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We study the discovery potential of massive graviton-like spin-2 particles coupled to standard model
fields, produced in photon-photon collisions at the Large Hadron Collider (LHC) as well as in electron-
positron (eTe™) collisions, within an effective theory with and without universal couplings. Our focus is
on a massive graviton G coupled to the electromagnetic field, which decays via G — yy and leads to a
resonant excess of diphotons over the light-by-light scattering continuum at the LHC, and of triphoton
final states at eTe~ colliders. Based on similar searches performed for pseudoscalar axion-like particles
(ALPs), and taking into account the different cross sections, yy partial widths, and decay kinematics of
the pseudoscalar and tensor particles, we reinterpret existing experimental bounds on the ALP-y coupling
into G-y ones. Using the available data, exclusion limits on the graviton-photon coupling are set down
to ggy ~ 1-0.05 TeV~! for masses mg ~ 100 MeV-2 TeV. Such bounds can be improved by factors of
100 at Belle II in the low-mass region, and of 4 at the HL-LHC at high masses, with their expected full
integrated luminosities.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

The CERN Large Hadron Collider (LHC) does not only pro-
vide the highest energy and luminosity hadronic interactions
recorded to date, but also delivers the most intense and energetic
photon-photon collisions ever studied in the laboratory. In proton-
proton, proton-ion, and ion-ion collisions, the ultrarelativistic beam
charged particles can interact electromagnetically through photon
exchange when passing by at large impact parameters (ultrape-
ripheral collisions, UPCs) without hadronic overlap, and remain
intact after the interaction [1,2]. In the equivalent photon ap-
proximation (EPA) [3,4], the collision of the two electromagnetic
(EM) fields can be identified with the fusion of two quasireal pho-
tons, which can produce particles in the central detectors of the
LHC experiments. Pairs of bosons or fermions can thus be pro-
duced, back-to-back in azimuth, via yy processes (Fig. 1, left)
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and —by virtue of the Landau-Yang theorem [5,6] and conserva-
tion of charge-conjugation (C) symmetry— C-even neutral objects
(scalars, pseudoscalars, and tensor particles) can also be singly pro-
duced (Fig. 1, center). In all cases, yy collisions present a very
clean environment for measurements of processes with very few
particles produced exclusively in the final state, very small or neg-
ligible irreducible backgrounds, and with the possibility, in the p-p
case, to further constrain the collision kinematics with the simul-
taneous reconstruction of the momenta of the forward/backward
y-emitting protons in dedicated Roman Pots (RPs) detectors lo-
cated inside the beamline [7-10].

At the LHC, photon-photon interactions happen at unprece-
dentedly large effective luminosities at low masses in heavy-ion
UPCs [1], and up to very large yy center-of-mass energies (up to
a few TeV) with UPCs with proton beams [2]. These facts have first
revived the field of quantum electrodynamics (QED) at very high
intensity initiated with the E-144 experiment at SLAC [11,12]. In
this context, the LHC has provided the first observation of light-by-
light (LbL) scattering [13] (Fig. 1, left) in lead-lead UPCs at the LHC,

pbPb 24 Pby y Pb, at a nucleon-nucleon center of mass energy of
/Say = 5.02 TeV [14-16]. Similarly, searches for LbL at the TeV

scale have been carried out in pp at 4/s = 13 TeV via pp vy PYYD
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Fig. 1. Schematic diagrams of photon-photon collisions producing a pair of exclusive photons, aka. LbL scattering (left), and an ALP or graviton decaying to two photons
(center), and of ete~ collisions producing an ALP or graviton leading to a triphoton final state (right).

by tagging one or both protons in very forward RPs [17-19]. Such
measurements have been used e.g., to set competitive limits on
nonlinear (Born-Infeld) extensions of QED [20].

Photon-photon collisions at the LHC provide also very clean
conditions for searches for particles beyond the standard model
(BSM) that couple to photons [21-27]. In particular, massive spin-
0 particles, such as axion-like-particles (ALPs) [28-31], as well as
spin-2 tensor particles, such as gravitons [23,26,32-35], can be
produced in photon-fusion processes (Fig. 1, center), and mani-
fest themselves as diphoton resonances on top of the LbL invariant
mass continuum. Recent searches for excesses of exclusive dipho-
tons produced above the LbL continuum [28] have allowed placing
the most competitive limits on ALPs over masses mg, ~ 5-100 GeV
in PbPb UPCs [15,36], and over my; ~ 0.5-2 TeV in pp colli-
sions [17-19]. Limits on ALP-photon coupling have also been set
from searches for triphoton final states at electron-positron (ete™)
colliders (Fig. 1, right), using recent results from Belle I and BES-III
as well as from previous studies at LEP [37-39].

Whereas massive spin-0 particles have been extensively stud-
ied, the physics case for the two-photon production of massive
spin-2 states at accelerators is still at an early stage, notwith-
standing some exploratory works at colliders [23,26,32,33,35] and
fixed-target facilities via the Primakoff process [40,41]. In this pa-
per, we extract new bounds on the photon-graviton coupling as
a function of the graviton mass, by properly recasting the exist-
ing experimental searches for ALPs coupling to photons mentioned
above. We do so by applying the experimental selection criteria
to simulated ALP and graviton pseudodata generated within an
effective field theory (EFT) approach, taking into account the dif-
ferent cross sections, diphoton partial widths, and decay kinematic
distributions of the pseudoscalar and tensor particles, and using
standard statistical methods.

Let us start by recalling that General Relativity (GR), as a clas-
sical field theory, describes the gravitational force in terms of
an interacting massless tensor (spin-2) field. When the field is
quantized, massless spin-2 particles, called gravitons, appear. The
masslessness of the graviton is generally considered to be guaran-
teed by diffeomorphism invariance of GR [42]. However, it is also
known that gauge invariance does not always imply zero masses
for gauge states. Quantum effects from other fields can, for exam-
ple, give gravitons masses without breaking fundamental proper-
ties of GR. The fact that propagating degrees of freedom of gravity
have mass is a fundamental issue with implications in many areas
of physics including the propagation of gravitational waves [43].
Also, the possible existence of a selfconsistent quantum field the-
oretical framework of GR valid at all energy scales is an open
question [44,45]. Although such a theory remains elusive, one can
however study practical and reliable consequences of the under-
lying quantum theory of GR by employing an EFT approach [46].
New massive spin-2 degrees of freedom have been shown to arise
in different modifications of gravity. Extradimensional theories of
gravity, like the Arkani-Hamed-Dimopoulos-Dvali (ADD) [47] and
Randall-Sundrum (RS) [48] BSM models, proposed to explain the
very large gap between the electroweak (102 GeV) and Planck
(10" GeV) scales (“hierarchy problem”), generically predict mas-
sive tensor particles appearing as Kaluza-Klein (KK) excitations of

these extra dimensions, either with a continuum mass spectrum,
or as a number of widely separated resonances. Models with an
extra dimension at the micron scale, predict also KK modes called
“dark gravitons”, that are a natural dark matter candidate [49]. In
addition, graviton-like particles, sometimes dubbed “hidden gravi-
tons” [50], naturally appear in the context of bimetric theories of
gravity [51].

In the following, we work under an EFT framework where the
spacetime metric can be linearized and written in the form':
8uv = Nuv + kG, with Gy, the spin-2 quantum field (gravi-
ton) that we will assume to be potentially massive, and where
kK ~ 1/Mp; with Mp, being the (dark/hidden) Planck mass. In
this framework, the Einstein-Hilbert Lagrangian density takes the
Fierz-Pauli expression, first formulated by them in 1939 to de-
scribe the linear theory of a massive spin-2 field [52], and the
interaction of the graviton with SM fields reads,

k
25 ==Ll e, (1)
Here, ky ¢ a factor that describes the strength of the coupling of
the graviton field G to the boson V (including gauge and Higgs
bosons) or fermion f, A is an energy scale, and T;Zg,f is the
energy-momentum tensor for bosons or fermions. In particular, for
gravitons coupled to photons, the expression above gives:

k
N
(2)

where F;, is the EM field, 1, the flat spacetime metric, and gcy
is the G-y coupling.

In this work, we derive upper limits on g, as a function of
the graviton mass mg using the experimental LHC and e*e~ data
mentioned above [15,17-19,37-39] that correspond to probing mg
values from 100 MeV up to 2 TeV. We obtain these limits un-
der two different scenarios. First, we take a simplified approach
with a 100% decay branching fraction of the graviton into two pho-
tons, By, = 1. Such a “photophilic” scenario is often assumed
in ALPs searches [30,53], and leads to a maximum sensitivity to
the graviton-photon coupling. A second more realistic scenario is
also considered with universal couplings of the graviton to all Stan-
dard Model (SM) particles [54]. In this case, the graviton decay into
diphotons is dominant only at low m¢ values whereas above a few
GeV, once the kinematic phase space for decays to massive SM
fermions or bosons opens up, it amounts to Bg.,, ~ 0.05. The
universal couplings scenario also allows a proper computation of
the ete™ — Gy cross sections without problems linked to viola-
tion of perturbative unitarity as described in Section 2.2.

1 :
25 = gay (—FWF,’,’ + an(FWf) GMY, with ggy =

T It is worth noting that the separation of the metric into a background flat metric
and a quantum perturbation « G, allows avoiding the conceptual problems of the
standard interpretation of quantum mechanics applied to quantum gravity, i.e. that
the classical observers doing preparations and measurements live themselves in the
spacetime which they prepare and measure. Here, the observers and the experiment
live in the classical, flat spacetime.
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The paper is organized as follows. The theoretical setup used
to compute the graviton and ALP cross sections in photon-photon
collisions at the LHC and in e*e™ collisions is presented in Sec-
tion 2. The generation and analysis of graviton and ALPs simulated
samples, and the method of extraction of G-y coupling bounds
from the experimental ALP limits, are discussed in Section 3. The
derived limits as a function of mg, including current bounds and
future projections is presented in Section 4, together with their
comparison to other existing results. The paper is closed with a
summary in Section 5.

