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Search for resonances in light-by-light scattering using the forward
proton detectors at the LHC-ATLAS

G. Tateno, on behalf of the ATLAS Collaboration
ICEPP, The University of Tokyo - Tokyo, Japan

Summary. — A search for light-by-light scattering mediated by an axion-like par-
ticle at the LHC is presented, using the central ATLAS detector to detect pairs of
outgoing photons and the ATLAS Forward Proton spectrometer to detect scattered
intact protons which produce the photons. Proton–proton collision data recorded in
2017 at a centre-of-mass energy of

√
s = 13 TeV were analysed, corresponding to an

integrated luminosity of 14.6 fb−1. A total of 441 candidate events were selected. A
search was made for a narrow resonance in the diphoton mass distribution, corre-
sponding to an axion-like particle (ALP) with mass in the range 150–1600 GeV. No
excess is observed above a smooth background. Upper limits on the production cross
section of a narrow resonance are set as a function of the mass, and are interpreted
as upper limits on the ALP production coupling constant.

1. – Introduction

Some extensions to the Standard Model (SM) predict the possibility of axion-like
heavy particles in that they couple to two photons. Such axion-like particles (ALPs) may
be produced in two-photon collisions and subsequently decay into two photons [1, 2, 3];
the ALP production process can therefore be identified as a resonant peak at the ALP
mass value in the process γγ → γγ, also known as light-by-light (γγ) scattering.

At the LHC, substantial fluxes of quasi-real photons can be generated by radiation
from colliding high-energy protons or ions, and pairs of such photons can interact. In
processes of this kind, each incoming charged particle continues to travel close to its
original direction. The process γγ → γγ can also occur through an intermediate fermion
or W boson box diagram. It has been measured at the LHC in nucleus–nucleus collisions
using lead-ion beams (Pb–Pb collisions) [4, 5, 6, 7], where the γγ → γγ cross section is
enhanced because of the high nuclear charge. These analyses also searched for an ALP
mediated by γγ scattering with a mass mX up to 100 GeV. At higher diphoton masses,
the effective γγ luminosity in pp collisions surpasses that of Pb–Pb collisions [8], although
the scattering cross section is lower than at lower masses.

A pair of outgoing real photons, which is the signature for ALP production, can
be detected in the central detector surrounding the interaction point, while suitable
© Copyright 2023 CERN for the benefit of the ATLAS Collaboration. CC-BY-4.0 license
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apparatus located in each of the forward directions may be used to detect the outgoing
scattered protons (referred to as proton tagging) in pp collisions [2]. The production of
lepton pairs by photon–photon interactions, pp → p(γγ → `+`−)p(∗), has been measured
by ATLAS and CMS using forward-proton detectors [9, 10].

This analysis presents a search for ALPs produced in light-by-light scattering in
proton–proton (pp) collisions using the ATLAS detector. The target mass range is
150–1600 GeV. Three possibilities for the reaction are considered: the exclusive pro-
cess γγ → γγ measured as pp → ppγγ, and single- and double-dissociative processes
(SD, DD) in which one or both protons (p∗) dissociate while radiating a virtual photon,
as depicted in fig. 1. While the undissociated proton may be tagged, the dissociated
proton is in practice not measurable.

An exclusive signal search has been performed by the CMS–TOTEM collaborations
in 9.4 fb−1 of pp collisions at

√
s = 13 TeV, making use of double proton tagging in a

diphoton mass range of approximately 900–1800 GeV [11]. A previous inclusive diphoton
resonance search with ATLAS targeted the mass range 160–1160 GeV using a higher
integrated luminosity, 139 fb−1 [12]. The ATLAS search presented here uses 14.6 fb−1 of
13 TeV pp collision data and requires at least one tagged proton, giving a more specific
measurement of the exclusive and SD processes, covering a mass range 150–1600 GeV,
and with higher experimental acceptance than in the pure double-tagging case. More
details about this analysis can be found in refs. [13, 14].
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Fig. 1. – Feynman diagrams for (a) exclusive, (b) single-dissociative, and (c) double-dissociative
light-by-light scattering with outgoing photon pairs mediated by an ALP denoted by a [13].

