4(η/R9 ) ×
∗ |) = 20 categories and the m
5(| cos θSC
γ γ distribution
is binned to create signal models. Signal strength is
ﬂoated for each spin hypothesis (μspin-0 , μspin-1 ). In
each category, the number of events is given by μ × f ,
where f is the fraction of events in the category in the
MC. A simultaneous ﬁt is then performed in 20 bins
with all the parameters ﬂoated except that the overall
yield is taken from the signal MC sample.
To construct the background model, for each of the
20 categories, data are ﬁtted by polynomial ﬁts in the
range 100 < mγ γ < 180 GeV and is determined in
the same way as is described in §13. To extract the signal, a combined unbinned maximum likelihood ﬁt is
performed to the data in the 20 categories. The PDF for
the ith category is
X
X
X
X
PDFX
i (m) = μNSM fi sigi (m) + Nbkg,i polyi ,

(21)
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where μ is the signal strength, NSM is the number of
events expected for the SM Higgs at the integrated
luminosity of the data, fiX is the fraction of events
expected in this category for spin hypothesis X and
sigX
i (m) is the binned signal model for model X in cateX
gory i (as mentioned above). Nbkg,i
is the number of
background events for the ith category, while polyX
i (m)
is the background model corresponding to this category
X
and all
(as mentioned above). In the ﬁt, μ, each Nbkg,i
parameters of the i polynomials are left ﬂoating.

logarithm of the ratio of the likelihoods for the 0+
signal + background hypothesis and the 2+
m signal
+ background hypothesis when performing a simultaneous ﬁt of all the 20 event classes together, q =
−2 ln(L2+m +bkg /L0+ +bkg ). Figure 19 shows the values
of the test statistic as a function of fq q̄ . It can be seen
that the hypothesis of the signal being 2+
m is disfavoured
for all tested values of fq q̄ .

15.2 Results

Both CMS and ATLAS measured differential crosssection with respect to the kinematic variables of the
Higgs. These distributions shed light on various properties of the Higgs boson and points to alternate models. It also allows to test perturbative QCD predictions
in the Higgs sector. These measurements are consistent with the expected distributions from the SM Higgs.
We shall give a brief outline of the CMS differential
cross-section measurement in this section. For each
bin of an observable, the mγ γ distribution is looked
for any excess above the SM and the μ is extracted using the same statistical methodology as is described in §14. The analysis is repeated for every bin of
each observable, and the results of the searches in
each event class are then combined for each bin of
the observable. No event classiﬁcation targetting dedicated production mechanism (e.g. VBF tag, leptonic
tag) is used. All the results are therefore mainly from
gluon fusion production. Measured distributions are
then unfolded (i.e. all the detector effects are removed)

Figure 18 shows the distribution of the expected signal strength, μ, in bins of |cos θ | for the SM, and for
two 2+
m models as mentioned before in this section. To
calculate the expected values in the ﬁve bins, a pseudodata model is constructed in which the values of all the
free parameters, including the signal nuisance parameters, the parameters of the background function, and
the overall signal strength, are set to their best-ﬁt values
obtained by ﬁtting the model in question to the data.
To extract the expected limits ﬁnally, the same procedure is followed for signal extraction as is mentioned
in §15.1 by doing a simultaneous ﬁt in 40 classes (20
classes for 7 TeV and 20 classes for 8 TeV data). To
calculate the observed μ values, the data are simultaneously ﬁt in the 40 event classes following the procedure
mentioned in §15.1.
The separation between the two models is extracted
using a test statistic deﬁned as twice the negative

16. Differential cross-section measurement
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Figure 18. Histograms showing signal strength in ﬁve bins
∗ | expected for SM, for 2+ produced by gg, and for
of |cos θSC
m
+
2m produced by q q̄. The signal strength observed in the data
is shown by the black points [50].
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Figure 19. Test statistic for pseudoexperiments generated
under the SM, 0+ , hypothesis (open squares) and the
graviton-like, 2+
m , hypothesis (open diamonds), as a function of the fraction, fq q̄ , of q q̄ production. The observed
distribution in the data is shown by the black points [50].
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and compared with generator level distribution from
the latest Monte Carlo predictions.
For this study, two isolated photons are required to be
within pseudorapidities |η| < 2.5, excluding the barrel–
end-cap transition region of 1.44 < |η| < 1.57 and
photons with leading and subleading momenta (pTγ )

