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A search is presented for high-mass exclusive diphoton production via photon-photon fusion in proton-
proton collisions at /s = 13 TeV in events where both protons survive the interaction. The analysis
utilizes data corresponding to an integrated luminosity of 103 fb~! collected in 2016-2018 with the central
CMS detector and the CMS and TOTEM precision proton spectrometer (PPS). Events that have two
photons with high transverse momenta (p% > 100 GeV), back-to-back in azimuth, and with a large
diphoton invariant mass (m,, > 350 GeV) are selected. To remove the dominant inclusive diphoton
backgrounds, the kinematic properties of the protons detected in PPS are required to match those of the
central diphoton system. Only events having opposite-side forward protons detected with a fractional
momentum loss between 0.035 and 0.15 (0.18) for the detectors on the negative (positive) side of CMS
are considered. One exclusive diphoton candidate is observed for an expected background of 1.1 events.
Limits at 95% confidence level are derived for the four-photon anomalous coupling parameters
|¢,] < 0.073 TeV™ and |{,| < 0.15 TeV™, using an effective field theory. Additionally, upper limits
are placed on the production of axionlike particles with coupling strength to photons £~ that varies from

0.03 TeV~! to 1 TeV~! over the mass range from 500 to 2000 GeV.
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I. INTRODUCTION

While the standard model (SM) of particle physics has
been largely successful in describing the known elementary
particles and interactions, there are still many observed
phenomena that suggest it is incomplete. These include the
unknown nature of dark matter, the origin of matter-
antimatter asymmetry, the generation of neutrino masses,
and the absence of charge-parity (CP) symmetry violation
in the theory of the strong interaction. Photon-photon inter-
actions in proton-proton (p p) collisions at the LHC provide
an environment with very small irreducible backgrounds
to probe theories that go beyond the standard model
(BSM) and that feature anomalous quartic gauge couplings
(aQGC) at energies so-far unexplored. At the LHC, when
the protons interact purely electromagnetically the final
state can be particularly simple with a C-even, neutral
system produced exclusively in the central detector and the
two protons remaining intact (Fig. 1). A process of interest
is that of the exclusive production of two photons in photon
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fusion, usually called light-by-light (LbL) scattering [1],
which allows the probing of multiple BSM phenomena
including the production of axionlike particles (ALPs) [2,3],
monopoles [4], and massive gravitons [5-7], as well as
searches for Born—Infeld nonlinear extensions of quantum
electrodynamics [8], extra spatial dimensions [9], etc.

Both the CMS and ATLAS collaborations have pre-
sented evidence or observation of the SM LbL process in
electromagnetic ultraperipheral collisions (UPCs) of heavy
ions [10,11]. However, UPCs with ions cannot reach two-
photon invariant masses (m,,) much above 100 GeV
[12,13], where larger contributions to the four-photon
(4y) interaction from BSM physics can be expected.
Proton-proton collisions, on the other hand, feature
larger beam energies and luminosities, and harder photon
spectra than heavy ion UPCs. By tagging the intact final-
state protons, one can better identify the process and
study 4y anomalous couplings at the multi-TeV scale
[14]. Different particles can contribute to the four-photon
interaction shown in Fig. 1. This can include loops of SM
or of new charged fermions or bosons. In other BSM
scenarios, a C-even scalar, pseudoscalar, or tensor neutral
resonance can be produced that decays back to two
photons.

As shown in Ref. [14], with the assumption of a new
mass scale heavier than the current experimentally reach-
able energy, the anomalous 4y interactions can be described
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FIG. 1. Diagram of diphoton production via photon fusion with
intact protons in the final state. The four-photon vertex includes
virtual contributions from SM or BSM charged fermions or
bosons. In other BSM scenarios, a new heavy particle can be
produced in the s-channel, such as an axion-like particle that
decays into two photons.

by an effective Lagrangian density using dimension-8
operators,

[’4;/ = Z.:lFﬂyFﬂprang =+ C2FﬂuFpr/J/1FA”7 (1)
where F is the electromagnetic field tensor. These {; and ¢,
parameters are identically zero in the SM, but this would
not be so if BSM particles contribute to the 4y process. In
this latter case, from Eq. (1), the differential cross section
for the anomalous four-photon production can be written as

j—; = Tos (2 4 2 + 51)2[48¢3 + 408, 5, + 1183],
where s and ¢ are the Mandelstam variables.

The s-channel production of a pseudoscalar particle,
such as an ALP, can also give rise to an increased produc-
tion rate of the LbL process with respect to the SM
expectations [3]. The production of ALPs is often charac-
terized by two parameters: the ALP mass and its photon
coupling, f~! = C,,/A [15], where C,, is a dimensionless
coefficient between zero and one, and A is a high-energy
scale associated with the spontaneous breaking of an
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approximate Peccei-Quinn global U(1) symmetry [16].
Our analysis considers ALPs that couple only to photons
in a photophilic scenario with C,, = 1, as often considered
in the literature [17].