2. Theoretical setup

The theoretical framework employed to study the production
of gravitons and ALPs is presented, first, for photon fusion pro-
cesses in UPCs at the LHC, yy — G,a — yy (Fig. 1 middle), and
via eTe™ — (G, a) y — 3y final states (Fig. 1 right), second.

2.1. Photon-photon collisions

The description of the yy — G,a — yy process is based
on the EPA applied to ultrarelativistic protons or ions with low-
virtuality equivalent photon fluxes, as implemented in the gamma-
upC code [26]. The cross section for the production of a given final
state X via photon fusion in an UPC of hadrons A and B with

charges Z1, AB 24 AXB can be written as a convolution integral
of the product of the elementary cross section at a given yy c.m.
energy, oy x(Wy,), and the two-photon differential distribution
of the colliding beams,

2 5y (AB)
Yy dEVl dEVz d NVI/ZLVZ/ZZ
o (AB = AXB) :f o x(W,,,),
E)/1 EVz dEm dEVz e rr
3)

where WJZ/}, =4E, E,, is the c.m. energy of the collision of pho-
tons with energies E,, and E,,, and
2y (AB)
d NV]/leVZ/ZZ
dEy, dEy,

_ / 02B102D3 Prg ine (01, B2)N,, /2, (Eyy . BNy 12, (o b2,
(@)

is the effective two-photon luminosity accounting for the probabil-
ity Ppo inet(b1, b2) of hadrons A and B to remain intact after their
interaction. In the expressions above, Ny,,z (Ey,;, b;) is the photon
number density with the photon energy E,, at the impact parame-
ter b; from the ith initial hadron. The photon number densities are
usually derived from two different hadron form factors, such as the
electric-dipole (EDFF, Eq. (11) in [26]) and charge (ChFF, Eq. (13)
in [26]) form factors. In the EDFF case, because the photon number
density is divergent at low values of the impact parameter b = |b|,
arbitrary b1 > R4 and by > Rp cuts must be imposed, with Ra p
being the radii of hadrons A and B. On the other hand, such an is-
sue is absent in the ChFF case, and one can safely integrate bq
down to zero. Although the yy cross sections obtained with EDFF
and ChFF fluxes are in general similar, the ChFF is a more realis-
tic, and therefore preferable, choice. In the latter formula, we have
integrated over the virtualities Q2 of the initial photons, which
can be certainly unintegrated in order to make explicit their very
small values, typically of order Q2 ~ RATZ < 0.08 GeV? for protons
(Rp ~ 0.8 fm), and Q2 < 1073 GeV? for Pb nuclei (Ra &~ 7 fm) [26].

In the case of heavy-ion beams, the action of all the charges in
the nucleus adds coherently and the photon flux is enhanced by a
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Z? factor compared to the proton case, leading to a Z3Z? increase
in the corresponding yy cross sections. The nonoverlap hadronic
interaction probability density Ppq inei(b1,b2) depends on the spa-
tial separation of the two initial hadrons, i.e., Ppg inei(b1,b2) =
Pho inel(/b1 —b2|), and can be derived from the standard opacity
(optical density) computed from realistic hadronic transverse pro-
file overlap functions with a Glauber Monte Carlo (MC) model [55].

The expected LbL continuum cross sections can be calculated
through Eq. (3) plugging in the elementary yy — yy cross sec-
tion and using a proper setup for the photon fluxes and nonoverlap
probabilities. For the resonant graviton and ALP total cross sec-
tions, a more convenient equation can be employed. The cross
section for the exclusive production of a C-even resonance X of
spin ] and two-photon decay width I'y, (X), through yy fusion
in an UPC of charged particles A and B, reads now [4]

Yy 2 r
o(AB X5 AXB)=an?@) + 1) 20 vy
m

2 dw
X VY Iwyy=mx
ach? . .
where aw,, |Wyy:mx is the value of the effective two-photon lu-

minosity at the resonance mass my in an UPC at nucleon-nucleon
C.M. energy ,/Syy, and amounts to

(AB)
dzy,
dw,,
2 2y (AB)
_2Wyy f dEy, dEy, o (Wyy _ 4EnEy, Ny /212122
SN E)’1 EVZ SN SNN dEVldEVZ

(6)

From Eq. (5), one can straightforwardly see that, for the same
values of resonance masses and diphoton partial decay widths, the
photon-fusion production of gravitons (J =2) will be enhanced by
a factor of (2] +1) =5 compared to the ALPs (J = 0) case. Such
an apparent benefit will be, however, outplayed by a comparatively
reduced graviton coupling to photons, as explained below. The cal-
culation of their expected photon-fusion cross sections through
Eq. (5) relies on computing their 'y, (X) two-photon widths with
a given interaction Lagrangian. For the ALP case, yy — a — yYy,
the relevant Lagrangian is

1 % mg 2 8ay JATES :
z;iauaa a—Ta —TaF Fuy, with ggy = Cpy /A,
(7

where a is the ALP field, I:‘W is the photon field strength dual
tensor, and the dimensionful ALP-y coupling strength gg), is in-
versely proportional to the high-energy scale A associated with
the spontaneous breaking of an approximate Peccei—Quinn global
U(1) symmetry [56], and the effective dimensionless coefficient
Cyy rescales the ALP-y coupling whenever the ALP also interacts
with (and, therefore, decays to) other SM particles (although most
often the photon-dominance, or photophilic C,, =1 case is con-
sidered in the literature) [53].

The production cross sections for massive gravitons via yy —
G — yy can be similarly obtained from the Fierz-Pauli Lagrangian,
Eq. (2). Writing explicitly the kinetic content for the graviton field
of mass mg, it reads:

1
Sp = _E(apc,w)2 + 8,Gupd” GHP — 3,G"3,G

1 2 1 2 2 2
+530) —Emc((cw) -G ) (8)
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from which the propagator for the graviton field, represented by
the dotted line in Fig. 1 (center), can be computed directly as
T’“’p"—ii 1(P Py + PyusP )—1P P

_pz_m(z__'-}-l'e 2 np 'voe no Fvp 3 pvtpo |

9)

with Py =nu + Pﬂpu/mé. In this latter expression we see the
mg pole in mass that gives the resonant effect in the invariant
mass LbL spectrum.?

The generation of ALP and graviton simulated events in this
work is carried out with the gamma-UPC code [26], using ChFF
y fluxes for protons and ions and computing the nonover-
lap probabilities with a Glauber MC [57], combined with MAD-
GRAPH5_AMC@NLO [58,59] (hereafter identified as MGs_aAMC)
where the corresponding Lagrangians, Eqs. (2) and (7), are coded
as input models in the Universal Feynman Output (uro) for-
mat [60,61]. We have compared the computed cross section for
ALP or graviton production with the results of several alternative
codes [23,26,58] finding fully consistent results (and, thus, also the
corresponding graviton exclusion limits).

2.2. Electron-positron collisions

We consider next the graviton and ALP production cross sec-
tions in ete™ collisions through the process shown in Fig. 1 (right),
and describing their photon couplings with the same Lagrangians,
Eqgs. (2) and (7) respectively, used for photon-photon collisions. For
ete™ collisions at Belle II and LEP energies, the leading-order in-
clusive cross section, neglecting the tiny electron mass me, reads

ote” > ay = yyy)
. Otggy (s— m5)3
T 24 s3
oete” > Gy —>yyy)

a (k_y>2 (s —m2)3 s>4+3smZ+6m¢

:£ A s3 m4G

Ba—yy, for ALPs, and (11)

Bg—yy, for gravitons,

(12)

where s is the squared center-of-mass energy of the collision, and
Ba,c—yy the corresponding a,G — yy branching fractions. This
latter expression indicates that the graviton cross section, as op-
posed to the ALP one, has the asymptotic form

ky)z s?
e —a BGayya (13)
<A mg

which is divergent in the mé/s — 0 limit. Such a unitarity-
violating behavior is due to the assumption that the graviton
couples only to photons, and not to electrons. A more realistic
universal-coupling scenario for gravitons can solve this perturba-
tive unitarity problem [54,62]. In such a universal-coupling sce-
nario, the expression for the ete~™ — G — 3y cross section, reads

2 253
+o _ o (ku )" s =mg)”
oe’e —>GV—>VV)/)—24(A> 3

lim o(ete” — Gy — yyy) = @
s 36

BG—))/]/v (14)

2 Let us note that in the massless case, the structure of the propagator is pre-
served, but with some modifications. For a massless graviton, Eq. (9) would give:

1
Trﬁr:g())a = 2 m (n/m Nvo + Nuo Nvp — Nuv ﬂpa) ) (10)
which, interestingly, does not lead to a resonant effect but a particular behavior of
the cross section in the forward limit.
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Fig. 2. Branching ratios for the various decay modes of a massive graviton as a func-
tion of its mass mg assuming its universal-coupling with the SM particles. Specific
Bc- xx numerical values are given in Table 1.

which, as its ALPs counterpart given by Eq. (11), is now well-
behaved for all mg.

Of course, allowing for other couplings reduces also the dipho-
ton decay probability for massive gravitons. In principle, for the
graviton production in ete™ collisions via the diagram shown in
Fig. (1) (right), one could just consider a simplified model with
universal couplings to photons and electrons alone, ky =k, =k,
neglecting all other couplings. In this case, the asymptotic cross
section for s> m can be written as: o ~ %(’%”)ZBG_,),Z, and

Mg

the two partial widths would be: I'(G — yy) = (k—”)z— and

A7 80w
2 2
['G— ete) = ("KE) 1- %)3/2(1 + 8me ) Asymptotically,
G

Bm?;

one would then have Bg_.,, = 2 when mg > 2m,, and only
when mg < 2m, the diphoton branching fraction would be unity.
This simple example shows that for the range of graviton masses
probed by the Belle I and LEP data (mg =~ 0.1-100 GeV), the
assumption of Bg_.,, =1 would be incorrect. The actual decay
branching fractions of the graviton to all SM particle pairs as a
function of mg in the universal-couplings scenario are shown in
Fig. 2, and Table 1 collects a few reference values as a guide-
line. One can see now that the diphoton decay is relatively dom-
inant only in the case of gravitons with masses below twice the
pion mass (mg < 0.25 GeV) with values Bg_.yy ~ 40%, whereas
hadronic decays take over for heavier gravitons. Above mg ~ 5 GeV,
the diphoton decay amounts to B,y = 5%, which would at face
value translate into factors of ~20 less constraining limits placed
on gravitons compared to ALPs searches in the photon-dominance
assumption often consider for the latter (C,,, =1 in Eq. (7) leading
to Bgyy =1).

