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1 Introduction

General Relativity (GR) serves as a classical field theory describing gravity through
an interacting massless tensor (spin-2) field. This theory, when quantized, introduces
gravitons, which are considered massless due to the diffeomorphism invariance of
GR. However, gauge invariance doesn’t universally guarantee zero masses for gauge
states, and quantum effects from other fields can confer mass to gravitons without
compromising the fundamental properties of GR [1]. Although the existence of
a self-consistent quantum field theory of GR applicable across all energy scales
remains an open question, employing an Effective Field Theory (EFT) approach
enables the exploration of practical consequences. This approach has revealed the
emergence of massive spin-2 degrees of freedom in various gravity modifications.
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Fig. 1 Diagrams showing the decay of an ALP or graviton into two photons (left), and the
production of an ALP or graviton in eTe™ collisions, leading to a triphoton final state (right)

The interaction between the graviton and photons [2] is described within this
context, by the following formula:

LY = gay (—FWFU” + %nw(Fpgf) G", (1)
where F),, is the electromagnetic field, 7, the flat spacetime metric, and gg,, is the
G-y coupling. Photon-photon collisions offer exceptional environment for probing
particles beyond the standard model (BSM) that interact with photons, such as spin-
0 Axion-Like Particles (ALPs) and spin-2 tensor particles like gravitons. In this
study, we establish upper bounds on g¢, across a range of graviton masses mg
spanning from 100 MeV to 2 TeV. Through simulating various productions of both
ALPs and gravitons, based on the digarms depicted in Fig. 1 and considering the
distinctive cross sections, y y partial widths, and decay characteristics between both
particles, we reinterpret the existing experimental limits on the ALP-y coupling
to deduce constraints for the G-y coupling. We derive these constraints in two
distinct contexts. Initially, we adopt a simplified approach assuming a 100% decay
branching fraction of the graviton into two photons (Bg—,, = 1). This scenario,
commonly employed in ALPs searches [3—10], maximizes the sensitivity of the
graviton-photon coupling. Subsequently, we examine a more practical situation in
which the graviton has universal couplings to all Standard Model particles. In this
case, the graviton predominantly decays into diphotons only for lower m¢ values.
However, as we go beyond a few GeV, the emergence of kinematic phase space
for decays to massive Standard Model fermions or bosons becomes significant.
Consequently, the branching fraction decreases to Bg—,, ~ 0.05. The universal
coupling scenario enables a proper computation of the eTe™ — Gy cross sections
without encountering issues related to the violation of perturbative unitarity.

2 Results

When considering graviton limits from PbPb or pp Ultra-Peripheral Collisions
(UPCs), it is possible to maintain the simplifying assumption of unity diphoton-
decay branching fractions (Bg_.,, = 1). The corresponding upper exclusion limits
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Fig. 2 Exclusion Limits at 95% CL on graviton-photon coupling, with Br(G — y y) =1 (Left)
and an universal graviton coupling to SM particles (Right). Projected limits (indicated by dashed
lines) are also showcased for the ultimate integrated luminosities anticipated at LHC and Belle 11

at a 95% confidence level (CL) for the graviton-photon coupling (gg, ) are illustrated
in the left of Fig. 2. Additionally, we present extrapolated limits (depicted by dashed
curves) by projecting the current findings to the future integrated luminosities in
future PbPb and pp collisions at the HL-LHC. Specifically, we consider £
20 nb~! for PbPb and a conservative estimate of £ = 300 fb~! for the pp scenario.
To derive Bg—.y, limits at ete™ colliders, we take into account the universal
coupling scenario. Within this framework, the diphoton branching ratio of the
graviton is set for each mg. The results are depicted in Fig. 2 (Right), showcasing
upper limits on the graviton-photon coupling across the range of gg, ~ 1-
0.05 TeV~! for masses mg &~ 100 MeV-2 TeV. Additionally, the figure illustrates
extrapolated limits (dashed curves) corresponding to the anticipated total integrated
luminosities throughout the entire operational lifetime of the HL-LHC and Belle
IT experiments. These extrapolations suggest the potential for improving current
constraints by approximately 100-fold in the low-mass region and by a factor of 4
at higher masses.

The findings showcased in this study rival existing inclusive graviton searches.
The exclusive production and decay of gravitons into photon pairs (yy) are
subject to negligible standard model backgrounds. Through meticulous control of
instrumental effects and consistent integrated luminosities, the coupling limits for
G-y derived from exclusive analyses have the potential to surpass those obtained
from standard inclusive graviton searches at the LHC.

3 Conclusion

In this work, we explored the prospect of detecting massive spin-2 gravitons
coupling to photons. We established 95% upper limits for gg, in the range of
approximately 1-0.1 TeV~! for graviton masses mg = 5-100 GeV in PbPb and
pp collisions, and over gg, ~ 0.5-0.05 TeV~! for mg = 150 GeV-2 TeV.
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