2. – Event samples and selection

The ATLAS detector [15] at the LHC is a multipurpose particle detector with for-
ward/backward-symmetric cylindrical geometry and near 4π coverage in solid angle.(1)
It consists of an inner tracking detector surrounded by a thin superconducting solenoid
providing a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and

(1) ATLAS 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 upwards. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance
is measured in units of ∆R ≡

√
(∆η)2 + (∆φ)2.
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a muon spectrometer.
Forward scattered protons are detected in the ATLAS Forward Proton (AFP) spec-

trometer system [16, 17]. These detectors are positioned near the outgoing proton beam
and can be moved in the x-direction close to the beam as required. The AFP spec-
trometer consists of four tracking units located at z = ±205 m and ±217 m. They are
denoted as Near and Far stations, respectively, with the +z (−z) direction denoted as
the A(C)-side. Each station houses a silicon tracker comprising four planes of silicon
pixel sensors.

A two-level trigger system is used to select events. The first-level trigger is imple-
mented in hardware and makes use of a subset of the detector information to accept
events at a rate below 100 kHz. It is followed by a software-based trigger that reduces
the average accepted event rate to 1 kHz. No trigger with an AFP signal was used be-
cause each AFP station reconstructs proton tracks with a probability of around 70% per
bunch crossing, while new triggers may be added in a future analysis using time-of-flight
detectors housed in the AFP Far stations to reduce the background events.

The dataset was collected in 2017 using pp collisions at a centre-of-mass energy√
s = 13 TeV. The integrated luminosity was 14.6 fb−1, corresponding to the time the

AFP system was in operation together with the central detector and after data-quality
requirements. The data were recorded using a diphoton trigger that required two clusters
of EM calorimeter cells with transverse energies ET = E sin θ above 35 GeV and 25 GeV,
respectively [18, 19], after which standard data-quality requirements were applied [20].
For the forward-proton measurement, it was required that every AFP station had at
least three operational silicon planes, with correct operation of the AFP data acquisition
system [21].

Simulated signal events were produced using the SuperChic 4.02 Monte Carlo (MC)
generator [22, 23, 24] for the exclusive signals and SuperChic 4.14 [3] for the SD and
DD signals. ALP masses in the range mX = 150–1600 GeV were considered, and for each
mX value a sample was generated with the ALP-to-diphoton coupling constant set to(2)
f−1 = 0.05 TeV−1, where the natural width of the ALP is Γ = m3

X/4πf2. Generator-level
selections were applied, requiring photons to have transverse momentum pT > 20 GeV
and |η| < 2.4; the diphoton rapidity is required to be |yγγ | < 2.4. The acceptance A0

for signal events to pass these fiducial region requirements is in the range 60%–75%, de-
pending on mX . Typically, the SD production cross section is approximately three times
the exclusive cross section. To model the central-detector response, the signal samples
were processed with a fast simulation [25, 26]. The response of the AFP spectrometer
in the MC samples was modelled by a simulation in which Gaussian smearing, based
on the AFP spatial resolution, is applied to the generated proton position in each AFP
station. The track is then reconstructed according to the simulated positions and sub-
sequently used in the proton reconstruction. The reconstruction of scattered protons in
the data combines information from the AFP tracker and knowledge of the LHC magnet
lattice [9, 27], which is used to calculate the proton transport from the IP.

Photon candidates were reconstructed from topological clusters [28] of energy deposits
in the ATLAS EM calorimeter and were calibrated as described in ref. [29]. To improve
the object quality, photon candidates were required to fulfil identification criteria and
isolation requirement [30, 29]. The event selection required at least two photon candidates

(2) f−1 is taken from ref. [2], and the input coupling constant parameter of SuperChic is
ga = 4f−1 [23, 3].
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with pT > 40 GeV and |η| < 2.37, matched to the online photon objects that triggered
the event, excluding the barrel-to-endcap transition regions of the calorimeter, 1.37 <
|η| < 1.52. The azimuthal misalignment between the pair of photons was required to be
small, as determined by an acoplanarity Aγγ

φ = 1− |∆φγγ |/π < 0.01.
Protons transported to the AFP by the beamline magnets leave hits in its silicon

trackers, which are processed by per-plane clustering and per-station track-finding algo-
rithms [31]. Tracks are reconstructed from clusters found in at least two planes in each
station. From the track spatial coordinates, the proton energy and momentum at the
IP are inferred, using the known beam optics. The result of the reconstruction is the
fractional energy loss of the scattered proton, defined as ξ = 1−Escattered/Ebeam, where
Escattered (Ebeam) is the scattered (beam) proton energy. The determination of ξ from
the AFP stations (ξAFP) requires tracks in both the Near and Far stations. Events
with at least one A-side or C-side tagged proton were accepted, for which the ξAFP value
was required to be within the range [0.035, 0.08]. A combination of such single proton
tagging and double tagging may be considered in the future.

