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Abstract. High-mass states decaying into two photons are predicted in many extensions
of the Standard Model (SM). The diphoton final state provides a clean experimental sig-
nature with good invariant mass resolution and moderate backgrounds. Searches for high-
mass resonances decaying into two photons for a spin-0 or spin-2 state are presented. The
latest ATLAS results using p-p collision data at 13 TeV and covering a large mass range
are discussed.

1 Introduction

Searches for high-mass resonances decaying into two photons using CERN Large Hadron Collider
(LHC) proton–proton collision data at

√
s= 13 TeV recorded in 2015 by the ATLAS detector and

corresponding to an integrated luminosity of 3.2 fb−1 are described.
During the LHC Run-1 period, at

√
s= 7 TeV and 8 TeV, more than 20 fb−1 of data were recorded

and searches for diphoton resonances have been reported by the ATLAS and CMS collaborations [1–
5]. The analyses using the 2015 LHC pp data have also been published [6, 7].

The analyses were performed using two benchmark models: the diphoton decay resulting from a
hypothetical particle of spin-0 or spin-2. This implies that diphotons have different kinematic proper-
ties depending on the model used. This means that one needs to apply two different selections, with
looser kinematic selection requirements for the spin-2 resonance search. The photon identification
criteria and the event pre-selection are common to both searches.

2 Search for a γγ resonance

2.1 The spin-2 case

The search for a spin-2 γγ resonance uses the Randall–Sundrum (RS) model [8] graviton as a bench-
mark. In this model, we look for the lightest Kaluza–Klein [9] spin-2 graviton excitation (G∗) with a
dimensionless coupling k/MPl, where MPl = MPl/

√
8π is the reduced Planck scale and k the curvature

scale of the extra dimension. The lightest graviton excitation is expected to be a fairly narrow reso-
nance for k/MPl< 0.3 [10], with the width given by 1.44(k/MPl)2mG∗ , where mG∗ is the mass of the
lightest graviton state. For k/MPl = 0.1, the natural width increases from 11 GeV at mG∗ = 800 GeV
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to 30 GeV at mG∗ = 2200 GeV. The shape of the invariant mass distribution of the main background
from the production of prompt photon pairs is estimated from theoretical computations, and the con-
tribution from the reducible background of events where at least one jet is misidentified as a photon is
added from data-driven estimates. The search is performed in the mass range above 500 GeV and in
the k/MPl range 0.01 to 0.3, searching for an excess over the estimated background diphoton invariant
mass distribution. To model such an excess, the RS graviton resonance shape is convolved with the
experimental resolution.

2.2 The spin-0 case

Spin-0 γγ resonances are predicted in theories with an extended Higgs sector [11–17]. The search for
a spin-0 resonance uses a more restricted kinematic range for the photon selection. The background
is estimated by fitting the diphoton invariant mass distribution to an analytical function, searching for
an excess modelled by a spin-0 resonance convolved with the experimental resolution. The search
is performed in the mass range 200–2000 GeV, and for width values up to 10% of the mass of the
hypothesized particle.

3 ATLAS detector

The ATLAS detector [18] is a multi-purpose detector with a forward-backward symmetric cylindrical
geometry.1 At small radii, the inner detector (ID) is immersed in a 2 T magnetic field and is made up of
fine-granularity pixel and microstrip detectors covering a pseudorapidity range |η| < 2.5. A gas-filled
straw-tube transition radiation tracker (TRT) complements the silicon tracker at larger radii and also
provides electron identification capabilities based on transition radiation. The electromagnetic (EM)
calorimeter is a lead/liquid-argon sampling calorimeter with accordion geometry. The calorimeter is
divided into a barrel section covering |η| < 1.475 and two end-cap sections covering 1.375 < |η| < 3.2.
Hadronic calorimetry in the region |η| < 1.7 uses steel absorbers and scintillator tiles as the active
medium. Liquid-argon calorimetry with copper absorbers is used in the hadronic end-cap calorime-
ters, which cover the region 1.5 < |η| < 3.2. A forward calorimeter using copper or tungsten absorbers
with liquid argon completes the calorimeter coverage up to |η| = 4.9. The muon spectrometer mea-
sures the deflection of muon tracks within |η| < 2.7. The deflection is provided by a toroidal magnetic
field from air-core superconducting magnets, with an integral of approximately 3 T·m and 6 T·m in
the central and end-cap regions, respectively. The muon spectrometer is instrumented with trigger
chambers covering |η| < 2.4. Events are selected using a first-level trigger implemented in custom
electronics, which reduces the event rate to a design value of 100 kHz. Software algorithms with
access to the full detector information are then used in the high-level trigger to yield a recorded event
rate of about 1 kHz [19].

