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After the discovery of the Higgs boson, one of the most important tasks of high energy physics at
the LHC is to look for signatures of new physics beyond the Standard Model. Various extensions
of the Standard Model predict the existence of new high-mass states that decay into two photons,
and the experimental observation of such states would be a first evidence of new physics. This
search is currently ongoing in the ATLAS experiment at the Large Hadron Collider. The analysis
is based on proton-proton collision data corresponding to an integrated luminosity of 36.7 fb−1

at
√

s = 13 TeV recorded in 2015 and 2016. Two different studies are performed, one targeted
at the search for a spin-2 particle, using Randall-Sundrum or ADD extra-dimension model as
benchmark models, and one optimized for a spin-0 particle. The observed diphoton invariant mass
spectrum in both studies is in good agreement with the expected Standard Model background.
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Search for new phenomena in high-mass diphoton states

1. Introduction

Several models try to resolve the Standard Model (SM) limitations, such as the hierarchy
problem. Some of them predict new high-mass states that decay into two photons. In the analysis
presented here and detailed in Ref. [1], evidence of new states is searched for, in the context of
an extended Higgs sector [2]-[3] and of two extra-dimensional models: the RS1 model (Randall-
Sundrum [4]) and the ADD model (Arkani-Hamed, Dimopoulos and Dvali [5]. This analysis is
performed with an integrated luminosity of 36.7 fb−1 at

√
s = 13 TeV recorded in 2015 and 2016

in the ATLAS experiment at the Large Hadron Collider.
Experimentally, the different models of an extended Higgs sector predicting a heavier scalar

boson can be observed by looking for a resonance in the diphoton invariant mass spectrum. This
resonance can be described with two parameters, the mass of the new particle mX and the reson-
nance width ΓX.

In the RS1 model, one warped extra dimension is postulated. This gives a 5-dimensional
space-time where only the gravity can propagate in the added dimension, while the SM fields are
constrained to the usual space. The apparent Planck mass in this space-time dimension is given by
the relation ΛΠ =MPl exp(−kπR) where MPl is the Planck mass in the usual 4D space-time divided
by 8π , k is the curvature of the fifth dimension and R is the compactification radius. The problem
of the hierarchy can be solved if kR' 11, which leads to a series of Kaluza Klein (KK) excitations,
predicted to be at the TeV scale. In this paper the RS1 model parameters are expressed using
the mass mG of the lightest KK excitation of the graviton and the coupling to SM fields k/MPl .
Experimentally, KK excitations decaying into two photons can be observed as resonances on the
diphoton invariant mass spectrum. In the ADD model, n flat additional spacial dimensions (whose
access is also restricted to gravity) are added (all dimensions with the same compactification radius
R). This leads to a continuous mass spectrum of the graviton excitations. If the ultraviolet cutoff
scale (MS) of the KK spectrum is lower than the Planck scale in the (4+n)-dimensional space-time,
the extra dimensions may be detected via virtual KK graviton exchange instead of being observed
via direct KK graviton emission. Experimentally, an ADD signal is observed as a continuum in
the invariant mass spectrum below the mass MS. The expression of MS depends on the formalism
(GRW [6], Hewett [7] or HLZ [8]). The ADD model parameters can be expressed using n and MS.

2. Data selection and background composition

The analysis presented here looks for final states with two photons. Their energy deposit is
measured by the Liquid Argon electromagnetic calorimeter of the ATLAS detector. A complete
description of the ATLAS detector can be found in [9].

For both studies (spin-0 states and spin-2 states studies), the events are recorded using a trig-
ger requiring at least one photon candidate with a transverse energy Eγ

T > 35 GeV and a second
photon candidate with a transverse energy Eγ

T > 25 GeV. Futhermore, they should satisfy identifi-
cation requirements based on the leakage of energy into the hadronic calorimeter and the transverse
width of the electromagnetic shower. This trigger is fully efficient for high mass diphoton events
passing the following offline selection requirements. Events are then required to have at least one
primary collision vertex, with at least three reconstructed tracks. At least two photons are required
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to be in the precision region of the electromagnetic calorimeter defined by 0 < |η | < 1.37 and
1.52 < |η | < 2.37, and to satisfy standard quality criteria. In addition these photons need to
pass additional identification requirements, based again on the leakage of energy into the hadronic
calorimeter and the transverse width of the electromagnetic shower, but tighter than the require-
ments used in the trigger. These requirements allow to further discriminate photons and jets and to
obtain a better purity in the selected photon sample. The searches for spin-0 and spin-2 particles
exploit different kinematic properties of the photons. In the selection used to search for a spin-0
resonance (spin-0 selection) the transverse energy ET of the most energetic photon is required to be
ET > 0.4 mγγ and the transverse energy of the second one is required to be ET > 0.3 mγγ , where mγγ

is the diphoton invariant-mass. In the spin-2 selection, the two most energetic photons are required
to have a tranverse energy larger than 55 GeV. The next requirement uses the isolation transverse
energy variable (E iso