The strategy of this study is to search for central diphoton
events exhibiting kinematic properties consistent with their
exclusive production through photon fusion, in coincidence
with two opposite-side protons having a momentum loss
compatible with the rapidity of the diphoton system.
Compared to the previous exclusive diphoton result
reported by the CMS and TOTEM Collaborations [18],
the integrated luminosity has been increased by more than
a factor of ten, and a set of new techniques are used
to improve the sensitivity to the 4y process. The new
techniques include a more efficient photon identification
algorithm, improved forward proton reconstruction, and a
more robust background estimation. Tabulated results are
provided in the HEPData record for this analysis [19].

II. THE CMS DETECTOR AND EVENT
SELECTION AND RECONSTRUCTION

This analysis relies equally on the central CMS and
Precision Proton Spectrometer (PPS) detectors shown in
Fig. 2. Both of these are described below along with the
event reconstruction algorithms.

A. The central CMS detector

The main feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed
of a barrel and two end cap sections. Forward calorimeters
extend the pseudorapidity coverage provided by the barrel
and end cap detectors. Muons are detected in gas-ionization
chambers embedded in the steel flux-return yoke outside
the solenoid.

The electromagnetic calorimeter consists of 75 848 lead
tungstate crystals, which provide coverage in pseudora-
pidity |n| < 1.48 and 1.48 < || < 3.0 in a barrel region
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FIG. 2. A schematic view of one side of the PPS detector with respect to the central CMS detector. The stations labeled as (or located
at) 210 and 220 m house the Roman Pot detectors. Timing detector stations are also shown, although they are not used in this analysis. A
symmetric set of detectors exists on the opposite side of CMS as well.
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(EB) and two end cap regions (EE), respectively. Preshower
detectors consisting of two planes of silicon sensors
interleaved with a total of three radiation lengths of lead
are located in front of each EE detector.

In the EB, an energy resolution of about 1% is achieved
for unconverted or late-converting photons in the tens of
GeV energy range. The remaining barrel photons have a
resolution of about 1.3% extending up to a pseudorapidity
of |n| =1, rising to about 2.5% at || = 1.4. In the end
caps, the resolution of unconverted or late-converting
photons is about 2.5%, while the remaining end cap
photons have a resolution between 3 and 4% [20].

A more detailed description of the CMS detector,
together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in [21].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a fixed latency of about 4 ps [22]. The second level,
known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the
event rate to around 1 kHz before data storage [23].

The global event reconstruction, also called particle-flow
(PF) event reconstruction [24], aims to reconstruct and
identify each individual particle in an event, with an
optimized combination of all subdetector information.
In this process, the identification of the particle type
(photon, electron, muon, charged or neutral hadron) plays
an important role in the determination of the particle
direction and energy. Photons are identified as ECAL
energy clusters not linked to the extrapolation of any
charged particle trajectory to the ECAL. Electrons are
identified by a primary charged particle track and poten-
tially many ECAL energy clusters corresponding to the
extrapolation of this track to the ECAL as well as possible
bremsstrahlung photons emitted along the way through the
tracker material. Muons (e.g., from semileptonic decays of
heavy-quark hadrons) are identified as tracks in the central
tracker consistent with either a track or several hits in the
muon system, and associated with calorimeter deposits
compatible with the muon hypothesis. Charged hadrons are
identified as charged particle tracks that are not identified
as electrons, nor as muons. Finally, neutral hadrons are
identified as HCAL energy clusters not linked to any
charged hadron trajectory, or as a combined ECAL and
HCAL energy excess with respect to the expected charged
hadron energy deposit.

The energy of photons is obtained from the ECAL
measurement. The energy of electrons is determined from a
combination of the track momentum at the main interaction
vertex, the corresponding ECAL cluster energy, and the
energy sum of all bremsstrahlung photons associated with
the track. The energy of muons is obtained from the

corresponding track momentum. The energy of charged
hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL
energies, corrected for the response function of the calo-
rimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.

For each event, hadronic jets are clustered from these
reconstructed particles using the infrared- and collinear-
safe anti-kt algorithm [25,26] with a distance parameter of
0.4. Additional pp interactions within the same or nearby
bunch crossings (pileup) can contribute additional tracks
and calorimetric energy depositions. To mitigate this effect,
charged particles identified to be originating from pileup
vertices are discarded and an offset correction is applied to
correct for remaining contributions [27].

B. The precision proton spectrometer

The PPS detectors were developed by a collaboration
between the CMS and TOTEM experiments (previously
named CT-PPS) [28]. These detectors extend the CMS
physics program to study central-exclusive production
processes [29] under high-luminosity conditions at the
LHC, in the context of both SM and BSM physics studies.
The PPS detectors are located approximately 210 and
220 m away from the LHC interaction point 5 (IP5) on
both sides of CMS, as shown in Fig. 2 for one side.