4 Photon selection

Photon and electron candidates are reconstructed from clusters of energy deposited in the electro-
magnetic calorimeter. Candidates without a matching track or reconstructed conversion vertex in the
inner detector are classified as unconverted photons. Those with a matching reconstructed conversion

1The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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vertex or a matching track, consistent with originating from a photon conversion, are classified as
converted photons. Those matched to a track consistent with originating from an electron produced
in the beam interaction region are kept as electrons.

Only photon candidates with |η| < 2.37 are considered, not including the transition region 1.37 <
|η| < 1.52 between the barrel and end-cap calorimeters.

The efficiency of the photon identification increases with the transverse energy of the photon ET
from 85% at 50 GeV to 95% at 200 GeV. For ET > 50 GeV, the uncertainty in the photon identification
efficiency varies between ±1% and ±5% depending on η and ET [20].

To further reject the background from jets misidentified as photons, the photon candidates are
required to be isolated using both calorimeter and tracking detector information. The calorimeter
isolation variable, Eiso

T , is defined as the sum of the ET of energy clusters deposited in a cone of size
∆R =

√
(∆η)2 + (∆φ)2 = 0.4 around the photon candidate, excluding an area of size ∆η × ∆φ =

0.125 × 0.175 centred on the photon cluster; the expected photon energy deposit outside the excluded
area is subtracted. The pile-up and underlying-event contribution to the calorimeter isolation variable
is subtracted from the isolation energy event-by-event [21–23]. The selection requirement on the
calorimeter isolation variable is defined by Eiso

T < 0.022ET + 2.45 GeV. The track isolation variable
(piso

T ) is defined as the scalar sum of the transverse momenta of the tracks in a cone of ∆R = 0.2
around the photon candidate. The tracks are required to have pT > 1.0 GeV and to be consistent with
originating from the diphoton primary vertex. For converted photons, the one or two tracks associated
with the photon conversion are excluded from the piso

T computation. The requirement applied for the
track isolation variable is piso

T < 0.05ET.

5 Data and simulated event samples

Data were collected by the ATLAS detector in 2015 using pp collisions at a centre-of-mass energy
of
√

s = 13 TeV. Events were recorded using a diphoton trigger with ET thresholds of 35 GeV and
25 GeV for the leading and subleading photon candidates, respectively. The trigger has a signal effi-
ciency close to 99% for events fulfilling the final event selections. After data-quality requirements, the
data sample corresponds to an integrated luminosity of 3.2 fb−1. The measurement of the integrated
luminosity has an uncertainty of ±5% [24].

Simulated Monte Carlo (MC) samples are used to optimize the search strategy and to study back-
ground sources.The generated events are passed through a full detector simulation [25] based on
Geant4 [26]. Pile-up from additional pp collisions in the same and neighbouring bunch crossings
is simulated by overlaying each MC event with a variable number of simulated inelastic pp colli-
sions generated using Pythia8 with the A2 tune [27]. The MC events are weighted to reproduce the
distribution of the average number of interactions per bunch crossing observed in the data.

5.1 Spin-2 signal

Signal samples for the RS graviton model are generated using Pythia8 [28], version 8.186, with the
NNPDF23LO [29] parton distribution functions (PDF) and the A14 [30] set of tuned parameters for
the underlying event, for different choices of the graviton mass and the parameter k/MPl. A mass
range from 500 GeV to 5000 GeV and k/MPl values from 0.01 to 0.3 are chosen. Samples for any
mass or k/MPl value are obtained by reweighting an event sample generated with a uniform mass
distribution using the Breit–Wigner and parton luminosity terms.
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5.2 Spin-0 signal

The signal in the spin-0 particle search is simulated as if it were a SM Higgs boson produced in pp
collisions via gluon fusion and decaying into two photons. MC samples are produced for different
hypotheses of the spin-0 boson mass (mX) in the range 200 GeV to 2000 GeV and of the decay
width (ΓX) up to 10% of mX . Gluon fusion events are generated with Powheg-box [31, 32], version
2, interfaced with Pythia8 for the underlying event, parton showering and hadronization. To model
signals with large decay widths, a function parameterizing the theoretical line-shape of the resonance
is used. The Powheg-box implementation of a large-width spin-0 resonance with couplings like those
of the Higgs boson in the SM is chosen for this function.

5.3 Background

Events containing two prompt photons, representing the largest irreducible background to the search,
are simulated using the Sherpa [33] generator version 2.1.1. Matrix elements are calculated with up
to two partons at leading order in QCD and merged with the Sherpa parton shower [34] using the
ME+PS@LO prescription [35]. Samples of the photon+jet reducible background component are also
generated using Sherpa.