At BES-III, the underlying production process differs from the
Belle II and LEP cases as the a, G resonance is not directly radiated
from the s-channel (virtual) y* or Z* boson (Fig. 1, right), but an
intermediate J/v meson is first produced that decays into the ALP
or graviton plus a photon, leading to the three-photon final state.
At leading order, the partial width of the J/¢ — ay — yyy decay
reads

3
2 g
160

LU/ —ay = vyy)

3

2

o m

= o7& (1 - m2—> (0777 Basyy. (15)
/v
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Table 1

Physics Letters B 846 (2023) 138237

Branching ratios for various decay modes of a graviton of different masses, assuming its universal cou-

pling with SM particles.

Graviton decay Bg_, xx(%)

Channel mg =100 MeV mg =5 GeV mg =100 GeV mg=1TeV mg =2 TeV
yy 44.4 6.1 43 42

v 333 4.5 3.2 3.2

- 222 7.8 6.4 6.4
Hadrons - 81.5 82 66 65.8

7z - - - 4.7 4.6

WHw- - - - 9.4 9.2

HH - - - 0.3 0.4

tt - - - 5.7 6.2

Table 2

Summary of the six ALP and graviton production processes considered in this work, along with the mass

ranges experimentally probed.

Process Colliding system nucleon-nucleon or e*e~ c.m. energy Mg, range
yy —a,G—yy PbPb 5.02 TeV 5-100 GeV
yy - a,G—>yy pp 14 TeV 0.15-2 TeV
a,Gy —>yyy ete” 3-11 GeV 0.16-10 GeV
where (0//¥) is the long-distance matrix element of the ]/ par- PbPb 33 PbyyPb /5y =5.02 TeV
ticle. For the graviton production, a photon-only coupling will lead — ALP (BR(a-yy) =1)
to the same perturbative unitarity violation problem mentioned 10% 4 —— Graviton (BR(G - yy) = 1)
above, and we have to work in the universal coupling scenario. -—- Graviton (BR(G - yy) = 0.05)
In this case, the leading order partial width of J/¥ — Gy — yyy P
is given by ) \\\\ 9Gy = Jay = e
N
(/¥ —Gy ->vyyy) £
20 [ky\? m2 m2 mi
= () (1- =) (1+3= +6C 102 -
243 \ A m? m2 m4
I I I/
x (097 Bosyy . (16)
Combining Egs. (15) and (16), we can derive a bound on the G-y 10! 4 \‘\\
coupling from any given one obtained for the ALP-y case via =~

2 2
(mj/w - mc)

kU
)= (&ay)
(e amzat o+ 3m) Beyy

where we have assumed By .y, =1.

For ete~ collisions, the generation of simulated graviton and
ALPs events is performed with MGs5_AMC, with the universal-
couplings setup of Ref. [54] for the graviton case and using the
Lagrangian Eq. (7) for the ALP samples, coded both also in the uro
format.

. (7)

3. Analysis of the simulated data

Simulated events are generated using the theoretical setup dis-
cussed in the previous section, for all ALP and graviton production
processes at the LHC and in ete~ collisions at BES-III and Belle II?
listed in Table 2 for the relevant mass ranges.

As an example, Fig. 3 shows the computed total cross sec-
tions for graviton and ALP production versus mass in PbPb UPCs
at /Sy = 5.02 TeV, for the same photon-coupling values g¢, =

3 LEP bounds are less competitive than the LHC ones, and event samples are not
explicitly generated for them.

20 40 60 80 100
my [GeV]

Fig. 3. Total yy cross sections for graviton and ALP production in PbPb UPCs at
5.02 TeV as a function of resonance mass, for the same photon couplings values,
g6y = 8y =1 TeV~1, and two different assumptions (photophilic or universal) on
the graviton-photon coupling.

ay =1 TeV—!. The general trend for both particles is similar,
featuring a decrease of the cross sections as a function of mass

due to the o « m;z dependence of Eq. (5) and the reduced ef-
dct®

Yy |
] dWyy IWyy=mx .
energy. Assuming B;c-yy = 1, one can observe graviton pro-
duction cross sections (solid red curve) about five times larger
than the ALP ones (blue solid curve), as given from the different
spin counting of the two particles in Eq. (5). However, considering
the more realistic scenario of universal couplings for the gravi-
ton, Bg-yy ~ 0.05 (dashed red curve), and keeping the photon-
dominance case for the ALP, we see that the final cross sections
for PbPb “X Pb X (yy)Pb are about four times smaller for gravitons
than for ALPs.

For the extraction of upper limits on the photon-fusion graviton
cross sections and, thus, on the gg, coupling, one can proceed
along two different but equivalent approaches:

fective yy luminosity

for increasing W,, cm.
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(i) One can use full simulations for the production cross sections
for gravitons and associated backgrounds, applying the same
requirements as in the experimental analyses, accounting for
all detector effects, and employing a standard statistical frame-
work for limits setting based on the experimental results and
the generated pseudodata, as described in [25,29].

(ii) Or else, one can use the existing ALPs limits derived from the
data, and properly reinterpret them for the graviton case, tak-
ing into account all differences between the production and
decay properties of both BSM particles after applying all ex-
perimental analysis selection criteria.

We employ here the second technique, and show in the Ap-
pendix A its statistical equivalence to the first method. In the
approach (ii), the oy cross section for ALP production can be de-
rived from the interacting Lagrangian, Eq. (7), and is proportional
to ggy x By yy. Similarly, following Eq. (2), the cross section for
gravitons, og, is proportional to géy x Bg-syy. Then, any bound
obtained for the ALP-y coupling at a given m,,, bin can be con-
verted into the corresponding bound for the G-y coupling via

Oq AG
gGy=,/U_GX‘A_anay- (18)

Here A,/ Ag is the ratio of experimental fiducial acceptances for
ALPs and gravitons decaying into pairs of photons. Tensor parti-
cles decay on average into softer and more isotropic photons than
pseudoscalar particles. This latter factor is derived from our full
simulations, after applying the fiducial criteria of each experiment,
and amounts to about a 10% (50%) correction at high (low) masses.
The same formula can be used to set graviton limits from those
placed on ALPs at the Belle I and LEP experiments. The case of
BES-III is slightly different, and the graviton limits are directly
obtained through Eq. (17). In the Appendix A, a proof of the equiv-
alence between both techniques (i) and (ii) is given. In particular,
we demonstrate that a graviton search limit based on method (i)
implies Eq. (18).

In order to obtain the final limits on gg, through Eq. (18),
we need to implement all experimental analyses and apply on
our simulated samples the same selection requirements applied
for ALP searches in the data. The searches carried out in PbPb
UPCs are currently the most competitive for ALPs in the range
my ~ 5-100 GeV. In this case, the final state of interest involves
the observation of two exclusive photons with transverse energy
Et 2 2 GeV, emitted over || < 2.4 pseudorapidities, and pair in-
variant masses exceeding 5 GeV, with a rapidity gap requirement
of no other significant hadronic activity occurring within || < 5.
To further refine the analysis and reduce background contamina-
tion, additional kinematic criteria are applied to the photon pair,
including selections on diphoton transverse momentum ( p%’ Y be-
low 1 GeV, and on acoplanarity (Agy =1—|A¢yy|/m) less than
~ 0.01. These two additional criteria enhance the sensitivity to
photon-fusion production processes that are characterized by the
production of a central system at rest that decays into two photons
in a back-to-back configuration, while minimizing contributions
from misidentified yy — ete™(y, yy) events. The full list of re-
quirements applied to our simulated data to reproduce the ATLAS
and CMS measurements are summarized in Table 3.

Fig. 4 shows a typical diphoton invariant mass distribution for a
generated graviton signal (with mg =45 GeV and g¢, =1 Tev—1)
and SM backgrounds after applying the ATLAS selection criteria,
with a full emulation of the detector resolutions for the energies
and angles of the outgoing photons, as well as the pr-dependent
reconstruction efficiencies. All distributions are generated with
gamma -UPC+MG5_AMC, except the contribution from central ex-
clusive production (CEP, from gluon-gluon fusion in a color-singlet
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Fig. 4. Simulated invariant mass distribution of exclusive photon pairs produced in
PbPb UPCs at 5.02 TeV for a graviton signal (mg =45 GeV mass and ggy, =1 Tev—!
coupling), and LbL scattering (orange), CEP, and yy — e*e~ background processes
(dark and light yellows). All distributions are presented with an emulation of dipho-
ton detector resolution and inefficiencies.

exchange, gg — yy) that is obtained with SUPERCHIC v.3.0 [24].
A full statistical analysis of this sort of signal and background
distributions for varying m¢ values and taking into account the
experimental diphoton counts observed in each mass bin, would
be the basis for the alternative limits-setting method (i) described
above [25,29,63].

In proton-proton UPCs at the LHC, ALP constraints have been
obtained in the masses range 150 GeV to 2 TeV requiring two ex-
clusive photons produced with m,,, 2 150 GeV over |n| < 2.4 and
low acoplanarity AE;V < 0.01. Given the very large backgrounds
from other multiple pp pileup events, it is impossible to apply
rapidity gap requirements as in the PbPb case, and the experi-
ments require instead kinematic coincidences between the central
diphoton system and one (single tagging) or both (double tagging)
forward/backward protons detected in the RPs. As the forward de-
tectors cannot get arbitrarily close to the proton beam, and the
position of the LHC beam collimators limits their acceptance, the
resulting coverage of the longitudinal fractional momentum loss of
the protons, &, is limited. Such a requirement and all the others
are summarized in Table 3.

