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Abstract. The search for the Higgs boson is presented on 10.4 fb−1 of data recorded with CMS at the Large
Hadron Collider (LHC) during proton-proton interaction runs at

√
s = 7 and 8 TeV. The search is performed in

the mass range between 110 and 150 GeV and limits are set on the cross section in the context of the Standard
Model. An excess of events above the expected background is observed at about 125 GeV which is consistent
with the observation of a new boson statistically compatible with the Standard Model Higgs boson hypothesis.

1 Introduction

The Standard Model [1], [2], [3] has been so far one of
the most successful theories ever formulated and received
multiple experimental confirmations. The mechanism of
the electroweak symmetry breaking (EWSB), responsible
for the generation of the masses of elementary particles,
however, is still in need of experimental proof. The EWSB
is achieved by introducing in the theory a complex scalar
doublet which leads to the prediction of the existence of
the Higgs boson [4], [5], [6], [7], [8], [9].

The Standard Model (SM) predicts the existence of
four different production mechanisms for the Higgs bo-
son in proton-proton interactions, the gluon-gluon fusion
being by far the dominant one. The other mechanisms, in
order of decreasing cross sections are the vector-boson fu-
sion (VBF), the associated production with a Z or W boson
and the tt fusion. The Higgs boson can be sought for inclu-
sively or exclusively in these production modes by looking
for one of the predicted decay channels. The decay to two
photons has always been expected to be of extreme rel-
evance for a low-mass Higgs boson because despite the
expected very small branching fraction (between 0.14%
and 0.23%), it features an extremely clean signature due
to a pair of isolated, medium-high transverse energy pho-
tons. The existence of the boson is hence expected to be
revealed by the presence of a narrow, small peak over a
continuum background mostly due to the irreducible di-
rect two-photon QCD production.

The search for the Higgs boson described here was per-
formed in the context of the Standard Model, in the mass
range between 110 and 150 GeV, combining both the in-
clusive and the exclusive searches, the latter in the VBF
production mode. Primary interaction vertex, photon se-
lection and event classification were based on multivariate
techniques (MVA); the result was extracted by a fit to the
photon-photon invariant mass distribution, mγγ, in several
event categories.
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Results shown here, and published in [10],[11], were
obtained with the analysis of 5.1 fb−1 of data collected
with CMS at

√
s = 7 TeV and 5.3 fb−1 of data collected

at
√

s = 8 TeV. In this paper the analysis on the 8 TeV
dataset is described ; details for the analysis on 7 TeV data
are available in [10].

The Compact Muon Solenoid (CMS) detector is de-
scribed in detail elsewhere [12]. The central feature of the
CMS apparatus is a superconducting solenoid, of 6 m in-
ternal diameter, providing a magnetic field of 3.8 T. Within
the field volume are a silicon pixel and strip tracker, a lead-
tungstate crystal electromagnetic calorimeter ECAL and
a brass/scintillator hadron calorimeter HCAL. Muons are
measured in gas-ionization detectors embedded in the steel
return yoke. Extensive forward calorimetry complements
the coverage provided by the barrel and endcap detectors.

2 Pillars of the analysis

The success of the search of the Higgs boson in the two-
photon channel decay relies on four main points: high
invariant-mass resolution, vital to distinguish a tiny peak
on a huge background; effective photon identification,
essential to separate prompt photons from photons sec-
ondary to neutral meson decays produced in jets; event
categorization, effective with probing different signal-to-
background or different mass resolution signal categories;
and finally the background modeling, which after photon
identification is mostly (∼ 70%) irreducible, due to gen-
uine isolated two-photon QCD events. The inter-channel
calibration of the electromagnetic calorimeter (ECAL) as
well as the corrections for the crystal transparency loss
due to radiation, are the fundamental components to in-
sure good energy resolution. Energy corrections are fur-
ther applied to clustered electromagnetic energy in order
to insure complete shower and converted photon contain-
ment as well as to correct the dependence on the pile-up
event rate. The energy corrections are derived with a mul-
tivariate energy regression trained on simulated Higgs bo-
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son signal. The validity of the results is checked with Z→
e+ e− events.