6 Event selection

For the spin-2 resonance, the transverse energy of each photon is required to satisfy ET > 55 GeV.
For the spin-0 resonance , we apply tighter selections which were optimized on simulated background
and signal samples. For a given value of mγγ, the transverse energy is required to be ET > 0.4mγγ for
the photon with the highest ET and ET > 0.3mγγ for the photon with the second-highest ET.

The selected samples consist of events from diphoton production, followed by photon+jet pro-
duction, with one jet misidentified as a photon, and dijet production with two jets misidentified as
photons. Background sources from Drell–Yan, Wγ or Zγ production, with either one or two isolated
electrons misidentified as photons, are negligible.

Control regions are built from events failing the isolation requirement and/or some of the tight
photon identification requirements, Ref. [36, 37]. They are used to estimate the relative contribution
of the various sources of background directly from data. Figure 1 shows the decomposition of the
selected data sample into the contributions from diphoton, photon+jet or jet+photon, and dijet events
for both selections and the corresponding purities, defined as the ratio of diphoton events to the total
number of events in the sample. The purity is (94+3

−7)% for the spin-2 selection and (93+3
−8)% for the

spin-0 selection. The estimate of the uncertainties is sensitive to the small number of events in some
of the control regions.

For the spin-2 resonance search, the acceptance for the benchmark RS graviton model varies from
66% at a mass of 500 GeV, to 91% at a mass of 5000 GeV. For the spin-0 resonance search, the
acceptance ranges from 52% to 62% in the mass range from 200 GeV to 700 GeV for a particle
similar to a Higgs boson produced by gluon fusion and is almost constant above 700 GeV.

7 Signal modelling

The invariant mass distribution of the diphoton pair for the signal is expected to peak near the assumed
mass of the new resonance, with a spread given by the convolution of its intrinsic decay width with
the experimental resolution. For both searches, the experimental resolution of the invariant mass is
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Figure 1. The diphoton invariant mass distributions (upper panels) of the data for the spin-2 and spin-0 selections
and their decomposition into contributions from genuine diphoton, photon+jet plus jet+photon and jet+jet events.
The bottom panels show the purity of diphoton events [6]. The total uncertainties are shown, including statistical
and systematic components.

modelled with a double-sided Crystal Ball (DSCB) function. Interference effects between signal and
background are ignored.

For the spin-2 resonance search, the signal mass distribution for any value of the mass and k/MPl
is obtained by a convolution of the intrinsic detector resolution, modelled by a DSCB function, with
the predicted distribution of the mass line-shape at generator level.

For the spin-0 resonances with larger natural widths, the reconstructed line-shapes are well de-
scribed by DSCB functions. The function effectively parameterizes the combined effects of the theo-
retical line-shape and the detector response for a signal with width values up to 10% of the resonance
mass.

8 Background estimates

Two different methods are used to estimate the background contributions to the mγγ distribution: MC
extrapolation method and functional-form approach. In the spin-2 search, the shape of the invariant
mass distribution of the main diphoton background is predicted using the next-to-leading (NLO) order
in QCD Diphox [38] computation, version 1.3.2. The background from photon+jet and dijet produc-
tion is added using control samples from the data. The second approach, more appropriate for the
spin-0 search, is based on using a smooth functional form, with fully data-driven parameters to model
the total background. In this approach, the mass distribution from data is fitted in the range above
150 GeV.

The two methods used for the background estimate were compared in the mass range where they
are both used (500-5000 GeV for spin-2 and 200-2000 GeV for spin-0). For the MC extrapolation
method, the statistical uncertainty is directly related to the total number of events in the data sample
and thus is at the level of ±1.5% for the spin-2 resonance search selection. For the functional-form
approach, the statistical uncertainty originating from the uncertainty in the determination of the pa-
rameters of the function from the fit to the data is larger, especially at high masses while the system-
atic uncertainty is given directly by the "spurious" signal uncertainty, which depends on the signal
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hypothesis being considered. This systematic uncertainty is lower than that of the MC extrapolation
approach. For all masses, the total uncertainty in the background estimate is significantly smaller
than the expected statistical fluctuations of the background yield in the different signal regions being
considered. There is good agreement between the background predictions from the two methods.