After a pp collision at IP5, if a proton remains intact in
the final state, it may continue to travel down the LHC
beam line, guided by the LHC magnets, until it interacts
with the PPS detectors in the forward regions. The
horizontal distance of the proton from the center of the
beam is proportional to the momentum loss of the proton,
and in this way the LHC magnetic lattice acts as a mass
spectrometer for measuring protons. The main observable
used in the analysis is the fractional momentum loss of the
proton, denoted as £&. When measuring each of the final-
state protons from an exclusive event, their £, value can be
used to derive the mass and rapidity of the centrally
produced system at the pp center-of-mass energy +/s, as
follows:

1 +
mpp = /555, Ypp = Elog (g;) (2)

The positive and negative indices of £, refer to protons
moving in the positive and negative z directions, respec-
tively. The PPS detectors located in the positive-z direction
from CMS are referred to as sector-45 (for the region
between IP4 and IP5), and the PPS detectors located in the
negative-z direction from CMS are referred to as sector-56
(for the region between IP5 and IP6) as shown in Fig. 2.
At each of the 210 and 220 m stations, movable, near-beam
insertions called Roman Pots (RPs) provide the housing for
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Kinematic distributions of simulated aQGC yy — yy events: Single-photon 7 (upper left) and p (upper right), and diphoton

acoplanarity (lower left) and mass (lower right). The events are generated with FPMC, reconstructed accounting for the full
CMS detector response, for aQGC parameters ¢; = 0.5 TeV™ and ¢, = 0 TeV™*. A preselection is applied to these events as

described in Sec. V.

the proton tracking detectors. The PPS tracking detector
configuration was different for each of the three data-taking
years: in 2016 with silicon microstrip detectors in both
tracking Roman pots in the same arm, in 2017 with silicon
microstrip detectors in the one and silicon pixel detectors in
the other Roman pot in the same arm, and finally in 2018
with silicon pixel detectors in both. The protons are
reconstructed using a “multi-RP” algorithm, which com-
bines tracks reconstructed in both of the tracking Roman
pots in each arm of PPS. A detailed description of the PPS
detector system, alignment, optics, and simulation can be
found in [30].

During 2016-2018, PPS collected proton-proton colli-
sion data corresponding to an integrated luminosity of
107.7 fb~!. Using data from 2016, corresponding to an
integrated luminosity of 9.4 fb~!, the first validation of the
PPS system resulted in the observation of the SM exclusive
production of a pair of charged leptons, yy — £7¢~ [31].
Signal events were selected by requiring a match between

the dilepton and forward protons kinematic properties.
This study revealed a signal yield corresponding to a
significance greater than 5.1 standard deviations above
the background-only expectation, and constituted the first
observation of this process at masses around and above the
electroweak scale.

III. DATASETS AND SIMULATED SAMPLES

This analysis uses datasets collected by the CMS and
TOTEM experiments in 2016, 2017, 2018 of pp collisions
at /s = 13 TeV corresponding to integrated luminosities
of 9.8 [32], 37.2 [33], and 55.7 [34] tb~!, respectively. The
datasets comprise the LHC running periods where all
central CMS and PPS detectors were operating simulta-
neously and included in the data acquisition.

Simulated Monte Carlo (MC) samples are used to model
the signal and SM backgrounds. The dominant background
is due to inclusive yy + jet(s) production, where “jet(s)” is

012010-4



SEARCH FOR HIGH-MASS EXCLUSIVE DIPHOTON ...

PHYS. REV. D 110, 012010 (2024)

13 TeV
- 7 e
- FPMC, yy— a— CMS 1
0-03:_ £ 0.1y¥eV1 Ty Simulation _:
0.025:_ m, = 500 GeV _:
[ C m, =750 GeV ]
._g n [Im, = 1000 GeV
o 002 []m, = 1250 GeV -
© L ]
= o [Jm, = 1500 GeV
e 0.0151— & [m, =2000 GeV
& r L ]
> F ]
w 0.0 -
0.005[- ]
% 3
Y
n
13 TeV
— ——— ————
. FPMé, Yy— a—>yy - CMS
10 1201 TeV" Simulation
m, =500 GeV
c m, =750 GeV |
i) " [Im, = 1000 GeV _|
5 10 E
& [Im, = 1250 GeV 3
= [Im, = 1500 GeV 1
b= [m, = 2000 GeV |
2 o0 4
L B
107 E
HM m” H [ 3
0.002 0.004 0.006 0.008 0.01

1- |Ad|/m

13 TeV
FL\\\ “\H‘s‘_
FPMC, yy— a—yy ) CM g
> 1 1201 TeV! Simulation =
8 m, =500 GeV ]
<t 4 m, = 750 GeV _
— 10 [Im, = 1000 GeV 3
S~ [Im, = 1250 GeV
S 10°2 [Jm, = 1500 GeV_|
B [m, = 2000 GeV J
© ]
=
— 107° =
C 3
() ]
> .
W o =

I R | I
1000 1200 1400

0 200 400 600 800
Pl (GeV)
13 TeV
————————— —r
0.9 FPMC, yy— a—vyy CMS S
> E 1201 TeV" Simulation 3
8 0'85_ m, =500 GeV
o 0.7 m, =750 GeV
a 065— []m, = 1000 GeV
< YO [Im, = 1250 GeV 7
8 0.5 [Jm, = 1500 GeV 3
= E [m, = 2000 GeV ]
o — —]
g 04 E
S c 4
= 03 E
o 02fF =
> E 7
W ot -
Bl 2L i, R | P B
B 500 1000 1500 2000 2500 3000

m,, (GeV)