The di-photon invariant mass resolution also depends
on the opening angle between the two photons, which in
turn is related to the directions of the two photons and the
accuracy in the identification of the primary vertex where
they originate. The natural spread in the longitudinal po-
sition of the interaction point is about 6 cm and and the
uncertainty on the position of the primary vertex worsens
as the pile-up event rate increases. In CMS it was checked
that if the vertex is known within 1 cm there is no im-
pact on the invariant mass resolution. Techniques involv-
ing multivariate methods, based on boosted decision trees,
were hence developed in order to meet this target. A first
multivariate analysis, MVA1, gives high score to likely
primary vertex according to the information on the event
topology extracted from all tracks present in the event
and from the pointing provided from converted photons if
the e+ e− tracks are reconstructed. A second multivariate
analysis, MVA2, is hence built from the score MVA1 at-
tributed to each vertex plus the γγ-system transverse mo-
mentum, the number of vertices reconstructed in the event
and the longitudinal distance between the highest MVA1-
score vertex and the next two. Both multivariate analyses
are trained on simulated Higgs boson events and their va-
lidity is tested in Z→ µ+µ− events and in γ+jet events,
the latter to verify specifically events with converted pho-
tons. The primary vertex selection achieved is about 80%
as shown in Fig. 1 as a function of the γγ-system trans-
verse momentum.
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Figure 1. Comparison between the true vertex identification effi-
ciency and the average estimated vertex probability as a function
of the reconstructed di-photon pT . The plots are obtained on
Higgs boson signal events with mH =120 GeV selected by the
analysis.

Photon identification is based on isolation measured
both in the calorimeters and in the tracking devices as
well as on the shower shape and extension, the latter be-
ing the major discriminant between primary and secondary
photons. Additional information are the photon pseudo-
rapidity and the event density per unit area, ρwhich is nec-
essary to adjust the dependence on the pile-up event rate.

The photon isolation was measured using the particle flow
algorithm [13] information, which is by construction less
sensitive to the increasing pile-up rate. All this informa-
tion is combined into another multivariate analysis which
attributes high score to genuine photon-like objects.

3 Analysis method

For the inclusive analysis, pairs of photon candidates are
selected in each event on the base of the ratio between
their transverse momentum and the γγ-system invariant
mass (pγT 1 > mγγ/3 and pγT 2 > mγγ/4). The information
from the primary vertex and from the photon identifica-
tion MVAs are combined into a final di-photon multivari-
ate analysis which assigns high score to di-photon candi-
dates with signal-like kinematics, good mass resolution,
high probability of correct vertex identification and with
each photon having high score from the identification. The
distribution of the MVA output is shown in Fig. 2 for sim-
ulated signal and background.
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Figure 2. Di-photon ID MVA output distribution for simulated
signal and background. The region below -0.05, where the back-
ground dominates, is not used in the analysis and the vertical
dashed lines indicate the class boundaries.

For the inclusive analysis, candidates are divided in
four categories according to the MVA output with bound-
aries chosen as shown in Fig. 2. The boundaries are op-
timized to achieve the best expected limit and the region
below -0.05, where the background dominates and gives
negligible gain in sensitivity, is not used in the analysis.
The MVA is trained on simulated Higgs boson (mγγ = 123
GeV) events and γ+jet events and validated on Z→e+e−

data and simulation. The exclusive analysis in the VBF
production channel exploits the forward jet tagging: the
highest energy jets in the event with large pseudo-rapidity
gap are selected to enrich the VBF content and reject the
background. The di-jet mass, m j j, is required to be greater
than 250 GeV. The photons are subjected to the same re-
quirements as in the inclusive analysis except a harder
cut on the transverse momentum of the leading photon,
pγT 1 > mγγ/2.
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Figure 3. The result of signal-plus-background model fit to the
mγγ distribution for the six event categories of the 8 TeV dataset.
The first four distributions are for the inclusive analysis. From
left to right and top to bottom they are in decreasing signal-to-
background order. The last two plots are for the two VBF cate-
gories, with respectively tight and loose m j j cut.

Two more categories are defined according to m j j; they
have a signal-to-background ratio an order of magnitude
larger than the inclusive analysis leading to about 10% in-
crease in the final sensitivity. Table 1 shows the number
of expected signal events from a SM Higgs boson with
mH = 125 GeV as well as the estimated background at
mγγ =125 GeV for each of the eleven classes in the 7 and
8 TeV datasets.