The ξ value of the forward scattered proton can also be calculated independently of the
forward protons, using the kinematics of the central photon pair, and is denoted by ξγγ . It
is determined from the diphoton mass mγγ and rapidity yγγ by momentum conservation
as ξ±γγ = (mγγ/

√
s) e±yγγ , where + (−) corresponds to the proton on the A(C)-side

and negligible transverse momentum transfer to the protons is assumed. Proton-tagged
diphoton candidates were then selected by requiring kinematic matching on at least one
AFP side: |∆ξ| = |ξAFP − ξγγ | < ξth, where ξth = 0.004 + 0.1ξγγ . The second term in
ξth takes account of the uncertainty in the proton propagation through the beam optics
between the central detector and the AFP spectrometer, which is proportional to ξγγ .

3. – Statistical modelling and procedure

For signal events, the diphoton invariant-mass distribution is expected to peak close
to the mass of the ALP, with a spread given by the experimental resolution. For the
ALP parameters of interest in this analysis, the ALP intrinsic decay width is narrow
enough to be ignored. The experimental resolution of the invariant mass is modelled
with a double-sided Crystal Ball (DSCB) function [32, 33]. The six parameters of the
DSCB function are determined using the simulated signal MC samples. Each parameter
is expressed as a linear function of mX . The signal fiducial cross section, σfid, and
the signal selection efficiency are also modelled as functions of mX to derive exclusion
upper limits for the cross section. The model for the exclusive signal is illustrated in
fig. 2(a). The combination of the AFP geometrical acceptance and the yγγ distribution
of the expected signal gives rise to a double-peaked mass structure in the signal efficiency,
which follows from the acceptance values integrated over the mass contours overlapping
with the yellow region in fig. 3.

The dominant source of background after the full event selection arises when a pair of
photons (or hadronic jets misidentified as photons) is produced in a pp interaction other
than that giving the detected forward proton but within the same bunch crossing. The
protons originate from soft-scale events, in most cases single-diffractive processes. These
recorded events are collectively referred to as combinatorial backgrounds and are mod-
elled using a fully data-driven method. An event sample, referred to as a “mixed-data”
sample, was constructed by replacing the AFP data from a given event by that from
one or more other data events, before the event selection. To maximise the statistical
precision, this reassignment was performed using the method described in ref. [9]. All
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Fig. 2. – (a) Signal selection efficiency as a function of ALP mass mX for the exclusive pro-
cess [13]. The ratio of the number of selected events to the number of generated MC events is
given (black points) and is parameterised by an analytic function (red solid line). The linear
(black dashed line) and cubic (blue chain line) interpolations of the black points are used to
derive the envelopes (cyan filled region) which are regarded as systematic uncertainties. (b) Com-
parison of the mγγ distributions after the full nominal event selection, showing the mixed-data
sample (black points) and the background function fitted to it (blue line) in the diphoton mass
range [150, 1600] GeV [13]. The ratio of the mixed-data to the fitted function is shown in the
lower panel.

possible combinations of diphoton and AFP data from different events within intervals
of measured instantaneous luminosity are used, and any contribution from signal events
and from background events with a single vertex is suppressed. The normal event se-
lection was then applied to the mixed-data sample, and the events were subsequently
inversely weighted by the number of reassignments that were taken for a given diphoton
event. This maximal use of proton reassignment gives a mixed-data sample after the
kinematic matching that has a distribution in mγγ that is as statistically precise as be-
fore the matching. A fit was performed to the mixed-data sample using the background
distribution function

(1) f (x; b, a0) = N
(
1− x1/3

)b

xa0 ,

where N , b and a0 are free parameters to be fitted, and x = mγγ/
√
s. This function is

a member of a family of functions used in previous diphoton resonance searches [34, 12].
Fig. 2(b) shows the diphoton mass distribution of the mixed-data sample and the fitted
result of the background function being used as the initial values of the background
function parameters. To evaluate the background-modelling uncertainty, the procedure
in ref. [35] was followed. Contributions from backgrounds other than the combinatorial
background, collectively referred to as single-vertex backgrounds, were investigated using
dedicated MC samples and found to have small effects on the analysis result.