FIG. 4. Kinematic distributions of simulated ALP yy — a — yy events: Single-photon 5 (upper left) and pr (upper right), and
diphoton acoplanarity (lower left) and mass (lower right). The events are generated with FPMC, reconstructed accounting for the full
CMS detector response, for a value f~! = 0.1 TeV~! of the ALP-photon coupling. A preselection is applied to these events as described

in Sec. V.

loosely used to indicate any additional energy in the event.
Subleading backgrounds include #7 + jet(s) and V +y
processes, where V represents a weak boson. The decay
channels considered for weak bosons are Z — #7¢~ and
W+ — ¢*v,. Background samples are modeled with the
MadGraph5_aMC@NLO [35] package, with the 2016 samples
generated using the NNPDF3.0 parton distribution functions
(PDFs) at next-to-leading order (NLO) accuracy, and the
other samples with NNPDF3.1 PDFs at next-to-NLO accu-
racy. To estimate additional backgrounds from quantum
chromodynamics (QCD) jet production, an electron- and
photon-enriched QCD sample generated with PYTHIA 8.2
[36] and the CP5 underlying event tune [37] is utilized.
The LbL signal samples are generated using the forward
physics Monte Carlo (FPMC) code [38] assuming collinear
photon emission from both incoming protons. The photon
fluxes from each proton are modeled using the Budnev
et al. parametrization [39]. For the simulated conditions
of each data-taking year, various yy — yy aQGC signal

samples are generated for representative {; and {, values.
Kinematic distributions of the simulated aQGC events
are shown in Fig. 3. Additionally, samples modeling
ALP production via s-channel exchange, yy — a — vy,
are produced for twelve different ALP masses in the range
of 500-2000 GeV where the analysis reaches the best
sensitivity. These simulated data samples are used to derive
the corresponding reconstruction efficiencies. Kinematic
distributions for various ALP mass samples are shown in
Fig. 4. The shape of these distributions are independent of
the coupling strength, £~ [3]. It should be noted that the
LbL, aQGC, and ALP processes at any given photon-
photon mass value all have similar kinematic properties,
and are studied using the same event selection criteria.
The parton showering, hadronization, and particle
decays in the simulated background samples are carried
out with PYTHIA 8230 for the 2016 and 2018 samples, and
8.226 for the 2017 samples. All generated samples are
subsequently passed through the Geant4 simulated response
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of the CMS detector [40]. In all cases, the pileup distri-
bution in the simulated events is weighted to match that
observed in data.

IV. PHOTON IDENTIFICATION
AND ISOLATION

A multivariate analysis (MVA) utilizing a boosted
decision tree (BDT) is used for identification (ID) and
isolation of photons. This technique allows for the defi-
nition of a single discriminating variable, based on many
parameters for each photon candidate, that helps separate
prompt isolated photons from backgrounds. The inputs to
the BDT are shower shape and isolation variables, as well
as quantities used to minimize the pileup present in the
event [20], described next. The variables used by the BDT
are described in Table L.

The photon isolation variables that are considered, based
on the PF algorithm, are I, I, and I,,. These are obtained
by summing the transverse momenta of the photons,
charged hadrons, and neutral hadrons, respectively, inside

an isolation region of radius AR = /An? + A¢? around
the photon candidate [41]. Other variables used as inputs are
the raw SC energy and 5 of the photon candidate as well as
the average energy density of the event. Specifically for
photon candidates in the end cap, the preshower energy
spread in the # direction and the preshower energy divided
by the SC energy are provided to the decision tree.

The BDT is trained on simulated y + jet(s) events where
the photon candidates have passed the set of preselection
criteria listed in Table II. The BDT is also validated with
simulated Drell-Yan dilepton events, as well as with events

TABLE I. The input variables to the BDT used in the photon
identification process.

BDT variable Description

Cinin Second-order spatial moment of the photon
candidate with respect to 7.
Ry and Sum of the energy contained in the 3 x 3 matrix
Ry(5%x5) centered on the most energetic crystal of the

supercluster (SC) divided, respectively, by the
SC energy or by the energy contained in a
5 X 5 matrix.

Gnp Elements of the covariance matrix of the single-
crystal energy values in 5 and ¢ for the 5 x 5
array of crystals centered on the highest
energy crystal.

S4 Energy contained in the most energetic 2 x 2
array of crystals (containing the seed crystal)
divided by the SC energy.

H/E Ratio between the energy deposits in the
hadronic and electromagnetic calorimeters.

wy n width of the electromagnetic shower.

Wy ¢ width of the electromagnetic shower.

TABLE 1II. Selection criteria applied to simulated y + jet(s)
samples to train the BDT for signal photon identification.