are required to satisty pTγ /mγ γ > 1/3 and pTγ /mγ γ >
1/4 for the subleading photon, where mγ γ represents
the diphoton mass. Photons are identiﬁed in the same
way as discussed in §9. The trigger requirement and
vertex determination are identical to what is described
in §12 and 10.
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Figure 20. The H → γ γ differential cross-section for inclusive events for (a) pT,γ γ , (b) yγ γ , (c) φ(γ1 , γ2 ), (d) cos θCS
Theoretical uncertainties for all samples reﬂect the uncertainties in the scale, PDF and branching ratios added in quadrature.
The data contain both statistical and systematic uncertainties. The last bin of pT,γ γ distribution sums the events above
200 GeV [56].
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Following observables are studied:
γγ

(1) Production mode: transverse momentum (pT )
and rapidity (ϒγ γ ) of the Higgs boson are
deﬁned with the inclusive selection.
(2) Decay mode: angular distribution between the
photons (the helicity angle, |cos(θ ∗ )| in the CS
frame (see §15) and the azimuthal angle difference, φ(γ 1γ 2) between the two photons.
These are also deﬁned with the inclusive selection.
(3) Additional jet activity: number of jets (Njets ), the
transverse momentum of the leading jet, pT,jet ,
the rapidity difference between the Higgs and
the leading and subleading jet, the dijet mass
Mjj , the azimuthal angle difference, φ(j 1, j 2),
between the leading and subleading jet, the difference in pseudorapidity, η(j 1, j 2), between
the leading and subleading jet, and the Zeppenfeld variable, |ϒγ γ − (ϒj 1 + ϒj 2 )/2|.
The event categorization is performed using a mass
resolution estimator, σM /M. A suitable binning
choice of the observables is important to check if
there is any excess anywhere. The binning is optimized by requiring equal expected error on signal
signiﬁcance, μ, in every bin. All the differential distributions are compared with the HRES, POWHEG,
POWHEG+MINLO, and MADGRAPH_AMC@NLO
generators for ggH production. Figure 20 shows the
differential distribution for pT,γ γ , yγ γ and φ(γ1 , γ2 ).
For more details, one can refer to [56].
The observed ﬁducial cross-section after unfolding
is measured to be

within the limited space of this article. We only attempt
to give an overview of the important results, both from
CMS and ATLAS, in this section. The reader may ﬁnd
a more complete compilation of all the results in [11].
Both CMS and ATLAS have also performed a combined mass measurement in the H → γ γ and H →
ZZ → 4 channels by doing a simultaneous ﬁt to
the reconstructed invariant mass peaks in these two
channels. The combined measured mass of the Higgs
boson is mH = 125.09 ± 0.21(stat) ± 0.11(syst) GeV.
Figure 21 shows the log-likelihood ratio as a function

Figure 21. Plot of negative log-likelihood ratio as a function of the Higgs mass, mH , for the combined measurement
of ATLAS and CMS in H → γ γ (red) and H → ZZ → 4
(blue) channels. Black line is the combined scan in the two
channels [57].

+3
σobs = 32+10
−10 (stat)−3 (syst)fb,

which is compared with the following predictions:
σHRES+XH = 31+4
−3 fb,

σPOWHEG+XH = 32+6
−5 fb,

σMADGRAPHAMCATNLO+XH = 30+6
−5 fb.
The measured differential cross-sections are found to
be compatible with the SM predictions within the
statistical, systematic, and theoretical uncertainties.

17. Summary of the results
Since the discovery of the Higgs boson, many measurements have been made by both CMS and ATLAS using
the Higgs-to-diphoton channel, along with other channels. It is impossible to do justice to all the analyses,

Figure 22. 68% conﬁdence level contour in the plane of
μVBF+VH − μggF +ttH from the ATLAS and CMS combination [58].
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of the Higgs boson mass for the CMS and ATLAS mass
combination.
CMS and ATLAS have quoted their combined
measurements of signal strength parameters in the
μVBF+VH − μggF +ttH plane also. Figure 22 shows
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the combined measurements from several fermionic
and bosonic decay channels of the Higgs with 68%
conﬁdence level contour from a 10-parameter ﬁt. The
combination includes both the 7 TeV and 8 TeV energy
points assuming the signal strength parameters are the
same at the two energies.
Both ATLAS and CMS have measured the event
rates in various decay channels of the Higgs. From the
rate measurements one can only determine the product
of the production cross-section (σ ) and the branching
ratio (BR) but the two cannot be determined separately.
However, for any particular process i → H → f , one
can express the product of the production cross-section
and the branching ratio with respect to a reference
channel. CMS and ATLAS have used gg → H → ZZ
as a reference for this exercise. With this, product of
the production cross-section and the branching ratio for
any channel can be expressed as
σi ḂRf = σ (gg → H → ZZ) ×