For the Belle II limits at low graviton masses, we apply the
same analysis criteria used for searches for ALPs in the three-
photon final state over the mass range 0.2-9.7 GeV [37]. At least
three photon candidates are considered with energy E, above
0.65 GeV (for mg > 4 GeV) or 1.0 GeV (for mg <4 GeV) and the
invariant mass my, of the three-photon is required to be in the
range: 0.88./s <my,, < 1.034/s. As mentioned above, for BES-III,
the production process is a bit different and Eq. (17), instead of
Eq. (18), is employed.

4. Results and discussion

Using Eq. (18) for LHC and Belle-II, and Eq. (17) for BES-III,
we are able to reinterpret the existing limits on the ALP-y cou-
pling versus ALP mass [15-19,37-39] into the corresponding limits
for graviton-y couplings. For the graviton limits from PbPb or pp
UPCs, one can in principle keep the simplifying assumption of
unity diphoton-decay branching fractions, Bga—yy = 1, without
unitarity problems in the cross section calculations. The corre-
sponding exclusion limits (upper limits) at 95% confidence level
(CL) for the graviton-photon coupling gc, =k, /A as a function of
the mass of the graviton are displayed in Fig. 5. A comment is in
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Table 3
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Selection criteria applied in the analyses of simulated ALP and graviton samples, following the ATLAS and CMS

measurements of exclusive diphotons in PbPb [15,36] and pp [18,19] UPCs.

Variable pbPb ¥ pb yy Pb pp vy pPYYDp
(ATLAS) (CMS) (ATLAS) (CMS)
/Sy C.m. energy (TeV) 5.02 5.02 13.0 13.0
Integrated luminosity £ 22 nb~! 0.4 nb~! 14.6 fb~! 94 fb~!
Exclusive number of photons 2 2 2 2
Single photon p¥ > 2.5 GeV > 2 GeV > 40 GeV > 100 GeV
Single photon [n” | <237 <24 <237 <25
Pair p}” <1 GeV <1 GeV <1 GeV <1 GeV
Pair my,, >5 GeV >5 GeV > 150 GeV > 200 GeV
Pair acoplanarity A}” <0.01 <0.01 <0.01 <0.01
Rapidity gap range 18| <5 <5 - -
Proton tagging - - single double
Proton energy loss & - - [0.035-0.08] [0.02-0.2]
1 10!
CMS p-p
CMS Pb-Pb q LEP [ and I
\ /
! H i 1 4 ]
1014 / ATLAS p-p ! /
o i H i i , CMSPb-Pb
! 1 ! ! | 1 ! !
> | o 4 \ I 1 I
> \  ATLASPb-Pb FA I o \ ATLASPb-Pb / | ATLASp-p |
= [ / \ I = 1 /o
— ~e / \ 1 ) 1) ro\ I
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Fig. 5. Exclusion limits at 95% CL on the graviton-photon coupling as a function
of the graviton mass derived from the latest ATLAS and CMS measurements of ex-
clusive yy production in PbPb and pp UPCs [15-19]. A photophilic scenario with
Bg—yy =1 is assumed. Extrapolated limits (dashed lines) are also shown for ex-
pected HL-LHC integrated luminosities.

order concerning the hypothesis Bg.,, =1 that, as we shall see
below, is not always possible to keep. For Bg_.y, < 1, obviously,
the sensitivity of the search for gravitons with exclusive diphotons
decreases, due to a lower signal rate. On the other hand, the to-
tal decay width automatically increases for decreasing By, but
the efficiency of the search is independent of the width as it con-
sists essentially of counting event numbers. Similarly, the region
from LHC diphoton bump searches shrinks for reducing By
values [64]. Thus, there is an interplay that makes the exclusive
diphotons search to gain competitiveness in the case of a broad
resonance.

Let us note that the fact that no event is observed in the data at
an invariant mass my, =45 GeV [19] with the simulation results
of Fig. 4, implies a direct statistical derivation (method (i) men-
tioned above, see Appendix A) of ggy <4.5- 10~2 Tev~! at 95%
CL for mg =45 GeV, which is coherent with the value obtained in
Fig. 5. In Fig. 5, we also show the limits (dashed curves) obtained
by extrapolating the current results to the integrated luminosities
to be recorded in PbPb and pp collisions at the HL-LHC. We take
£ =20 nb~! for PbPb [27], and a conservative £ =300 fb~! for
the pp case, instead of the nominal value of £ =3000 fb~!, given
that the availability of RPs at ATLAS/CMS is not yet guaranteed
over the full HL-LHC phase.

Fig. 6. Exclusion limits at 95% CL on the graviton-photon coupling as a function
of the graviton mass derived from the latest ATLAS, CMS, Belle II, BES-III, and LEP
exclusive diphoton and triphoton results [15-19,38,39]. A universal coupling of the
graviton to SM particles is assumed, which fixes its yy decay branching fractions
as shown in Fig. 2 and Table 1. Extrapolated limits (dashed lines) are also presented
for the final integrated luminosities expected at Belle Il and LHC.

The derivation of gg, from the measured gq, limits at ete~
colliders, requires to consider the universal coupling scenario (Sec-
tion 2), for which the diphoton branching ratio of the graviton is
fixed at any given mg to the values shown in Fig. 2 and Table 1.
Within the more realistic universal coupling approach, it becomes
possible to compute the cross section of the graviton production
processes at ATLAS, CMS, and eTe~ colliders and thus to recast
all ALPs limits into graviton limits using Eq. (18). Results are pre-
sented in Fig. 6. Using all the experimental data, upper limits on
the graviton-photon coupling are set up over ggy, ~ 1-0.05 Tev—1
for masses mg ~ 100 MeV-2 TeV. Fig. 6 also shows extrapolated
limits (dashed curves) for the total integrated luminosities ex-
pected to be collected over the entire lifetime of the HL-LHC and
Belle II [65] experiments, which show that the current bounds can
be improved by factors of about 100 in the low-mass region, and
of 4 at high masses.

It is worth noting that the universal-coupling graviton has also
a branching fraction of Bg_, ¢+¢- ~ 2.5% into each pair of charged
leptons, and of Be_w+w- &~ 10% into W* pairs at high masses
(Table 1). Exclusive measurements of yy — ete™, utu~, 77~
in PbPb UPCs over m,+,- =~ 5-100 GeV [15,66-70] and in pp UPCs
over my+y— ~ 100-1000 GeV [71-74], as well as of yy — WTW~
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in pp UPCs over my+w- &~ 160-2000 GeV [75-79], have not shown
any significant excess with respect to the SM predictions. Such
measurements are in agreement with (but less stringent than) the
graviton limits derived from the exclusive diphoton measurements
discussed here.

A discussion is also in place regarding the comparison of our
massive graviton limits with those set by other inclusive searches
at the LHC. As mentioned in the introduction, graviton-like parti-
cles appear as Kaluza-Klein excitations of extra dimensions in the
RS [48], and ADD [47] approaches (with model differences arising
mostly from the number of extra dimensions considered, and their
compactification). Both RS and ADD gravitons have been searched
for in standard parton-parton collisions at the LHC, in the form
of high-mass dijet, dilepton, and/or diphoton resonances, pp —
G — jj,£*e¢~,yy, above the corresponding dominant perturba-
tive quantum chromodynamics (pQCD) continuum backgrounds,
pp — jj, £¥¢~, yy + X. In the high mass range, our universal-
coupling scenario predicts gravitons predominantly decaying into
two high-pr hadronic jets with Bg_, jj ~ 65% (Fig. 2). To date, ex-
ploiting the full Run-2 integrated luminosities (140 fb~1) of pp
collisions at 13 TeV, no localized dijet excess has been found up to
a few TeV [80-82]. For a graviton mass of 1 TeV, our limits predict
gcy <4.5-1072 TeV~! which, using the branching fraction of the
graviton decaying into two jets, would translate into a production
cross section smaller than 0.44 pb for the pp — G — jj process
at 13 TeV [54]. However, the pQCD cross section for pp — jj at
13 TeV at mj; =1 TeV (with the difference in rapidities of the two
jets being smaller than 1.2) has been measured to be more than
200 times larger, O(100) pb within a few % total uncertainty [83].
At lower masses, the situation is even more dire, with pQCD dijet
background invariant cross sections per mass bin increasing as a
power law with exponent n ~ 5. This explains why such a poten-
tial graviton would have evaded inclusive dijet searches, and why
the exclusive photon-fusion-based search presented in this paper
is competitive in the broader range of masses covered.

Similar searches for the inclusive production of RS and ADD
gravitons have been performed in the diphoton channel in pp col-
lisions at the LHC, pp — G — yy. No diphoton spin-2 resonance
excess has been neither found above the inclusive pQCD dipho-
ton background, and exclusion limits for RS gravitons have been
set by both ATLAS and CMS over mg ~ 100-3000 GeV [84,85].
Since inclusive searches for diphoton resonances include, by defini-
tion, also any potential yy — G — yy production, the reader may
wonder what advantage the exclusive searches presented here pro-
vide in terms of limits settings. First, the exclusive final states in
UPCs can probe much lower diphoton masses without pileup and
collision backgrounds that prevent photon isolation in inclusive
searches. Second, any exclusive yy graviton searches are comple-
mentary to the inclusive ones, as they have different sources of
systematic (experimental and theoretical) uncertainties. Third, ar-
guably the clearer advantage is in the very different sizes of the
irreducible backgrounds as shown in Fig. 7, which compares the
cross sections for the continuum pQCD (pp — yy + X) and ex-

clusive LbL (pp Y py v p) diphoton backgrounds as a function of
mass for proton-proton collisions at /s = 14 TeV. The parton-
induced pQCD curve has been obtained at LO with MG5_aMC and
scaled up by a K-factor of K ~ 4-2, at low and high masses re-
spectively, derived from next-to-next-to-leading-order (NNLO) cal-
culations [86,87]. The LbL curve has been computed with gamma-
UPC+MG5_AMC as explained in Section 2, the local “bump” at
myy ~ 350 GeV is due to the onset of top-antitop quark boxes
(aka. the resonant anomalous threshold [88]). This figure shows
that the cross sections for inclusive yy are up to 6 orders-of-
magnitude larger than the exclusive yy ones: At my, ~ 1 TeV,
do (pQCD, LbL)/dm,,, ~ 50 ab/GeV, 1 zb/GeV, respectively. Namely,
the exclusive graviton yy production and decay mode considered
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Fig. 7. Cross sections for continuum NNLO (pp — Y ¥ + X) and exclusive LbL (pp vy
py v p) diphoton backgrounds as a function of mass, for proton-proton collisions at
Vs =14 TeV.

in this paper is subject to negligible SM irreducible backgrounds,
and with proper control of instrumental effects (and for equal in-
tegrated luminosities) the G-y coupling limits that can be set from
exclusive analyses can be more competitive than those from stan-
dard inclusive graviton searches at the LHC. This is particularly true
for potentially nonresonant gravitons (or with a width much larger
than the detector diphoton resolution), where the signal would
be further washed out and swamped by the pQCD background in
inclusive searches, but would still appear as an excess over the
negligible LbL cross section in exclusive studies.