Region Ry H/E o Ry(5x5) 1,(GeV) I4(GeV)

inin
EB >0.85 <0.08 --- >0.5 e B
EB <0.85 <0.08 <0.015 >0.5 <4.0 <6.0
EE >09 <0.08 --- >0.8 e e
EE <09 <0.08 <0.035 >0.8 <4.0 <6.0

from a single-electron trigger. Photons can belong to four
different categories based on their barrel or end cap location
and Ry value, and each category has its own preselection
criteria based on H/E, 6;;,, Ry(5 x 5), I,, and Iy. The
latter variable is a tracker hollow-cone isolation defined
as the sum of the transverse momenta of all tracks inside a
cone around the photon candidate. A working point is
defined where the BDT output gives a signal efficiency of
around 90% for identifying photons.

The MVA ID applies identification and isolation require-
ments on the reconstructed particle in the ECAL, but does
not distinguish between photons and electrons. For this
reason, an additional veto is employed to filter out electrons
from the photon candidates [20]. For the signal samples
described in Sec. III, the MVA ID is found to be 84.8%
efficient, and the electron veto is found to be 96.2%
efficient for the combination of both signal photons passing
the ID.

V. EVENT SELECTION

For the 2016 data the HLT trigger required a photon
candidate with a transverse momentum greater than
60 GeV, and an H/E ratio below 0.15. For 2017 and 2018
data, the transverse momentum requirement was raised to
70 GeV. The efficiency of each of these triggers has been
studied as a function of pr, and selections safely above the
trigger threshold (trigger-safe pr selections) are applied to
the data. For the 2016 data, the trigger-safe pt selection is
placed at 75 GeV and, for the 2017 and 2018 data, the pt
selection is placed at 100 GeV. Additionally, a trigger-safe
H/E selection requirement of H/E < 0.10 is applied.

In addition to the HLT selection, the preselection
introduces special criteria to ensure the quality of the
diphoton events. To ensure that the electromagnetic objects
selected by the trigger are photons, we use the MVA photon
ID and electron veto described in Sec. IV. Furthermore, the
single-photon pseudorapidity is constrained to be within
the region |’| < 2.5, with an additional veto between
1.444 < || < 1.566 to avoid the EE-EB transition region.
Finally, the mass of the diphoton pair must be greater than
350 GeV, a region where the cross section for the SM LbL.
process is negligible, as motivated in [14].

In order to reconstruct the exclusive yy — yy process,
photons are selected that are back-to-back in azimuthal
angle ¢ [1], by using the acoplanarity variable defined as
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Ay=1—-|Ap7/n

,  where Ag" = ¢* — ', (3)

Requiring A, < 0.0025 results in a significant rejection of
inclusive diphoton backgrounds.

The final step in the event selection is based on the &,
and &, variables of the diphoton system measured in the
central CMS detectors, and defined as

1 <,
G = 5 D e (4)
i=1

In the case of a truly exclusive photon-fusion event, the &
values of the two intact protons must be compatible with
those derived from the central photons as given by Eq. (4).
Therefore, if events are required to have forward protons
within the acceptance of PPS, the diphoton &, values
must also be within the PPS £ range, namely they both are
required to satisfy 0.02 < &, < 0.20.

Additionally, for the pair of protons detected in the PPS,
it was found that placing a lower requirement on the proton
& values of 0.035 decreases the background (as discussed in
Sec. VI A) without significantly affecting the signal effi-
ciency. An asymmetric selection is also placed on the upper
end of the proton £ spectrum to take into account the PPS
acceptance. These asymmetric upper & selection criteria are
placed at 0.15 for sector-45 and 0.18 for sector-56. The
final selection criteria are listed in Table III.

Table IV lists the number of simulated events for each
background source that pass all selection criteria. Figure 5
shows the impact of each step in the selection sequence:
preselection, acoplanarity selection, and diphoton ¢ selec-
tion. Good agreement is observed between the MC sim-
ulation and data, especially for the number of events after
all selection criteria. The kinematic distributions of events
passing all selections are shown in Fig. 6.

TABLE III.  Summary of the criteria applied to select exclusive
diphoton events.

Selection type Criteria

Preselection Diphoton HLT

ph > 75(100) GeV for 2016 (2017-2018)

H/E < 0.10

Photon ID with electron veto

[77] < 2.5 (except 1.444 < || < 1.566,
EB-EE transition veto)

m,, > 350 GeV

Ay < 0.0025

0.02 < 5%, < 0.20

0.035 < &, < 0.150 (0.180) for sector-45
(sector-56)

Acoplanarity

Diphoton ¢,

Diproton &,
acceptance

TABLE 1V. Summary of the predicted number of events for
each SM background contributing to the £&€PPS selection
region, their sum, and the observed number of events. The
uncertainties quoted are statistical only.

