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The observation of decays into photon pairs played a leading role in the discovery of the new
Higgs-like boson with mass around 125 GeV announced by the ATLAS and CMS collaborations
at the LHC. The main characteristics of the data analyses are presented and compared between
the two experiments. The evolution of the analyses and future prospects are discussed.
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Higgs boson search and properties measurement in the H→ γγ decay channel

The Higgs mechanism is one of the best-motivated explanation of the electroweak symmetry
breaking. In the standard model (SM), this mechanism in its simplest form predicts the existence
of only one elementary scalar neutral particle, the Higgs boson.

The decay into two photons (H→ γγ) has always been considered as a "discovery channel" for
a low-mass Higgs boson at the Large Hadron Collider (LHC). The SM H→ γγ decay is predicted to
have a very small branching ratio (2.2×10−3 for mH = 120 GeV). The search of the Higgs boson
in this channel is characterised by a small signal-over-background ratio, a very simple signature
(two isolated photons with relatively high momentum transverse to the beam axis) and a sensitivity
which is mostly driven by the experimental resolution of the invariant mass of the diphoton system.
The main backgrounds are represented by an irreducible component coming from the production
of two isolated prompt photons, and a reducible one from QCD processes, where at least one jet is
misreconstructed as an isolated photon.

The analysis strategy adopted by the ATLAS and CMS collaborations is very similar, a narrow
peak is searched in the diphoton mass spectrum. In addition, diphoton events are categorized
according to the expected invariant mass resolution and signal likelihood to improve the statistical
sensitivity of the search and to add the capability to tag specific Higgs boson production modes
(e.g. vector boson fusion Higgs production (VBF) or production associated with a vector boson
(VH)).

CMS presents two analyses [1], one cut-based (based on simple rectangular cuts) and a second
one based on a multivariate (MVA) discriminator, considered as the main one given the better
expected sensitivity. A cut-based analysis is presented by ATLAS [2], and in addition a first study
of spin [3]. The whole 7 TeV and 8 TeV datasets have been used in the latest updates of these
analyses: 4.8+20.7 fb−1 for ATLAS [2] and 5.1+19.6 fb−1 for CMS [1].

The performance of the two electromagnetic calorimeters (ECAL) is somewhat different, fol-
lowing the different choices taken during the design stage of the two experiments. CMS achieves a
better photon energy resolution thanks to its homogeneous ECAL [4],[5],[6] and a smaller amount
of material in front of ECAL (in ATLAS the calorimeters are placed outside the coil of the inner
solenoid). On the contrary, the ATLAS calorimeter [7] can provide a direction measurement thanks
to its longitudinal segmentation and a better discrimination between γ and π0 thanks to the fine seg-
mentation of the first layer in the pseudorapidity η direction. The ECAL performance in terms of
energy resolution and response stability versus time have been checked with electrons from Z→ ee
and W → eν [6], [8], [9] by both experiments.

The sensivity of the analysis is directly proportional to the achieved diphoton mass resolution.
Apart for the photon energy resolution which is driven by the ECAL performance, it is fundamental
to measure precisely the photon direction to keep the contribution to the diphoton mass resolution
from the angle mesurement small. It is then required to know precisely the longitudinal position
of the Higgs production vertex (along the beam-line). The identification of the primary vertex be-
comes increasingly difficult in presence of a large number of interaction vertices for beam crossing
(pileup). For this purpose the the tracks recoiling against the diphoton system can be used; in addi-
tion, ATLAS can take advantage of the measurement of the electromagnetic shower direction and
of the direction of the conversion tracks in case of a converted photon. The resolution on the longi-
tudinal position of the primary vertex is 15 mm from the calorimetric pointing and 6 mm when the
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conversion direction is used. CMS can do something similar only using the converted photons. The
final choice of the vertex position is obtained from a multivariate algorithm which combines all the
information available. The overall invariant mass resolution of the diphoton system, quantified by
the FWHM/2.35, is 1.77 GeV for ATLAS and 1.64 GeV for CMS for an Higgs boson with mass
mH = 125 GeV, reaching a resolution of about 1% when both photons impinge in the central part
of the detector.

Some differences are present for the kinematic cut applied at the photon selection stage: AT-
LAS uses a fixed cut for the two photons pT > 30,40 GeV while CMS uses a cut scaling with the
invariant mass : pT > mγγ/3, pT > mγγ/4. Photon identification requirements are based on shower
shape in the calorimeter (both lateral and longitudinal shape) and isolation requirements enforced
both in the inner detector and in the calorimetric compartment. ATLAS uses a multivariate photon
identification algorithm for the 7 TeV dataset and a cut-based approach in the 8 TeV dataset, CMS
uses both approaches for the cut-based and multivariate analysis respectively. The performance of
the photon identification algorithms have been compared between data and simulations using con-
trol samples from Z→ ee, where electrons are reconstruced as if they were photons , and Z→ llγ
decays, showing an overall agreement at the percent level [10],[11],[12]. After the diphoton selec-
tion, the purity of events with two prompt isolated photons in the invariant mass range between 100
and 180 GeV is 75+3

−4% for ATLAS and around 70% for CMS .