9 Results

The diphoton mass distributions from the two event samples are fitted assuming the background-only
or signal-plus-background hypotheses. The uncertainties related to the overall normalization of the
signal yield only affect the limits on the production cross sections, while the uncertainty in the signal
mass resolution affects both the compatibility with the background-only hypothesis and the limits
on the production cross section. The signal mass resolution uncertainty ranges, depending on the
mass, from 20 to 60% for spin-2 and from 30 to 60% for spin-0. The uncertainties in the background
estimates affect both the compatibility with the background-only hypothesis and the cross-section
limits. The relative systematic uncertainty in the background after the fit to the data is typically ±2%
to ±4% at masses near 750 GeV depending on the selection and on the method used to compute the
background.
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Figure 2. Distribution of the diphoton invariant mass for the selection used in the search for a spin-2 and a spin-0
resonance, with the best background-only fit [6]. The difference between the data and the fit is shown in the
bottom panel for mγγ> 200 GeV. The arrow shown in the lower panel indicates a values outside the range with
more than one standard deviation. There is no data event with mγγ> 2000 GeV.

Figure 2 shows the diphoton invariant mass distributions for the events selected in the spin-2 (spin-
0) resonance search together with the best background-only fit using the MC extrapolation approach
(the functional-form approach). For the spin-2 case, the largest deviation from the background-only
hypothesis is observed near a mass of 750 GeV, for a k/MPl value of 0.23, corresponding to a local
excess of 3.8 standard deviations. The width associated with k/MPl = 0.23 at mG∗ = 750 GeV is
57 GeV. The global significance evaluated using the search region of 500–2000 GeV in mass and
0.01–0.3 in k/MPl is 2.1 standard deviations. For the spin-0 resonance search, the largest deviation
is also observed near a mass of 750 GeV. It corresponds to a local excess over the background-
only hypothesis with a significance of 3.9 standard deviations for a width of 45 GeV. The global
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significance evaluated using the search region of 200–2000 GeV in mass and 0%–10% in ΓX/mX is
2.1 standard deviations.

The compatibility of the excesses observed in the two analyses is assessed with a bootstrap statis-
tical procedure, assuming a common signal. If the spin-2 (spin-0) signal is assumed, the two analyses
are compatible within 0.5 (0.2) standard deviations.

10 Cross-section limits

Since for the spin-2 case a larger model dependence exists and the analysis is performed for a spe-
cific benchmark model of a spin-2 graviton, limits on the total cross section times branching ratio to
two photons are given assuming specific model parameters. Figure 3 is shown for a k/MPl value of
0.1. The predicted cross sections are computed at LO in QCD using Pythia8. The uncertainty band
represents the PDF uncertainty estimated from the variations of the NNPDF23LO PDF set. Outside
of the excess region, the observed limit on the cross section times branching ratio is of 1 fb for an RS
graviton mass between 500 GeV and 5000 GeV for the k/MPl = 0.1 and the graviton mass is excluded
to 3.2 TeV, a neat improvement from the 8 TeV reults (2.66 TeV).
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Figure 3. Upper limits on the production cross section of an RS graviton as a function of the assumed mass, for
a k/MPl value of 0.1 [6]. The predicted cross section times branching ratio to two photons for the RS graviton
model, computed at LO, is also shown. The uncertainty in the cross-section values represent the PDF uncertainty.

For the spin-0 case, limits are interpreted in a nearly model-independent way in terms of the fidu-
cial cross section, defined as the product of the cross section times the branching ratio to two photons
within the fiducial acceptance defined. Figure 4 shows the limits on the signal fiducial cross section
times branching ratio to two photons as a function of the hypothesized mass for various assumptions
about the width. Except near 750 GeV, the observed limit is in agreement with the expected limit
assuming the background-only hypothesis.

11 Conclusion

Search for high mass resonances decaying into two photons in the ATLAS experiment at the LHC
are presented. The analyses are performed with pp collision data corresponding to an integrated
luminosity of 3.2 fb−1 at a centre-of-mass energy of

√
s = 13 TeV, recorded in 2015. The analyses
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Figure 4. Upper limits on the fiducial cross section at
√

s = 13 TeV of a spin-0 particle as a function of the
assumed mass mX , for different values of the decay width divided by the mass [6]. In (Left) picture a narrow-
width signal, with Γ = 4 MeV, is assumed.

were optimized for two benchmark searches: spin-2 Randall–Sundrum graviton resonance with mass
above 500 GeV and spin-0 resonance with mass above 200 GeV. The data are consistent with the
background-only hypothesis and 95% CL limits are derived on the cross section for the production of
the two benchmark resonances as a function of their masses and widths. The largest deviation from
the background-only hypothesis is observed in a broad region near a mass of 750 GeV and with a
width of about 50 GeV, with global significances of 2.1 standard deviations for both searches.

The intriguing resonance at 750 GeV decaying into photon pairs, which caused considerable in-
terest from the 2015 data, has not reappeared in the much larger 2016 data set and thus appears to be
a statistical fluctuation as shown in 2016 summer conferences [39].
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