Sample Events
Inclusive yy + jet(s) 580 £ 41
Inclusive y + jet(s) 110 £22
Inclusive Wy 4+£2
Inclusive Zy 2+1
Inclusive #7 + jet(s) Negligible
QCD jets Negligible
Total predicted 696 + 47
Observed 735 +£27
Data/MC 1.06 £+ 0.08

VI. RESULTS

After all selection criteria (Table III) are applied, a
comparison between the forward diproton and central di-
photon kinematic properties is performed. To reiterate, the
analysis strategy is based on a search for an excess above
the background expectations for events where the mass
and rapidity of the diphoton and diproton systems match.
This is done by comparing the values calculated in

103 fo" (13 TeV)
AL LA

@ Data

—aQGC

B QCD (ey enriched)
Incl. yy +j (NLO)

Y +]

Incl. W + vy (NLO)
Incl. Z + y (NLO)
10* mtt +j (NLO)

- 15 —
Ao -]
0 ‘ ‘
Preselection Acoplanarity & ePPS
YY
FIG. 5. Number of events in data (black symbols) and simu-

lated backgrounds (histograms) after each of the three consecu-
tive selection criteria applied (upper plot), and ratio of data to sum
of all backgrounds (lower plot). The first bin corresponds to the
preselection region, the second bin to the acoplanarity criterion,
and the third bin to the diphoton ¢ selection defined in the text.
The lined red histogram represents an aQGC signal with
£, =05TeV™ and ¢, =0.1 TeV™ for reference. Hatched
bands indicate systematic uncertainties (statistical uncertainties
are smaller than the symbols size).
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FIG. 6. Kinematic distributions for events passing all selection criteria. From upper to lower and left to right are the single-photon 7,
and pr, diphoton acoplanarity, mass, &,,, and &}, distributions. The black dots represent the data, filled histograms represent the
simulated SM backgrounds, and the lined red histogram represents an aQGC signal with ¢; = 50 TeV™ and ¢, = 100 TeV~ for
reference. The lower panels in each plot show the ratio of the number of data events to the total SM background expectation. The dashed

box indicates the systematic uncertainties.
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Egs. (2) and (4) taking into account their associated un-
certainties given by

omyp _ _ 1o 8,

pp

where ém,,, 6y,,, and 5§§ represent the uncertainties on
the diproton mass and rapidity, and the uncertainty on the
positive and negative proton £, respectively.

An event is considered matched if the mass and rapidity
of the forward and central systems are within two standard
deviations of equivalence. Such a relatively loose matching
window is chosen so as to keep as many signal events as
possible (given the very low number of background events
expected). The criteria for this matching are

-2 < (my,, —my,,)/6(m,, —m,,) <2

-2< (ypp _yyy)/é(ypp _yyy) <2

where 6(m,,, —m,,) and 8(y,, — y,,) are the uncertainties
in the differences between the diphoton and diproton mass
and rapidity, respectively. The uncertainties are clearly
dominated by the diproton system, and derived event-
by-event.

Figure 7 shows events from data as a function of how
closely they match (in terms of standard deviations) in mass
and rapidity. One event is observed within the matching
window.

A. Background estimation

The signal region after forward-central matching is
expected to have contamination from pileup events. The
overlap of events with pileup protons detected in PPS and

103 fb™ (13 TeV)

20— :
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FIG. 7. Mass versus rapidity matching distributions for events
passing the diphoton and diproton selection criteria described in
the text. The matching window is shown by a green rectangle
corresponding to two standard deviations.

events with inclusively produced diphotons in the central
CMS detectors can lead to accidental forward-central
matchings. Such events are the only significant source of
background for this analysis.

To quantify how these events contaminate the signal
region, we use a fully data-driven approach to generate
background-like pseudoevents. As inputs for the creation of
the pseudoevents, diphoton events in the signal region are
used as well as protons (detected in PPS) from all CMS
events passing the diphoton trigger. Each pseudoevent is
created by combining a diphoton pair with a diproton pair
randomly added from the same run and LHC crossing-
angle. We then check for the forward-central matching in
mass and rapidity. This procedure is done for all diphoton
events in the signal region to create one pseudoexperiment.
Since the protons are randomly mixed with the diphotons,
any matching that occurs is truly accidental and not due to a
true correlation between the forward and central systems.
As expected, the number of matching events for the
pseudoexperiments follows a Poisson distribution. The
background estimation is validated by using simulated
diphoton events from the signal selection as an input to
the pseudoexperiment. A second validation method uses
diphoton events from an orthogonal selection (reversing the
acoplanarity selection) as an input to the pseudoexperi-
ments. Both validation methods give similar numbers of
average matching events and are also used to extract the
systematic uncertainty in the background estimation
procedure.

The number of expected matching background events is
0.03, 0.16, and 0.91 for the 2016, 2017, and 2018 data
taking, respectively. The total number of expected back-
ground events is 1.10 £ 0.01 (statistical uncertainty). The
differences in the background estimations between the
years are driven by their different luminosities [32-34],
detector configurations, and efficiencies [30].