Both experiments divide the diphoton events in exclusive categories to tag a specific Higgs
boson production mode (VBF or VH) requiring additional jets, large missing transverse energy or
the presence of additional leptons; the remaining events are divided in inclusive categories with
different signal to background ratio and diphoton mass resolution. ATLAS analysis has 9 inclusive
categories based on the presence of a converted photon, the position in the calorimeter and trans-
verse momentum of the diphoton system. CMS has 4 inclusive categories for the main analysis,
defined using the output of a multivariate discriminator (BDT). The multivariate discriminator takes
as input several variables, as the photon identification score of the photons, the expected diphoton
mass resolution, the kinematic properties of the two photons and the probability to have correctly
identified the right vertex. The output of the BDT is validated by comparing the distribution of the
output variable in data and MC simulation with Z → ee events where electrons are reconstructed
as photons. The two analyses reach similar S/

√
B ratio and expected p-value (defined as the prob-

ablity to have a value of the test statistics as extreme as the observed one for the background only
hypothesis) in the inclusive sample and in the different categories.

In the analyses of both experiments, the background spectrum is estimated from data, fitting
the observed diphoton mass distribution with a parametric function in each individual category,
albeit the method to choose of the parametrization is different. ATLAS employs high statistics
background MC samples to define possible “truth models” for the background. Several functions
are tested against these background samples; the one which minimises the bias in estimating the
background in the signal region is chosen. The estimated bias is also used to assign a systematic
uncertainty on the background estimation. CMS instead derives the truth models from the data,
identifying different classes of functions able to give a good fit of the data. Pseudo-data are gen-
erated from these truth models and fitted with different test functions. Functions with increasing
number of degrees of freedom are exploited: the chosen parametrization is the one able to give an
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average bias in the estimated number of background events in the signal region smaller then 20%
of the statistical uncertainty. This allows the systematic uncertainty on the background estimation
to be neglected, effectively including it as a statistical uncertainty.

While the expected significances are quite similar between the two experiments, the observed
ones are quite different: ATLAS quotes 7.4 (4.1 expected), CMS 3.2 (4.2 expected) using the
MVA analysis and 3.9 (3.5 expected) for the cut-based. This translates into different best-fit sig-
nal strengths for the new boson µ̂ = σ

σSM
: 1.65± 0.24(stat)+0.25

−0.18(sys) for ATLAS and 0.78+0.28
−0.26

for CMS using the MVA analysis and 1.11+0.32
−0.30 using the cut-based. The measured mass is

126.8± 0.2(stat)± 0.7(syst) GeV for ATLAS and 125.4± 0.5(stat)± 0.6(syst) GeV for CMS.
The uncertainty on the mass measurement is dominated by the systematic uncertainties, coming
mostly from the precision of the knowledge of the photon energy calibration.

ATLAS also quotes the signal strength for specific production modes:
µggH+tt̄H = 1.6+0.3

−0.3(stat)+0.3
−0.2(syst),µV BF = 1.7+0.8

−0.8(stat)+0.5
−0.4(syst),µV H = 1.8+1.5

−1.3(stat)+0.3
−0.3(syst).

A review of the evolution of the ATLAS and CMS analyses has also been presented. The
expected significance (defined with the gaussian one-sided convention for the p-value) follows the
expected

√
L behaviour, where L is the integrated luminosity corresponding to the dataset analyzed.

For the cut-based analyses the sensitivity grows a little faster, reflecting the improvements in the
analyses. Similarly, the uncertainty on µ̂ improves as 1/

√
L, showing that the nature of this error

is still mostly statistical, and is anticipated to improve when more data become available.

At variance with this, the uncertainty on the mass is already limited by the systematic uncer-
tainty related to the calibration of the photon energy which is derived from electrons coming from
the Z boson decay: data/MC energy calibration factors are computed for different categories of
electrons to set the Z boson mass peak at the same position predicted by the MC simulation. The
error of this procedure comes from the extrapolation from electrons to photons and from the Z
boson to the H(125) boson mass scale. These extrapolations rely on MC simulations, in particular
the Geant4 [13] simulation of the showers and the implementation of the material descriptions. Re-
duction of the extrapolation errors is then connected to the improvements of the simulation and of
the description of the material in front of the detectors which both experiments are pursuing. The
use of photons from the Z → µµγ decay is currently used as a cross-check in both experiments,
somehow limited by the even larger scale extrapolation and by the small amount of data.

Among the various consistency check of the analyses, the compatibility of the two CMS anal-
yses (cut-based and MVA) and of the observed diphoton mass resolution in ATLAS have been
discussed. In the fit to the diphoton mass for signal extraction, the estimated energy resolution
is pulled at about 2σ away from its nominal value. Dedicated studies revealed no indication that
the systematic uncertainty on the resolution is underestimated; the large pull can then be due to a
statistical effect arising from background fluctuations.

The compatibility of the two CMS analyses (cut based and MVA) was also studied. The two
analyses share about 50% of the selected events. To estimate their compatibility the correlation
among the two analyses has to be estimated. This was performed estimating the variance of the
difference between the µ̂ among the two analyses using the “jackknife delete-d resampling” [14].
Considering the whole dataset the two analyses are estimated to be compatible within 1.5σ .
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