Figure 23. Ratio of cross-section and branching ratio with
reference channel as gg → H → ZZ from the combined
measurement of ATLAS and CMS [58].

35

σi
σggF

×

BRf
. (22)
BRZZ

One can see from ﬁgure 23, that the relative branching ratio of γ γ measured by both the experiments are
within 1σ of the SM expectation.
Another interesting combined measurement presented by CMS and ATLAS is that of the κγ parameter
for the Higgs boson. The κ parameters are indicative
of any new physics process in the Higgs sector. In particular, the gg → H → γ γ channel is sensitive
to any BSM physics that can appear in loop-induced

Figure 24. (a) Combined measurement of κg and κγ and (b) 68% (full lines) and 95% (dotted lines) likelihood contour in
the place of κg –κγ [58].
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processes. κγ and κg will be indicative of the existence of any such BSM effect. However, the combined
κg and κγ measurement as shown in ﬁgure 24 shows
agreement with expectation from SM within 1σ . This
can also be seen from the combined measurement
presented in the κg –κγ plane (ﬁgure 24).
In §1 we brieﬂy discussed that the coupling of Higgs
to the gauge bosons appears through the spontaneous
symmetry breaking mechanism while the Higgs coupling to the fermions is the Yukawa coupling. CMS
and ATLAS combination effort probes into the intrinsic difference between these two couplings through
the parameters κV and κF . It was assumed that BSM
particle does not contribute to the loops (BRBSM = 0).
The κ parameters are constrained from ﬁve decay
channels of the Higgs namely, H → γ γ , H → ZZ,
H → W + W − , H → bb̄ and H → τ + τ − . The

modiﬁers κV and κF are deﬁned as κZ = κW = κV
and κτ = κt = κb = κF . The constraints on κV and κF
are shown in ﬁgure 25.
Table 3 summarizes the signal strengths in H → γ γ
channel as measured by ATLAS and CMS experiments
with the combined 7 + 8 TeV run of the LHC with
∼25 fb−1 of data. It also mentions the mass measured
by both the experiments in this channel.
In lieu of any conclusion, we conclude this article
with the mention of an interesting observation in the
diphoton channel from the run II data. With the start of
√
run II of the LHC at s = 13 TeV, both CMS [62] and
ATLAS [63] have seen a local excess in the diphoton
mass spectrum around 750 GeV. The local signiﬁcance
of the ATLAS observation is 3.6σ with data equivalent to 3.2 fb−1 of luminosity (see ﬁgure 26). CMS
has observed a 2.6σ local signiﬁcance with 2.6 fb−1

 f f
Figure 25. (a) The negative log-likelihood contours at 68% CL in the kF , kV plane for the individual decay channels as
 f
well as for the combined CMS and ATLAS and (b) enlarged scale of negative log-likelihood contours at 68% CL in the kF ,

f
kV plane. This is shown for the ATLAS, CMS and the combined (ATLAS + CMS) [58].
Table 3. Signal strengths of H → γ γ channel as recorded by ATLAS [59,60] and CMS [50,61] Collaborations after
7 + 8 TeV run of LHC with ∼25 fb−1 of luminosity. Contribution from each production mode is shown in columns 4–9.
mH = 125.36 (124.7) GeV as measured in this channel by ATLAS (CMS).
Signal strength (μ)
Channel
μggF

Production mode

ATLAS

CMS

ggF

VBF

WH

ZH

VH

t t¯H

1.32 ± 0.38

+0.37
1.12−0.32

∼100%

–

–

–

–

–

–
–
–
–

∼100%
–
–
–

–
∼100%
–
–

–
–
∼100%
–

–
–
–
∼100%

–
–
–
–

–

–

–

–

–

∼100%

μVBF
μW H
μZH
μV H

0.8 ± 0.7
1.0 ± 1.6
+3.7
0.1−0.1
–

μt t¯H

+2.6
1.3−1.8

+0.77
1.58−0.68

–
–
+1.16
−0.16−0.79
+2.51
2.69−1.81
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Appendix
While the main article presented results from Run I
data, very recently there have been important updates
on the measurement of mass, signal strength parameter
(μ) value and the ﬁducial cross-section measurements