B. Systematic uncertainties

The integrated luminosities of the 2016, 2017, and 2018
data-taking periods are individually known with uncertain-
ties in the 1.2%-2.5% range [32-34], while the total
integrated luminosity has an uncertainty of 1.9%, with
an improvement in precision reflecting the (uncorrelated)
time evolution of some systematic effects. A 23.3%, 25.2%,
and a 20.9% systematic uncertainty in the background
estimation procedure is assigned for 2016, 2017, and 2018,
respectively, calculated as the largest relative difference
in the number of estimated events between the default
method and the two validation methods for the pseudoex-
periments. For the signal efficiency in 2016, 2017, and
2018, uncertainties of 3.1%, 7.0%, and 2.9% are assigned,
respectively, as derived from the photon ID and assuming
that the ID efficiencies are uncorrelated. A 10% uncertainty
is assigned to the theoretical proton survival probability,
1.e., the probability that the interacting protons do not break
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TABLE V. Systematic uncertainties corresponding to each year
of data taking used in the analysis.

Source 2016 2017 2018
Integrated luminosity (%) 1.2 23 25
Background estimation (%) 233 252 209
Photon ID scale factors (%) 3.1 7.0 29
Proton survival probability (%) 10 10 10
Particle shower reconstruction in PPS (%) --- e 1.7

up due to soft exchanges between their spectator partons, as
estimated in [42] and considered in [43]. A 1.7% uncer-
tainty is assumed for the particle shower reconstruction
efficiency in the PPS detectors in 2018 [30]. The systematic
uncertainties of the proton reconstruction are assigned
on an event-by-event basis. The systematic uncertainties
described above are summarized in Table V. Systematic
uncertainties are treated as uncorrelated across the years.
In the exclusion limit setting procedure, all systematic
uncertainties apply to the signal (except the uncertainty
associated with the background estimation procedure) and
background (except the uncertainty associated with the
proton survival probability).

C. Limit on anomalous quartic gauge couplings

With one event observed and 1.10 + 0.24(stat 4 syst)
events expected, no excess is observed above the SM
prediction. Limits are thereby placed on the anomalous
coupling parameters, {; and {,.

The modified frequentist criterion CL, [44,45] with the
profile likelihood ratio test statistic modified for upper
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limits [46] and determined by pseudoexperiments is used to
evaluate the observed and expected limits at 95% confi-
dence level (CL) on the production cross section of aQGC
LbL scattering within the fiducial region of the analysis
defined as ph > 100 GeV, 7| < 2.5, m,, > 350 GeV,
and fractional proton energy loss of 0.035 < ¢ < 0.150
(0.180) for the positive-z (negative-z) arm of PPS. The
signal efficiency is evaluated over a wide range of the
coupling parameters {; and ¢, using FPMC [38] and found
approximately constant for each year in the search region.

The product of the efficiency (¢) and the acceptance (A)
for the aQGC signal is used as an input to the limit setting
tool. The eA distributions for the PPS detectors to recon-
struct diffractively scattered protons as a function of the
proton & areas shown in Fig. 8 for each running year. The
€A values are calculated as the ratio of the number of
reconstructed protons over that of generated protons using a
simulation of the forward proton detectors. This simulation
accounts for the LHC beam parameters, detector configu-
ration, and detector technology used over the full data-
taking period. The width of the 2016 reconstruction
efficiency distribution is narrower than for the other years
because of a different physical location of one of the two
RPs used for tracking, limiting the overlapping & accep-
tance of the two tracking RPs in this year. The €A values of
2017 are overall lower than those of the other years because
of the inability of the silicon strip detectors to reconstruct
multiple protons within one bunch crossing. This ineffi-
ciency was intensified in 2017 as compared to 2016
because of the increase in the instantaneous luminosity
of the LHC. The signal efficiency is highest in 2018
because of the use of pixel detector technology in all
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FIG. 8. Distributions of combined efficiency-times-acceptance (eA) for diffractively scattered protons as a function of the proton ¢ for
each running year for PPS sectors 45 (left) and 56 (right), respectively. Differences in the overall reconstruction efficiency are explained
by varying detector location, configuration, and design across the years.
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TABLE VI. Product of efficiency and acceptance values for
each year of data taking, for aQGC signal protons (populating
mostly the high-£ region in Fig. 8). The second column corres-
ponds to the central CMS detectors, the third column to the PPS,
and the fourth column is the product of the two previous ones.

Year Central-CMS €A (%) PPS €A (%) Combined €A (%)
2016 80.1 6.5 5.2
2017 75.7 33 2.5
2018 77.4 18.4 14.2

RPs, which do not suffer from the inefficiency of tracking
multiple protons.

The derived €A values for each year are listed in
Table VI. Systematic uncertainties are included as nuisance
parameters with log-normal probability density functions in
the likelihood. The observed and expected 95% CL in the
plane of ({, {,) are shown in Fig. 9.

These anomalous 4y coupling limits are equivalent to
setting an upper limit on the fiducial LbL cross section of

o(pp = prrplé, €E7S) < 0.61 fb, (6)

where &, € EPPS denotes that both protons are within the
acceptance of PPS. This cross section upper limit is the
strongest to date in this region of high diphoton masses.