5. Conclusions

We have examined the possibility of searching for massive spin-
2 (graviton) particles produced via two-photon processes and de-
caying back to photons (yy — G — yy), in ultraperipheral col-

lisions (UPCs) of lead ions, PbPb ¥ pb G(yy)Pb, and of protons,

pp vy pG(yy)p, at the LHC, as well in three-photon final states in
ete™ collisions measured at the Belle II, BES-II, and LEP experi-
ments, e e~ — G(yy)y. We have considered a minimal effective
field theory model that describes a linearized kinetic Lagrangian
for a spin-2 graviton and its coupling to all standard model parti-
cles. Such a universal-coupling graviton model allows to consider
a free G-y coupling for the case of ete™ collisions with three-
photon final states without breaking the perturbative unitarity of
the calculations. Based on similar searches performed for pseu-
doscalar axion-like particles (ALPs), and taking into account the
different cross sections, yy partial widths, and decay kinemat-
ics of the pseudoscalar and tensor particles, we can reinterpret
existing experimental bounds on the ALP-y coupling into G-y
ones. With this goal, simulations have been run for graviton and
ALPs samples, reproducing the experimental searches for dipho-
ton and triphoton excesses. For PbPb and pp collisions, 95% CL
upper limits gg, ~ 1-0.1 TeV~! have been set over mg =5 GeV
to 100 GeV, and over ggy ~ 0.5-0.05 TeV—! for mg = 150 GeV
and 2 TeV, respectively. Compared to standard inclusive searches of
high-mass diphoton bumps above the pQCD continuum at the LHC,
the exclusive UPC final states benefit from reduced pileup back-
grounds, negligible SM model irreducible continuum backgrounds,
and the possibility to probe graviton masses in the few-GeV range.
The eTe~ measurements allow further constraining the graviton-
photon coupling down to gg, ~ 1 TeV~! at even smaller graviton
masses, from 100 MeV up to about 10 GeV. Such bounds can be
improved by factors of 100 at Belle II in the low-mass region, and
of 4 at the HL-LHC at high masses, with their expected full inte-
grated luminosities.
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Appendix A. Statistical equivalence of limit-setting procedures
(I) and (ii) of Section 3

In order to derive an exclusion limit on the signal cross section
and its associated coupling (with oy = g20g51 ), we need to as-
sume a set of observed data. As commonly done, we assume that
no statistical fluctuations are present in these pseudodata, which
are usually dubbed “Asimov” data and that we denote here with
a prime. As experimental data are used to derive the limits, the
collected integrated luminosity £, is considered in this discussion.

The observed events follow a Poisson distribution, and to sim-
plify the discussion we can neglect the systematic uncertainties
here. The statistical size of the event data sample, together with
the prediction for the event rates, define the likelihood function
needed:

nn —n

L(o) =Pr(n’|b + o Ly) with Pr(fi|n) = (A1)

n!
Here Pr(fi|n) is the probability density function of finding A events
if n (n’) events are expected in the domain selected after experi-
mental requirements, and b is the expected number of events from
the background, given here mostly by the SM LbL prediction. We
aim to obtain projected exclusion limits at 95% CL. Then, we de-
fine the posterior probability density for o as L(o)m (o) where
the prior is (o) =1 if 0 > 0, and 0 otherwise. In order to derive
the limits, we assume that no event is observed, i.e. n’ = 0, with
the consequence that an upper bound on the signal event rate can
be set. The higher posterior density region at 1 —« credibility level
is solved analytically and is simply given by:

0 L(o)m (o) B

l—a=20 "7 =1 %k (A.2)
Jo" Lio)m (o)
This gives the upper limit cross section for the signal:
1
oy = —— log(@). (A.3)
Lqg

Then for a 95% credible interval, we take o = 0.05 and the ex-
clusion limit is simply given by o, ~ 3£d’1. This implies that the
corresponding upper limit on the ALP-photon coupling gy, is given
by:

of
8ay = — 8ay gen- (A.4)

Oq,gen
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Here, 0 gen is the generated cross section for the ALPs production
and ggy gen the corresponding ALP-y coupling. Obviously, we can
perform the same exercise for the graviton-y coupling, leading to:

Ou

gcy = &Gy, gen- (A5)

0G,gen

Then, the ratio of Egs. (A.4) and (A.5) gives Eq. (18) of the method
(ii) discussed in Section 3, as expected.

References

[1] AJ. Baltz, The physics of ultraperipheral collisions at the LHC, Phys. Rep. 458
(2008) 1-171, arXiv:0706.3356 [nucl-ex].

[2] J. de Favereau de Jeneret, V. Lemaitre, Y. Liu, S. Ovyn, T. Pierzchala, K. Pi-
otrzkowski, X. Rouby, N. Schul, M. Vander Donckt, High energy photon interac-
tions at the LHC, arXiv:0908.2020 [hep-ph].

[3] SJ. Brodsky, T. Kinoshita, H. Terazawa, Two photon mechanism of particle pro-
duction by high-energy colliding beams, Phys. Rev. D 4 (1971) 1532-1557.

[4] V.M. Budnev, LF. Ginzburg, G.V. Meledin, V.G. Serbo, The Two photon parti-
cle production mechanism. Physical problems. Applications. Equivalent photon
approximation, Phys. Rep. 15 (1975) 181-281.

[5] LD. Landau, On the angular momentum of a system of two photons, Dokl.
Akad. Nauk SSSR 60 (1948) 207-209.

[6] C.-N. Yang, Selection rules for the dematerialization of a particle into two pho-
tons, Phys. Rev. 77 (1950) 242-245.

[7] K. Piotrzkowski, Tagging two photon production at the CERN LHC, Phys. Rev. D
63 (2001) 071502, arXiv:hep-ex/0009065.

[8] FP420 R&D Collaboration, M.G. Albrow, et al., The FP420 & Project: Higgs and
New Physics with forward protons at the LHC, ]. Instrum. 4 (2009) T10001,
arXiv:0806.0302 [hep-ex].

[9] ATLAS Collaboration, M. TaSevsky, Status of the AFP project in the ATLAS ex-
periment, AIP Conf. Proc. 1654 (2015) 090001.

[10] CMS Collaboration, A. Tumasyan, et al., The CMS precision proton spectrometer
at the HL-LHC - expression of interest, arXiv:2103.02752 [physics.ins-det].

[11] E144 Collaboration, C. Bula, et al., Observation of nonlinear effects in Compton
scattering, Phys. Rev. Lett. 76 (1996) 3116-3119.

[12] D.L. Burke, et al., Positron production in multi-photon light by light scattering,
Phys. Rev. Lett. 79 (1997) 1626-1629.

[13] D. d’Enterria, G.G. da Silveira, Observing light-by-light scattering at the Large
Hadron Collider, Phys. Rev. Lett. 111 (2013) 080405, arXiv:1305.7142 [hep-ph],
Erratum: Phys. Rev. Lett. 116 (2016) 129901.

[14] ATLAS Collaboration, M. Aaboud, et al., Evidence for light-by-light scattering in
heavy-ion collisions with the ATLAS detector at the LHC, Nat. Phys. 13 (2017)
852-858, arXiv:1702.01625 [hep-ex].

[15] CMS Collaboration, A.M. Sirunyan, et al., Evidence for light-by-light scatter-
ing and searches for axion-like particles in ultraperipheral PbPb collisions at
/SNN = 5.02 TeV, Phys. Lett. B 797 (2019) 134826, arXiv:1810.04602 [hep-ex].

[16] ATLAS Collaboration, G. Aad, et al., Observation of light-by-light scattering in
ultraperipheral Pb+Pb collisions with the ATLAS detector, Phys. Rev. Lett. 123
(2019) 052001, arXiv:1904.03536 [hep-ex].

[17] TOTEM and CMS Collaboration, A. Tumasyan, et al., First search for exclusive
diphoton production at high mass with tagged protons in proton-proton col-
lisions at /s = 13 TeV, Phys. Rev. Lett. 129 (2022) 011801, arXiv:2110.05916
[hep-ex].

[18] CMS Collaboration, A. Tumasyan, et al., Search for High-Mass Exclusive Dipho-
ton Production with Tagged Protons, CMS-PAS-EX0-21-007, 2022.

[19] ATLAS Collaboration, G. Aad, et al, Search for an axion-like particle with
forward proton scattering in association with photon pairs at ATLAS, arXiv:
2304.10953 [hep-ex].

[20] J. Ellis, N.E. Mavromatos, T. You, Light-by-light scattering constraint on Born-
Infeld theory, Phys. Rev. Lett. 118 (2017) 261802, arXiv:1703.08450 [hep-ph].

[21] G. Baur, K. Hencken, D. Trautmann, S. Sadovsky, Y. Kharlov, Coherent yy and
y-A interactions in very peripheral collisions at relativistic ion colliders, Phys.
Rep. 364 (2002) 359-450, arXiv:hep-ph/0112211.

[22] S.M. Lietti, C.G. Roldao, Radion and Higgs signals in peripheral heavy ion colli-
sions at the LHC, Phys. Lett. B 540 (2002) 252-262, arXiv:hep-ph/0205256.