The final result is extracted by a fit to the signal plus
background mγγ distribution in the six categories (five for
the 7 TeV dataset). The background level is measured
from data in the mass range between 110 and 180 GeV; it
is modeled by fitting data with polynomial functions with
order ranging from three to five (Fig. 3). Care was taken
to verify that the potential level of bias introduced in the
analysis was below 20% of the statistical uncertainty.

4 Results

The statistical interpretation and the limit extraction is
based on the asymptotic CLS [14] using the profile like-
lihood ratio as a test-statistic [15]. The combination of the
results obtained with the 7 and 8 GeV datasets has been
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Figure 4. 95% CL limits on the cross section of a Higgs boson
decaying to two photons relative to the SM expectation for the
combined 7 and 8 TeV datasets.

achieved by considering the analyses on the two datasets
as two separate sub-channels. The uncertainties include
theoretical uncertainties on the expected cross sections
and acceptances for signal and background processes, ex-
perimental uncertainties on the modeling of the detector
response (event reconstruction and selection efficiencies,
energy scale and resolution). All known sources of sys-
tematic uncertainties are included in the likelihood model
which is used for the limit setting. Systematic errors which
are correlated between event classes (theory, luminosity,
photon and trigger efficiency, etc) are modeled as common
nuisance parameters.

Figure 4 shows the 95% CL exclusion limits combined
for the 7 and 8 TeV data samples. The Higgs boson exclu-
sion was expected in the mass range between 110 and 143
GeV. The observed limit shows the presence of a large ex-
cess at about 125 GeV and excludes the Higgs boson at
95% CL in the three mass ranges 114 to 121 GeV, 129 to
132 GeV and 138 to 149 GeV. The corresponding local p-
values observed are shown in Fig. 5; the minimum, corre-
sponding to the largest upward fluctuation of the observed
limit, falls at about 125 GeV, with a value of 1.8 × 10−5

corresponding to 4.1σ local significance. The global sig-
nificance in the whole mass range 110 to 150 GeV is 3.5
σ. This result is consistent with the observation of a new
boson with mass ∼ 125 GeV.

The combined best-fit signal strength, σ/σSM , for a
Standard Model Higgs boson with mass 125 GeV gives
σ/σSM = 1.56± 0.43 (Fig. 6). The results for the different
signal categories are reported in Fig. 7 which shows the
compatibility, within the uncertainty, across all categories
and data samples.

The mass of the observed boson is measured to be
125.1±0.4(stat) ± 0.6(syst). The calibration of the energy
scale is performed at the peak of the Z boson mass. The
uncertainty on the mass value is dominated by the system-
atic uncertainty which arises mostly from the imperfect
simulation of the differences between photons and elec-
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Table 1. Expected number of SM Higgs boson events (mH=125 GeV) and estimated background (at mγγ=125 GeV) for all event
classes in the 7 and 8 TeV datasets. The composition of the SM Higgs boson signal in terms of the production processes and its mass

resolution is also given.
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trons and from the necessary extrapolation from the Z bo-
son mass to mH ∼ 125 GeV.

Finally, and only for visualization purposes, the mγγ

distribution was produced by summing the contributions
from all event categories, re-weighting each of them by
the corresponding signal-to-background ratio. The result
is shown in Fig. 8, where a clear peak over the smoothly
falling down background, is visible at about 125 GeV. The
inset also shows the un-weighted distribution. Figure 9
shows the same distribution after background subtraction.

5 Conclusions

The Higgs boson search in the context of the Standard
Model interpretation was performed on a total of 10.4 fb−1

of data collected with CMS at the LHC during the pp runs
at
√

s=7 and 8 TeV. And excess of events above the SM
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Figure 6. The best fit signal strength, σ/σSM , shown as a func-
tion of the Higgs boson mass hypothesis.

predictions was observed at about 125 GeV, consistently
in 7 and 8 TeV data. From the combined analysis on the
7 and 8 TeV data the observed limit is 2.3×SM, where the
expected limit is 0.76×SM, corresponding to a local sig-
nificance of 4.1 σ and to a global significance of 3.2 σ.
The result is evidence of the existence of a new boson de-
caying to two photons, compatible, within experimental
uncertainties with the Standard Model Higgs hypothesis.
The observation of the decay in the two photon channel al-
lows already to exclude the spin-1 nature of the new state.
The mass of the new boson measured from the two-photon
decay channel is 125.1±0.4(stat) ± 0.6(syst).
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