T ) which is calculated for each photon by summing the tranverse energy over
the cells within a cone of radius ∆R =

√
(η−ηγ)2 +(φ −φγ)2 < 0.4 around the direction of the

photon and subtracting the transverse energy of the photon itself. In addition, a soft jet contribu-
tion from underlying events is subtracted to the energy deposit. Each photon is required to have
E iso

T < 2.5 GeV to further increase the purity of the selected photon sample. Finally, the last re-
quirement concerns the photon track isolation variable, which is computed by taking the scalar sum
of the transverse momenta pT of the tracks in a cone of size ∆R = 0.2 around the photon candidate.

Four different backgrounds contribute to the total diphoton SM background: one irreducible
background composed of γ-γ events and three reducible backgrounds with γ-jet, jet-γ and jet-jet
events where one or two jets are misidentified as photons. Three different methods, detailed in
Ref. [10], have been used to study the background composition with compatible results: 2× 2D
sideband method, matrix method and 2D isolation template fit method.

3. Background estimation

The background estimation in the spin-0 search is done by fitting the γ-γ invariant mass distri-
bution, show in Figure 1 (left), using a smooth functional form, with parameter values determined
in situ to model the total background. This functional form is tested beforehand using a diphoton
SHERPA γ-γ MC sample mixed with a data-driven reducible background component obtained us-
ing control samples. The mixture is based on the background composition studies. The background
estimation is performed for 180 < mγγ < 2700 GeV. The systematic uncertainty on the background
estimation is given by the fitted signal yield (’spurious signal’). The spurious signal is required
to be less than 30% of the statistical uncertainty in the fitted signal yield (from the background
distribution) and less than 50% if mγγ < 500 GeV for the functional form to be validated.

In the spin-2 resonance search and also in the non-resonant signal search, the shape of the in-
variant mass spectrum of the irreducible background is simulated using PYTHIA, then reweighted
taking into account DIPHOX NLO cross-sections. The shapes of the reducible backgrounds are
fitted in control regions where the identification requirement has been inverted for one or both
photons. Then the different background components are combined according to the background
composition studies. The background estimation is performed for mγγ > 200 GeV in both reso-
nant and non-resonant signal searches, and is shown Figure 1 (right) with the γ-γ invariant mass
distribution. The systematic uncertainties on the background estimation arise from three different
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sources: the irreducible background uncertainties obtained by varying the renormalization and the
factorization scales and the PDFs, the background composition and the uncertainties on the fits of
the reducible backgrounds.

Figure 1: Distributions of the diphoton invariant mass for events passing (left) the spin-0 selection and
(right) the spin-2 selection, with the background-only fits superimposed [1].

4. Results and interpretation

The largest local significance in the spin-0 analysis is 2.6σ at a mass hypothesis mX = 730 GeV
and with a narrow width approximation. In the spin-2 resonant analysis, the largest local signifi-
cance is 3.0σ at a mass hypothesis mG = 708 GeV and with a coupling k/MPl = 0.1. Nonetheless
the global signal significances are respectively null and 0.8σ . In the absence of any significant
deviation, 95% CL upper limits are set on the spin-0 signal fiducial cross sections and on the res-
onant spin-2 signal production cross sections (Figure 2). For the non-resonant search, a counting
experiment in the region mγγ > 2240 GeV has been performed, setting a 95% CL upper limit on the
number of ADD signal events (Figure 3). These upper limits for both spin-2 signals are converted
into an exclusion limit for the parameters mG and MS. The exclusion limit on the parameters mG

in the RS1 model with a coupling hypothesis k/MPl = 0.1 is set to 4.1 TeV. Table 1 summarizes
the different exclusion limits for the parameter MS in different ADD formalisms.

ADD formalism GRW Hewett HLZ
Parameter positive n = 3 n = 4 n = 5 n = 6

Without K-factor MS observed limit [TeV] 6.8 6.1 8.1 6.8 6.1 5.7
With K-factor MS observed limit [TeV] 7.2 6.5 8.6 7.2 6.5 6.1

Table 1: Observed 95% CL lower limits on the ADD model parameter MS for different formalisms [1]. A
K-factor was computed using ADD samples generated at LO and NLO using MADGRAPH5_ AMC@NLO.
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Figure 2: (left) Upper limits on the fiducial cross-section of a narrow-width spin-0 particle. (right) Upper
limits of the production cross-section on the lightest RS graviton with a coupling hypothesis k/MPl = 0.1
[1].
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Figure 3: Upper limits on the number of ADD signal events [1].
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