[23] S. Fichet, G. von Gersdorff, B. Lenzi, C. Royon, M. Saimpert, Light-by-light scat-
tering with intact protons at the LHC: from Standard Model to New Physics, J.
High Energy Phys. 02 (2015) 165, arXiv:1411.6629 [hep-ph].

[24] L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, Exclusive LHC physics with heavy
ions: SuperChic 3, Eur. Phys. J. C 79 (2019) 39, arXiv:1810.06567 [hep-ph].

[25] L. Schoeffel, C. Baldenegro, H. Hamdaoui, S. Hassani, C. Royon, M. Saimpert,
Photon-photon physics at the LHC and laser beam experiments, present and
future, Prog. Part. Nucl. Phys. 120 (2021) 103889, arXiv:2010.07855 [hep-ph].

[26] H.-S. Shao, D. d’Enterria, gamma-UPC: automated generation of exclusive
photon-photon processes in ultraperipheral proton and nuclear collisions with
varying form factors, ]. High Energy Phys. 09 (2022) 248, arXiv:2207.03012
[hep-ph].


http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF793E4B679BDAB6407A9641F9795D616s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF793E4B679BDAB6407A9641F9795D616s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF30CE078B709ADC9E82F75EEAB429E5Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF30CE078B709ADC9E82F75EEAB429E5Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF30CE078B709ADC9E82F75EEAB429E5Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3B5593C2825590D181A4BE1692FD9DACs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3B5593C2825590D181A4BE1692FD9DACs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9125B4823ACB5D98F7C6552F41C54248s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9125B4823ACB5D98F7C6552F41C54248s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9125B4823ACB5D98F7C6552F41C54248s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib4EAE21D82A1004A93DA45758B01997B8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib4EAE21D82A1004A93DA45758B01997B8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib461CFAA0B2D767F7746D216E088D58A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib461CFAA0B2D767F7746D216E088D58A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE04A748D1A22D3A6A1DEDBEAC5252FF0s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE04A748D1A22D3A6A1DEDBEAC5252FF0s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibFBE41F65D5BC05FE54E3BFC992D21810s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibFBE41F65D5BC05FE54E3BFC992D21810s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibFBE41F65D5BC05FE54E3BFC992D21810s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib828D55048D98E1FDD91E7973182886BAs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib828D55048D98E1FDD91E7973182886BAs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3FD5CA69B80E551C226BCF216B159256s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3FD5CA69B80E551C226BCF216B159256s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3A7EE5B19372A2D5B446E16E19AB773Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3A7EE5B19372A2D5B446E16E19AB773Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib35C3E939CF037FEF0CC9FA3C9E95FB3Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib35C3E939CF037FEF0CC9FA3C9E95FB3Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCEB1EAF88916207F92F8B99666616805s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCEB1EAF88916207F92F8B99666616805s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCEB1EAF88916207F92F8B99666616805s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9E2E86034F30785DA85912834123E824s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9E2E86034F30785DA85912834123E824s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9E2E86034F30785DA85912834123E824s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2CA3A2FC51AB25FFAF1D417C2FFACFF2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2CA3A2FC51AB25FFAF1D417C2FFACFF2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2CA3A2FC51AB25FFAF1D417C2FFACFF2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC756E77CCED12AFE12FB288F58B189F5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC756E77CCED12AFE12FB288F58B189F5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC756E77CCED12AFE12FB288F58B189F5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9B10AA31ACFA0B8988F4E2FDB6641127s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9B10AA31ACFA0B8988F4E2FDB6641127s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9B10AA31ACFA0B8988F4E2FDB6641127s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib9B10AA31ACFA0B8988F4E2FDB6641127s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib484BDEBB6A350CEF0031510C77F81C27s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib484BDEBB6A350CEF0031510C77F81C27s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib624125AD13EBB7EA23626E96A4C5D331s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib624125AD13EBB7EA23626E96A4C5D331s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib624125AD13EBB7EA23626E96A4C5D331s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA1C6480B9B6AF832384EDFC49BE557C7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA1C6480B9B6AF832384EDFC49BE557C7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib15F76AD29B370E40680DC60D69FEFBF1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib15F76AD29B370E40680DC60D69FEFBF1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib15F76AD29B370E40680DC60D69FEFBF1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib35E0D2A59DAB48C0B64098AE6845688Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib35E0D2A59DAB48C0B64098AE6845688Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibD9CE2B33F1FB610F261296429532EB34s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibD9CE2B33F1FB610F261296429532EB34s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibD9CE2B33F1FB610F261296429532EB34s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib49372DE5099E5E9B0FF28C7902256FB9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib49372DE5099E5E9B0FF28C7902256FB9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB5EADD706227DFEB73D764902BD66256s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB5EADD706227DFEB73D764902BD66256s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB5EADD706227DFEB73D764902BD66256s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib93D89F7954C6E15D5892B6753F854AF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib93D89F7954C6E15D5892B6753F854AF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib93D89F7954C6E15D5892B6753F854AF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib93D89F7954C6E15D5892B6753F854AF9s1

D. d’Enterria, M.A. Tamlihat, L. Schoeffel et al.

[27] D. d’Enterria, et al., Opportunities for new physics searches with heavy ions at
colliders, J. Phys. G 50 (2023) 050501, arXiv:2203.05939 [hep-ph].

[28] S. Knapen, T. Lin, H.K. Lou, T. Melia, Searching for axionlike particles with ul-
traperipheral heavy-ion collisions, Phys. Rev. Lett. 118 (2017) 171801, arXiv:
1607.06083 [hep-ph].

[29] C. Baldenegro, S. Fichet, G. von Gersdorff, C. Royon, Searching for axion-like
particles with proton tagging at the LHC, J. High Energy Phys. 06 (2018) 131,
arXiv:1803.10835 [hep-ph].

[30] D. d’Enterria, Collider constraints on axion-like particles, in: Workshop on Fee-
bly Interacting Particles, vol. 2, 2021, arXiv:2102.08971 [hep-ex].

[31] V.P. Goncalves, D.E. Martins, M.S. Rangel, Searching for axionlike particles with
low masses in pPb and PbPb collisions, Eur. Phys. J. C 81 (2021) 522, arXiv:
2103.01862 [hep-ph].

[32] D. Atwood, S. Bar-Shalom, A. Soni, Graviton production by two photon pro-
cesses in Kaluza-Klein theories with large extra dimensions, arXiv:hep-ph/
9903538.

[33] S.C. Ahern, J.W. Norbury, W.J. Poyser, Graviton production in relativistic heavy
ion collisions, Phys. Rev. D 62 (2000) 116001, arXiv:gr-qc/0009059.

[34] S.C. Inan, Direct graviton production via photon-photon fusion at the CERN-
LHC, Chin. Phys. Lett. 29 (2012) 031301.

[35] S.C.t. Inan, A.V. Kisselev, Search for the RS model with a small curvature
through photon-induced process at the LHC, Eur. Phys. J. C 78 (2018) 729,
arXiv:1805.01441 [hep-ph].

[36] ATLAS Collaboration, G. Aad, et al., Measurement of light-by-light scattering
and search for axion-like particles with 2.2 nb~! of Pb+Pb data with the AT-
LAS detector, J. High Energy Phys. 03 (2021) 243, arXiv:2008.05355 [hep-ex],
Erratum: ]. High Energy Phys. 11 (2021) 050.

[37] Belle-II Collaboration, F. Abudinén, et al., Search for Axion-Like Particles pro-
duced in e*e™ collisions at Belle II, Phys. Rev. Lett. 125 (2020) 161806, arXiv:
2007.13071 [hep-ex].

[38] BESIII Collaboration, M. Ablikim, et al., Search for an axion-like particle in ra-
diative J/v decays, Phys. Lett. B 838 (2023) 137698, arXiv:2211.12699 [hep-ex].

[39] M. Baillargeon, F. Boudjema, E. Chopin, V. Lafage, New physics with three pho-
ton events at LEP, Z. Phys. C 71 (1996) 431-442, arXiv:hep-ph/9506396.

[40] LV. Voronchikhin, D.V. Kirpichnikov, Probing hidden spin-2 mediator of dark
matter with NA64e, LDMX, NA64., and M3, Phys. Rev. D 106 (11) (2022)
115041, arXiv:2210.00751 [hep-ph].

[41] K. Jodtowski, Looking forward to photon-coupled long-lived particles I: massive
spin-2 portal, arXiv:2305.05710 [hep-ph].

[42] K. Hinterbichler, Theoretical aspects of massive gravity, Rev. Mod. Phys. 84
(2012) 671-710, arXiv:1105.3735 [hep-th].

[43] C. de Rham, ].T. Deskins, A.J. Tolley, S.-Y. Zhou, Graviton mass bounds, Rev. Mod.
Phys. 89 (2017) 025004, arXiv:1606.08462 [astro-ph.CO].

[44] B.S. DeWitt, Quantum theory of gravity. 3. Applications of the covariant theory,
Phys. Rev. 162 (1967) 1239-1256.

[45] B.S. DeWitt, Quantum theory of gravity. 1. The canonical theory, Phys. Rev. 160
(1967) 1113-1148.

[46] N.EJ. Bjerrum-Bohr, J.F. Donoghue, B.R. Holstein, L. Plante, P. Vanhove, Light-
like scattering in quantum gravity, ]. High Energy Phys. 11 (2016) 117, arXiv:
1609.07477 [hep-th].

[47] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phenomenology, astrophysics and
cosmology of theories with submillimeter dimensions and TeV scale quantum
gravity, Phys. Rev. D 59 (1999) 086004, arXiv:hep-ph/9807344.

[48] L. Randall, R. Sundrum, A large mass hierarchy from a small extra dimension,
Phys. Rev. Lett. 83 (1999) 3370-3373, arXiv:hep-ph/9905221.

[49] E. Gonzalo, M. Montero, G. Obied, C. Vafa, Dark dimension gravitons as dark
matter, arXiv:2209.09249 [hep-ph].