Figure 26. The total excess seen around 750 GeV by
ATLAS (seen by CMS as well but the plots is not shown)
with the 13 TeV run of the LHC in 2015 [63].

of data. Taking into account the look-elsewhere effect,
the signiﬁcance goes down to 2σ (<1.2σ ) for ATLAS
(CMS). In 2016, LHC is foreseen to deliver 30√fb−1
[64] of data to each of the two experiments at s =
13 TeV. With these data, each experiment individually
should be able to establish if the Nature has another
heavy particle which decays to two photons. Following
the results presented by the CMS and ATLAS, several
possible new physics scenarios have been proposed in
a number of articles (a complete list of articles can be
found on spires link [65]) as a possible origin of such
a high mass particle decaying to two photons. One of
the interpretations is a two-Higgs doublet model where
a heavy Higgs can decay to a pair of photons. A singlet scalar or pseudoscalar coupling to photons via
vector-like quark or lepton is another proposal. It has
also been suggested that the rather wide resonance
(∼ 45 GeV as reported by ATLAS) is actually a superposition of a series of narrower resonances. With 2016
data, LHC experiments will be able to claim a discovery if the new particle does exist in nature and with
more luminosity the LHC should be able to shed light
on its properties.

Figure 27. The observed p-value (black) is compared to
the SM expectation across the ﬁt range 120–130 GeV, where
the SM Higgs boson is assumed to have a mass mH =
125.09 GeV (blue). The red line shows the maximum signiﬁcance for each mass hypothesis in the range 120 GeV
[66].
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Figure 28. The likelihood scan for the signal strength
where the value of the Standard Model Higgs boson mass
is proﬁled in the ﬁt [66].
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Figure 29. Signal strength modifiers measured in each category (black points) for proﬁled mH , compared to the overall signal strength (green band) and to the SM expectation
(dashed red line) [66].

Figure 31. The two-dimensional best-ﬁt (black cross) of the
signal strengths for fermionic (ggH, t t¯H ) and bosonic
(VBF, ZH, WH) production modes compared to the SM
expectations (red diamond). The Higgs boson mass is proﬁled
in the ﬁt. The solid (dashed) line represents the 1 standard
deviation (2 standard deviation) conﬁdence region [66].

Figure 30. Signal strength modiﬁers measured for each
process (black points) for proﬁled mH , compared to the
overall signal strength (green band) and to the SM expectation (dashed red line). Since this analysis does include any
categories targeting the VH process, we impose μV H = 1
[66].

[66]. Since then the CMS and the ATLAS experiments have collected substantial amount of new data
√
during the 2015 and 2016 runs of the LHC at s =
13 TeV. We include in this appendix the most important
updates from the CMS experiment based on 12.9 fb−1
of data collected during 2016 run of the LHC at 13 TeV.
Figure 27 shows the observed p-value as a function of
mass, ﬁgure 28 shows the likelihood scan as a function of signal strength parameter (μ). Figure 29 shows
the signal strength measured in each category (showing
the subcategories as well), whereas ﬁgure 30 shows

Figure 32. A likelihood scan for the ﬁducial cross-section
where the value of the standard model Higgs boson mass is
proﬁled in the ﬁt. The red line and hashed area represent
the SM expected ﬁducial cross section and uncertainty for
a Higgs boson of mass mH = 125.09 GeV. The normalization has been set using the latest values from [70] and the
acceptance is deﬁned using the aMC@NLO generator-level
quantities [66].
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the signal strength in each category with all the subcategories combined. Figure 31 shows the 2D best ﬁt
of the signal strengths for fermionic (ggH, ttH) and
bosonic (VBF, ZH, WH) production modes. Lastly,
ﬁgure 32 shows the likelihood scan of the ﬁducial
cross-section. For the ATLAS results one may refer
to [67].
It may also be mentioned that the 2016 data from the
LHC did not conﬁrm the excess as was mentioned in
§17 (see [68] and [69]).
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