103 fb~! (13 TeV)
CMS - TOTEM

& Standard Model
—— Observed 95% CL
————— Expected 95% CL

-1.5 -1.0 -0‘.5 0 0i5 1.0 1.5
{1 (X1071) (Tev™?)

FIG. 9. Observed (solid ellipse) and expected (dashed ellipse)
exclusion limits at 95% CL on the anomalous coupling parameters
¢, and ¢, derived from the analysis of high-mass exclusive
diphoton events in pp collisions at 13 TeV.

The observed (expected) 95% CL limits on the separate
anomalous 4y coupling parameters (setting the other to
Zero) are

1] < 0.073(0.071) TeV=4(¢, = 0),
|&5| < 0.15(0.15) TeV=4(¢, = 0).

D. Limit on axion-like particle production

The same limit setting procedure described above is
applied to the s-channel production of a pseudoscalar ALP.
Following the same approach described in [3], this yy —
a — yy process can be parametrized as a function of the
ALP mass, m,, and its photon coupling, f~'.

For the diphoton invariant mass acceptance determined
by the ¢ ranges probed in this analysis, the selection
efficiency depends only on the mass of the ALP. The €A
product is shown in Fig. 10 as a function of ALP mass m,,
for a fixed f~! = 0.1 TeV~! coupling, separately for each
year of data taking (as well as for PPS only, and for central-
CMS plus PPS detectors) and for the full 2016-2018
dataset (Run-2 combined). The distributions of €A versus
ALP mass are used as input to the limit-setting tool.

The observed and expected 95% CL limits resulting from
the analysis are shown in Fig. 11. Limits on the production
of ALPs coupling to photons with strengths f~! > 0.03
to 1 TeV~! are set over m, = 500-2000 GeV, a region of
masses that has been barely explored so far [47]. For
m, 2 0.7 TeV, these limits extend those derived in a
recent similar analysis by ATLAS (using single-tagged
forward protons) [48], and are the strongest to date in this
mass range.

60% ———————
CMS - TOTEM
50%— Simulation

T T T
2016 PPS
2016 Combined
—————— 2017 PPS
—— 2017 Combined
40%— il

rrrrrr 2018 PPS
—— 2018 Combined

A

30%~ /
ES BT e EERL . e W, (=== Run2 PPS

—— Run2 Combined
20%—

10%—

A R T R T
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m, (GeV)

S
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FIG. 10. Product of the ALP efficiency and acceptance (¢A)
values as a function of mass m, for samples generated with f~! =
0.1 TeV~! ALP-y coupling, within the fiducial volume of this
search. The curves shown correspond to the PPS €A values
(dashed curves), as well as the latter convolved with the central-
CMS €A (solid curves), for each data-taking year and for the
full Run-2.

012010-11



A. TUMASYAN et al.

PHYS. REV. D 110, 012010 (2024)

103 fb~! (13 TeV)

T T 1T [ | B I | { U N O | [ T 17T | L \ | |
CMS - TOTEM
100:—
T
>
(O]
= 10 E
7 :
L ]
95% CL upper limits ]
Observed |
r e Expected )
10-2 W Expected £ 10|
F Expected + 20
‘l L1l \ | - | ) l | I - | I l | I -
500 750 1000 1250 1500 1750 2000
m, (GeV)
FIG. 11. Upper limits at 95% CL on ALP-photon coupling

strength as a function of the ALP mass. The shape of the limit
curve is determined by the PPS efficiency-times-acceptance
curve. The expected limits almost completely overlap with the
observed ones.

VII. SUMMARY

A search has been performed for events with a high-mass
exclusive diphoton system and two intact protons produced
in the final state, pp — pyy p, in proton-proton collisions at
\/s =13 TeV. The dataset corresponds to an integrated
luminosity of 103 fb~! collected with the CMS central
detectors and the CMS and TOTEM precision proton
spectrometer (PPS) in 2016-2018. Light-by-light (LbL)
signal events are selected by requiring the measurement of
two high-pt photons emitted back-to-back, in coincidence
with two opposite-side forward protons, measured in PPS,
whose kinematic properties match those of the central
diphoton system.

The data are found to be in agreement with the predicted
standard model (SM) background, with one event observed
and 1.10 4 0.01(stat) + 0.24(syst) events expected. An
upper limit on the LbL cross section of 6(pp — pyyp) <
0.61 fb is set within the fiducial range of the analysis
defined as ph > 100 GeV, || < 2.5, m,, > 350 GeV,
and fractional proton energy loss of 0.035 < &, < 0.150
(0.180) for the positive-z (negative-z) arm of PPS. Limits
at 95% confidence level are derived for the four-
photon anomalous quartic gauge couplings (aQGC) para-
meters (setting, alternatively, the other to zero) || <
0.073 TeV™ and |{,| < 0.15 TeV™, using an effective
field theory. Additionally, limits on the production of axion-
like particles (ALPs) coupling to photons with strengths

f1~0.03to1 TeV~! are set over the mass range from 500
to 2000 GeV. These are the most restrictive limits to date on
4y aQGC and on ALPs coupling to photons, in the very high
mass phase space region.
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