[50] J.AR. Cembranos, R.L. Delgado, H. Villarrubia-Rojo, LHC constraints on hidden
gravitons, J. High Energy Phys. 01 (2022) 129, arXiv:2108.00930 [hep-ph].

[51] S.F. Hassan, R.A. Rosen, On non-linear actions for massive gravity, ]. High En-
ergy Phys. 07 (2011) 009, arXiv:1103.6055 [hep-th].

[52] M. Fierz, W. Pauli, On relativistic wave equations for particles of arbitrary spin
in an electromagnetic field, Proc. R. Soc. Lond. A 173 (1939) 211-232.

[53] P. Agrawal, et al., Feebly-interacting particles: FIPs 2020 workshop report, Eur.
Phys. J. C 81 (2021) 1015, arXiv:2102.12143 [hep-ph].

[54] G. Das, C. Degrande, V. Hirschi, F. Maltoni, H.-S. Shao, NLO predictions for the
production of a spin-two particle at the LHC, Phys. Lett. B 770 (2017) 507-513,
arXiv:1605.09359 [hep-ph].

[55] D. d’Enterria, C. Loizides, Progress in the Glauber model at collider energies,
Annu. Rev. Nucl. Part. Sci. 71 (2021) 315-344, arXiv:2011.14909 [hep-ph].

[56] R.D. Peccei, H.R. Quinn, CP conservation in the presence of instantons, Phys.
Rev. Lett. 38 (1977) 1440-1443.

[57] C. Loizides, ]. Kamin, D. d’Enterria, Improved Monte Carlo Glauber predictions
at present and future nuclear colliders, Phys. Rev. C 97 (2018) 054910, arXiv:
1710.07098 [nucl-ex], Erratum: Phys. Rev. C 99 (2019) 019901.

[58] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H.S. Shao,
T. Stelzer, P. Torrielli, M. Zaro, The automated computation of tree-level and
next-to-leading order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079, arXiv:1405.0301 [hep-
phl.

10

Physics Letters B 846 (2023) 138237

[59] R. Frederix, S. Frixione, V. Hirschi, D. Pagani, H.S. Shao, M. Zaro, The automa-
tion of next-to-leading order electroweak calculations, ]J. High Energy Phys.
07 (2018) 185, arXiv:1804.10017 [hep-ph], Erratum: J. High Energy Phys. 11
(2021) 085.

[60] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer, T. Reiter, UFO - the
universal FeynRules output, Comput. Phys. Commun. 183 (2012) 1201-1214,
arXiv:1108.2040 [hep-ph].

[61] L. Darmé, et al., UFO 2.0 - the universal Feynman output format, arXiv:2304.
09883 [hep-ph].

[62] J.A. Gill, D. Sengupta, A.G. Williams, Graviton-photon production with a mas-
sive spin-2 particle, Phys. Rev. D 108 (5) (2023) L051702, arXiv:2303.04329
[hep-ph].

[63] C. Baldenegro, S. Hassani, C. Royon, L. Schoeffel, Extending the constraint for
axion-like particles as resonances at the LHC and laser beam experiments,
Phys. Lett. B 795 (2019) 339-345, arXiv:1903.04151 [hep-ph].

[64] J. Jaeckel, M. Jankowiak, M. Spannowsky, LHC probes the hidden sector, Phys.
Dark Universe 2 (2013) 111-117, arXiv:1212.3620 [hep-ph].

[65] Belle-II Collaboration, W. Altmannshofer, et al., The belle II physics book, PTEP
2019 (2019) 123C01, Erratum: PTEP 2020 (2020) 029201, arXiv:1808.10567
[hep-ex], 2020.

[66] ATLAS Collaboration, G. Aad, et al., Exclusive dimuon production in ultraperiph-
eral Pb+Pb collisions at ,/syn = 5.02 TeV with ATLAS, Phys. Rev. C 104 (2021)
024906, arXiv:2011.12211 [nucl-ex].

[67] CMS Collaboration, A.M. Sirunyan, et al., Observation of forward neutron mul-
tiplicity dependence of dimuon acoplanarity in ultraperipheral Pb-Pb colli-
sions at ,/syn=5.02 TeV, Phys. Rev. Lett. 127 (2021) 122001, arXiv:2011.05239
[hep-ex].

[68] ATLAS Collaboration, G. Aad, et al., Observation and measurement of forward
proton scattering in association with lepton pairs produced via the photon
fusion mechanism at ATLAS, Phys. Rev. Lett. 125 (2020) 261801, arXiv:2009.
14537 [hep-ex].

[69] ATLAS Collaboration, Observation of the yy — 77 process in Pb+Pb collisions
and constraints on the r-lepton anomalous magnetic moment with the ATLAS
detector, arXiv:2204.13478 [hep-ex].

[70] CMS Collaboration, Observation of T lepton pair production in ultraperipheral
lead-lead collisions at ,/syn = 5.02 TeV, arXiv:2206.05192 [nucl-ex].

[71] CMS Collaboration, S. Chatrchyan, et al., Exclusive photon-photon production of
muon pairs in proton-proton collisions at /s = 7 TeV, ]. High Energy Phys. 01
(2012) 052, arXiv:1111.5536 [hep-ex].

[72] ATLAS Collaboration, G. Aad, et al., Measurement of exclusive yy — £7¢~ pro-
duction in proton-proton collisions at /s = 7 TeV with the ATLAS detector,
Phys. Lett. B 749 (2015) 242, arXiv:1506.07098 [hep-ex].

[73] ATLAS Collaboration, M. Aaboud, et al., Measurement of the exclusive yy —

e~ process in proton-proton collisions at /s = 13 TeV with the ATLAS de-

tector, Phys. Lett. B 777 (2018) 303, arXiv:1708.04053 [hep-ex].

CMS, TOTEM Collaboration, A.M. Sirunyan, et al., Observation of proton-tagged,

central (semi)exclusive production of high-mass lepton pairs in pp collisions

at 13 TeV with the CMS-TOTEM precision proton spectrometer, ]. High Energy

Phys. 07 (2018) 153, arXiv:1803.04496 [hep-ex].

CMS Collaboration, S. Chatrchyan, et al., Study of exclusive two-photon produc-

tion of WH*W~ in pp collisions at /s =7 TeV and constraints on anomalous

quartic gauge couplings, J. High Energy Phys. 07 (2013) 116, arXiv:1305.5596

[hep-ex].

CMS Collaboration, V. Khachatryan, et al, Evidence for exclusive yy —

WFW~ production and constraints on anomalous quartic gauge couplings

in pp collisions at /s =7 and 8 TeV, ]. High Energy Phys. 08 (2016) 119,

arXiv:1604.04464 [hep-ex].

[77] ATLAS Collaboration, M. Aaboud, et al., Measurement of exclusive yy —
WF W~ production and search for exclusive Higgs boson production in pp col-
lisions at /s =8 TeV using the ATLAS detector, Phys. Rev. D 94 (2016) 032011,
arXiv:1607.03745 [hep-ex].

[78] ATLAS Collaboration, G. Aad, et al., Observation of photon-induced W+w—
production in pp collisions at /s = 13 TeV using the ATLAS detector, Phys.
Lett. B 816 (2021) 136190, arXiv:2010.04019 [hep-ex].

[79] CMS, TOTEM Collaboration, Search for high-mass exclusive yy— WW and
yy— ZZ production in proton-proton collisions at /s = 13 TeV, arXiv:2211.
16320 [hep-ex].

[80] CMS Collaboration, A.M. Sirunyan, et al., Search for high mass dijet resonances
with a new background prediction method in proton-proton collisions at /s =
13 TeV, J. High Energy Phys. 05 (2020) 033, arXiv:1911.03947 [hep-ex].

[81] ATLAS Collaboration, G. Aad, et al., Dijet resonance search with weak supervi-
sion using /s =13 TeV pp collisions in the ATLAS detector, Phys. Rev. Lett. 125
(2020) 131801, arXiv:2005.02983 [hep-ex].

[82] CMS Collaboration, Search for resonant and nonresonant production of pairs of
dijet resonances in proton-proton collisions at /s = 13 TeV, arXiv:2206.09997
[hep-ex].

[83] ATLAS Collaboration, M. Aaboud, et al., Search for low-mass dijet resonances
using trigger-level jets with the ATLAS detector in pp collisions at /s =13
TeV, Phys. Rev. Lett. 121 (2018) 081801, arXiv:1804.03496 [hep-ex].

[74]

[75]

[76]