The statistical analysis uses unbinned maximum-likelihood fits made to the mγγ distri-
bution using the DSCB signal function and the background function defined in eq. (1).
All the parameters of the background function are free parameters. In these fits, the
statistical uncertainty dominates over the systematic uncertainty. The systematic uncer-
tainties on the signal function parameters are accounted for in the fits by using nuisance
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parameters constrained by Gaussian penalty terms in the likelihood function. The uncer-
tainty of AFP global alignment, the distance between the AFP edge and the beamline,
is the largest component of the signal yield systematic uncertainty. Some explanation
about the AFP alignment can be found in refs. [9, 13, 14].

Statistical tests were performed in the search range mX = 150–1600 GeV, using the
conventional test statistics q0 for significance and q̃µ for exclusion upper limits [36]. The
tests were performed in steps of 4 GeV in mX . Local p-values and their significance
for the background-only hypothesis were calculated using pseudo-experiments for the q0
distribution. Global significance values were computed using the same pseudo-experiment
samples to account for the look-elsewhere effect [37, 38]. The maximum q0 with respect to
mX , denoted qmax

0 , was calculated for each pseudo-experiment, and the qmax
0 distribution

was used to obtain the global p-value.
Pseudo-experiments were used to derive the expected and observed 95% confidence

level (CL) exclusion upper limits on the fiducial cross section times branching ratio into
two photons, computed using a modified frequentist approach, CLs [39, 40].

4. – Results

A total of 441 events are observed in the range mγγ ∈ [150, 1600] GeV. Fig. 3 shows
ξ+γγ vs ξ−γγ for these events with mγγ and yγγ contours. In this sample, 219 (222) events
passed the matching selection for the A(C)-side; no event passed the matching for both
the A-side and C-side, in accordance with expectations. The highest-mass diphoton
candidate observed in the data has a mass of 1.16 TeV. The probability of compatibility
with the background-only hypothesis, quantified as the local p-value, is calculated as a
function of the hypothesised ALP resonance mass. The most significant excess, observed
at mX = 454 GeV, has a local significance of 2.51σ. The global p-value for the null
hypothesis is larger than 0.5, from which it is concluded that no significant excess over
the background-only hypothesis is observed.

The observed and expected upper limits on the fiducial cross section and coupling
constant for ALP production at 95% confidence level, assuming a 100% decay branching
ratio into two photons, are shown in fig. 4 and are in good agreement, consistent with
the absence of a signal. The upper limits on the coupling constant are derived using
the relationship between the expected fiducial cross section and coupling constant in
ref. [2]. The observed limit on the coupling constant is in the range 0.04–0.09 TeV−1.
A comparison of the result with a previous inclusive diphoton resonance search [12] is
described in ref. [13]. The ALP natural width is Γ ≈ 1 GeV for mX = 1400 GeV and
Γ ≈ 3 GeV for mX = 1600 GeV at the observed limit. Such widths are sufficiently small
to be ignored, relative to the detector resolution. The exclusion of a coupling constant
f−1 much larger than illustrated by the Γ contours is not justified in this analysis because
it violates the narrow-width approximation used in the signal modelling.

5. – Conclusion

A search for an axion-like particle (ALP) has been carried out with the ATLAS
experiment using 14.6 fb−1 of

√
s = 13 TeV pp collisions at the LHC. Events with centrally

produced photon pairs tagged by forward scattered protons have been studied in a search
for light-by-light scattering, pp → p(γγ → γγ)p(∗), mediated by an ALP resonance. The
search was performed in the diphoton mass range mγγ = [150, 1600] GeV. No signal
is observed, and the data are consistent with a smooth combinatorial background that
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can be assumed to come from Standard Model processes. The inferred upper limit on
the ALP coupling constant, assuming a 100% decay branching ratio into two photons, is
in the range 0.04–0.09 TeV−1 at 95% confidence level. These results are comparable to
those of the CMS-TOTEM collaboration, obtained using a similar approach, and extend
their measured mass range to lower values. More details about the analysis presented
here can be found in refs. [13, 14].
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