http://refhub.elsevier.com/S0370-2693(23)00571-3/bib124036901AAB71D10025A7238F214C7Cs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib124036901AAB71D10025A7238F214C7Cs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB590B18940B63468C1E1E983D3CE5266s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB590B18940B63468C1E1E983D3CE5266s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB590B18940B63468C1E1E983D3CE5266s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCB834CA9489E3A59EF2C65693E0CF609s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCB834CA9489E3A59EF2C65693E0CF609s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibCB834CA9489E3A59EF2C65693E0CF609s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF9FC6E141302D4AF971935A2137868DEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF9FC6E141302D4AF971935A2137868DEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF7CD9440EB32833AA2DBC6E567BB6DF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF7CD9440EB32833AA2DBC6E567BB6DF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF7CD9440EB32833AA2DBC6E567BB6DF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF6FCF9EB7A7248E1D63A918E72933782s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF6FCF9EB7A7248E1D63A918E72933782s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF6FCF9EB7A7248E1D63A918E72933782s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF8A14E80C83E6C7B8C8D87DF77BB3806s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF8A14E80C83E6C7B8C8D87DF77BB3806s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB492098C4B823FB7EEE026CBADB7D0A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB492098C4B823FB7EEE026CBADB7D0A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3D52F163D5267906EDEF51AB0CDFF194s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3D52F163D5267906EDEF51AB0CDFF194s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3D52F163D5267906EDEF51AB0CDFF194s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7B22AB9D8BE3981002616606D556F58s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7B22AB9D8BE3981002616606D556F58s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7B22AB9D8BE3981002616606D556F58s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7B22AB9D8BE3981002616606D556F58s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB56232553760A1E803B83770E0E4268Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB56232553760A1E803B83770E0E4268Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB56232553760A1E803B83770E0E4268Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib83C8F5F3B9C45A6C91BE106A017DE95Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib83C8F5F3B9C45A6C91BE106A017DE95Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib49DF02232BC7423FA098BF1C6A01F68Bs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib49DF02232BC7423FA098BF1C6A01F68Bs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB0305D87830DC0A94E3AAAA0114221EEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB0305D87830DC0A94E3AAAA0114221EEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB0305D87830DC0A94E3AAAA0114221EEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB764654EC1258EA7D75811AE5B8F4B51s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB764654EC1258EA7D75811AE5B8F4B51s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib61344EC6A8C1EA59C13DBFE29D2988B8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib61344EC6A8C1EA59C13DBFE29D2988B8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib92D224DEDEFFA75E2CCF87424025FFC1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib92D224DEDEFFA75E2CCF87424025FFC1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2FBE8559A56CC8978227C772AEAB1DCFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2FBE8559A56CC8978227C772AEAB1DCFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB5196944AFB4BBC83E198263463C2A49s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB5196944AFB4BBC83E198263463C2A49s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib709192435D372EA0551C9806405E35A2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib709192435D372EA0551C9806405E35A2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib709192435D372EA0551C9806405E35A2s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3774447993E538DF679F2580CE0A7723s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3774447993E538DF679F2580CE0A7723s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3774447993E538DF679F2580CE0A7723s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA809A6F8B5622CF33686B1EC83352F99s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA809A6F8B5622CF33686B1EC83352F99s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8E01418A334D9C6FA1E61F4914B4B868s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8E01418A334D9C6FA1E61F4914B4B868s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib75FDD7F07A2B0375B621259D34931115s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib75FDD7F07A2B0375B621259D34931115s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8333352DE5E8DDEF167D0D8448D8F4C1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8333352DE5E8DDEF167D0D8448D8F4C1s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib296433FA73A843541E699696180AD5A8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib296433FA73A843541E699696180AD5A8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib54CB77FB078E2379BAC177843D7A3749s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib54CB77FB078E2379BAC177843D7A3749s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7189D10C5D4A53BD18790DB0BB9CB95s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7189D10C5D4A53BD18790DB0BB9CB95s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE7189D10C5D4A53BD18790DB0BB9CB95s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib24E2F620A8FCDB3CB32312AF665BA54Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib24E2F620A8FCDB3CB32312AF665BA54Ds1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib6412C41B0882C484C2D68FC5AB303216s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib6412C41B0882C484C2D68FC5AB303216s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib460B1C9B52712E7503F5A67B695D7BFEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib460B1C9B52712E7503F5A67B695D7BFEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib460B1C9B52712E7503F5A67B695D7BFEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3C4C43A963A3005AA25D1E763CF2A87As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3C4C43A963A3005AA25D1E763CF2A87As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3C4C43A963A3005AA25D1E763CF2A87As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib3C4C43A963A3005AA25D1E763CF2A87As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA199BBDC345D39618A71C484D711E9C7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA199BBDC345D39618A71C484D711E9C7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA199BBDC345D39618A71C484D711E9C7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib73C2FFFBD7D3197AC5C42FFF1549DC52s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib73C2FFFBD7D3197AC5C42FFF1549DC52s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0B0022DB2CE24E29D954431A5CDFAE38s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0B0022DB2CE24E29D954431A5CDFAE38s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0B0022DB2CE24E29D954431A5CDFAE38s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEAF579A1F688F3926D27FE7E8A4D6753s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEAF579A1F688F3926D27FE7E8A4D6753s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEAF579A1F688F3926D27FE7E8A4D6753s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib656A6B8BA5084BDA921F70F4B6B10142s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib656A6B8BA5084BDA921F70F4B6B10142s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2C631080424FE9FFB140A467053614FDs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2C631080424FE9FFB140A467053614FDs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2C631080424FE9FFB140A467053614FDs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0AEDA45D238CC2918661078468252945s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0AEDA45D238CC2918661078468252945s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0AEDA45D238CC2918661078468252945s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib889C11C55242D427DE717D4B3E64CACFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib889C11C55242D427DE717D4B3E64CACFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib889C11C55242D427DE717D4B3E64CACFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib889C11C55242D427DE717D4B3E64CACFs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib22664CB32EFC5DDAC3502DD9B2796073s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib22664CB32EFC5DDAC3502DD9B2796073s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib22664CB32EFC5DDAC3502DD9B2796073s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib22664CB32EFC5DDAC3502DD9B2796073s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibDB227A58282B7B180198878D205725A7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibDB227A58282B7B180198878D205725A7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibDB227A58282B7B180198878D205725A7s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibD5F5017CC23BCB0629ABCCF45A6964A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibD5F5017CC23BCB0629ABCCF45A6964A5s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE0AD10389C7CE7F0C21A462D49CB6E0Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE0AD10389C7CE7F0C21A462D49CB6E0Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE0AD10389C7CE7F0C21A462D49CB6E0Es1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8EB20591462E37218649B849C67ED322s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8EB20591462E37218649B849C67ED322s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib8EB20591462E37218649B849C67ED322s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEB61C861F4F359441CF297942F144BF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEB61C861F4F359441CF297942F144BF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibEB61C861F4F359441CF297942F144BF9s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC0C08CD0315B189622EE9C67A98986C8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC0C08CD0315B189622EE9C67A98986C8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC0C08CD0315B189622EE9C67A98986C8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC0C08CD0315B189622EE9C67A98986C8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib357627C817D8B3D2D361C8F478B5D856s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib357627C817D8B3D2D361C8F478B5D856s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib357627C817D8B3D2D361C8F478B5D856s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib357627C817D8B3D2D361C8F478B5D856s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib95FEA5970946A83614B959D64FDD6050s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib95FEA5970946A83614B959D64FDD6050s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib95FEA5970946A83614B959D64FDD6050s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib95FEA5970946A83614B959D64FDD6050s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib1A09FAB0C3B981C1918D775F5BD349D3s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib1A09FAB0C3B981C1918D775F5BD349D3s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib1A09FAB0C3B981C1918D775F5BD349D3s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib1A09FAB0C3B981C1918D775F5BD349D3s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib5CF32C80EBC40F8BC4B39669C97C3F88s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib5CF32C80EBC40F8BC4B39669C97C3F88s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib5CF32C80EBC40F8BC4B39669C97C3F88s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB3E0A9B2BB5BB625A2FC8CB8800FF81Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB3E0A9B2BB5BB625A2FC8CB8800FF81Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibB3E0A9B2BB5BB625A2FC8CB8800FF81Fs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC269B5D36EB555D77E0A5897DB35D953s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC269B5D36EB555D77E0A5897DB35D953s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibC269B5D36EB555D77E0A5897DB35D953s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA8F86E8A811F076F7C292FF62ADC0213s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA8F86E8A811F076F7C292FF62ADC0213s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA8F86E8A811F076F7C292FF62ADC0213s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0A7B279ABC8AEF98F09CD2C940D8F85As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0A7B279ABC8AEF98F09CD2C940D8F85As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib0A7B279ABC8AEF98F09CD2C940D8F85As1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF8FE3105506B26D89E455971D68F5758s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF8FE3105506B26D89E455971D68F5758s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibF8FE3105506B26D89E455971D68F5758s1

D. d’Enterria, M.A. Tamlihat, L. Schoeffel et al.

[84] CMS Collaboration, A.M. Sirunyan, et al., Search for physics beyond the stan-
dard model in high-mass diphoton events from proton-proton collisions at
/s = 13 TeV, Phys. Rev. D 98 (2018) 092001, arXiv:1809.00327 [hep-ex].

[85] ATLAS Collaboration, G. Aad, et al., Search for resonances decaying into photon
pairs in 139 fb~! of pp collisions at /s=13 TeV with the ATLAS detector, Phys.
Lett. B 822 (2021) 136651, arXiv:2102.13405 [hep-ex].

[86] S. Catani, L. Cieri, D. de Florian, G. Ferrera, M. Grazzini, Diphoton production
at the LHC: a QCD study up to NNLO, J. High Energy Phys. 04 (2018) 142,
arXiv:1802.02095 [hep-ph].

11

Physics Letters B 846 (2023) 138237

[87] T. Gehrmann, N. Glover, A. Huss, J. Whitehead, Scale and isolation sensitivity of
diphoton distributions at the LHC, ]J. High Energy Phys. 01 (2021) 108, arXiv:
2009.11310 [hep-ph].

[88] G. Passarino, Peaks and cusps: anomalous thresholds and LHC physics, arXiv:
1807.00503 [hep-ph].


http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA6BC01D88D1D133276FA5088928F71BAs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA6BC01D88D1D133276FA5088928F71BAs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibA6BC01D88D1D133276FA5088928F71BAs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibAF9CC8533267200241EA7EE5C54CB815s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibAF9CC8533267200241EA7EE5C54CB815s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibAF9CC8533267200241EA7EE5C54CB815s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE71B1FCF034BE79BACCE3AF1DB1B0BA8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE71B1FCF034BE79BACCE3AF1DB1B0BA8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibE71B1FCF034BE79BACCE3AF1DB1B0BA8s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2F5B81D8F2ADB06F699E36C692E6CE08s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2F5B81D8F2ADB06F699E36C692E6CE08s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bib2F5B81D8F2ADB06F699E36C692E6CE08s1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibAEB1BD768D608A7582EF272E4DE39BDEs1
http://refhub.elsevier.com/S0370-2693(23)00571-3/bibAEB1BD768D608A7582EF272E4DE39BDEs1

	Collider constraints on massive gravitons coupling to photons
	1 Introduction
	2 Theoretical setup
	2.1 Photon-photon collisions
	2.2 Electron-positron collisions

	3 Analysis of the simulated data
	4 Results and discussion
	5 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Statistical equivalence of limit-setting procedures (I) and (ii) of Section 3
	References


