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ABSTRACT: We analyze LHC data in order to constrain the parameter space of new spin-2
particles universally coupled to the energy-momentum tensor. These new hypothetical parti-
cles are the so-called hidden gravitons, whose phenomenology at low energies is determined
by two parameters: its mass and its dimensional coupling constant. Hidden gravitons arise
in many different extensions of the Standard Model of particles and interactions and General
Relativity. Their phenomenology has been studied mainly in relation to modifications of
gravity and astrophysical signatures. In this work, we extend the constraints for heavy
hidden gravitons, with masses larger than 1 GeV, by taking into account events collected by
ATLAS and CMS in the WW channel, Drell-Yan processes, and the diphoton channel from
proton-proton collisions at /s = 8 TeV.
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1 Introduction

The beginning of the 21st century has witnessed the consolidation of two standard models
in fundamental physics: the Standard Model (SM) of particle physics and the ACDM model
of cosmology. Both models have withstood many tests over the years and are supported by
a large number of extremely precise measurements and observations. Taken together, these
two leading models constitute a baseline of our understanding of the Universe. However,
while their success cannot be contested, many questions still remain.

Most of the questions that have prompted the search for extensions to the standard
paradigm are theoretical in nature: C'P problem, origin of neutrino masses, fundamental
nature of dark matter and dark energy, ... Also, as the precision of experiments and
observations increase, new puzzles may arise from the observational side, as can be illustrated
by the growing concern in the cosmological community over the so-called Hy tension [1, 2].

Traditionally, the interplay between particle physics and cosmology has proven to
be extremely fruitful. Many beyond-SM (BSM) models can be tested based on their
cosmological implications, e.g. the QCD axion can simultaneously solve the C'P problem [3-
5] and act as dark matter [6, 7]. Similarly, new advances in cosmology can also shed new
light on particle physics, e.g. large-scale structure surveys expect to measure, at least, the
sum of the neutrino masses. Hence, the observational implications of any beyond-SM or
beyond-ACDM model should be carefully analyzed in both realms.

From the QCD axion to modified gravity theories like Horndeski [8-10] and Generalized
Proca [10-12], the vast majority of extensions to the standard paradigm rely on the inclusion
of additional scalar or vector fields, i.e. new spin 0 and 1 particles. Tensor fields, i.e. spin-2
particles, on the other hand, are commonly overlooked. This choice seems reasonable on
the grounds of simplicity but not on the grounds of naturalness. Since we believe that
fundamental spin-2 particles also exist in Nature and mediate gravitational interactions, i.e.
gravitons, we must also explore extensions based on spin-2 fields.

While comparatively less studied in the literature, new massive spin-2 degrees of freedom
have been shown to arise in different modifications of gravity. Extradimensional theories of
gravity, like the ADD [13-15] and Randall-Sundrum [16-19] models, generically predict the



existence of new massive spin-2 particles, either with a continuum mass spectrum or as a
number of widely separated mass resonances. Also in the context of bimetric theories of
gravity [20-24] a new massive spin-2 degree of freedom naturally appears.

The possible existence of new massive gravitons, that we will generically refer to as
hidden gravitons, prompts the question: what would their observational signature be? This
question was partially answered in [25], where different constraints on the mass and coupling
of the hidden gravitons were derived, based on their effects on fifth-force tests and on stellar
energy-loss arguments. In this work we will extend these findings to higher masses, where
the astrophysical probes are not competitive and the signatures in particle colliders set the
most restrictive bounds. Similar searches were performed in [26-28] for specific models and
with less updated data.

This work is structured as follows. In section 2 we present the details on the theoretical
model and the implementation. Section 3 contains a description of the different experimental
channels and the constraints on the model. Finally, in section 4 we summarize the main
conclusions of the work and show the combined experimental bounds on the hidden gravitons.

2 Theoretical framework

We will use a generic framework to describe the massive graviton
— 1 oA NI 1 2012 2
L =50 (aahw — 20,0 — Oahi + 26(thl,)a) - gm* (b, = 1), (2

where m is the graviton mass and 7, is the Minkowski metric. This Lagrangian is the
well-known Fierz-Pauli Lagrangian [29] that describes a massive spin-2 particle. The
kinetic and mass terms in this Lagrangian can be found imposing the absence of ghost
instabilities [10, 22, 30]. This is the general linear description of a massive spin-2 particle, so
it can be used as a generic framework to study theories with spin-2 degrees of freedom. We
will also choose a universal coupling to the SM for the hidden gravitons, like the standard
massless gravitons,

L= Lo+ Ly + KhW,TS‘u]\Z , (2.2)

where k is the universal coupling to the Standard Model, that can be also rewritten as
K = 1/Mh = m

The relevant parton level amplitudes for the subprocesses are qq — gG, qg — qG and
g9 — gG, where the letters ¢ and g refer generally to quarks and gluons, whereas the G
letter stands for the hidden graviton. The corresponding cross sections have been studied
in different contexts. For example, they can be found on [26], but for the sake of clarity we
reproduce them here:

do(qq — 9G) k2

do(qg — qG agK?

g 295 _ O 15, m2) ), (24)
do(gg — gG RIS

(99 2 96) _ 30K gy 5) (25)



where s, t and u are the usual Mandelstam variables for a 2 — 2 scattering process. The
functions Fy, F> and F3 are defined by

z(y — 1 —x)Fi(x,y) = (1 +4z)y> — 62(1 + 22)y* + (1 + 62 + 182 4 1623y

—4x(1+2)(1 + 22 + 227, (2.6)
2(y —1—2)Fa(z,y) = —2y* +4(1 + 2)y® — 3(1 + 4z + 2?)y?

+ (14 2)(1 4 8z + 2%y — 4z(1 + z?), (2.7)
z(y —1—z)F3(z,y) = y* — 2(1 + 2)y® + 3(1 + 2%)y* — 2(1 + 2%)y

+ 1+ 2z + 322 + 223 + 2. (2.8)

3 Data analysis

For the computation of the LHC constratins, Pythia 8 [31, 32], DELPHES [33] and
RIVET [34, 35] are used. We rely on several validated RIVET [34, 35] analysis for comparison
with experimental data. The BSM processes gg — ¢gG, q¢ — qG and qq — gG are
implemented as parton level processes inside Pythia 8 framework. We take advantage of
the fact that Pythia 8 is implemented as an object oriented C++ library. Hence, the new
processes are implemented by inheritance of the Sigma2Process class, without modifying
the library.

In order to constrain the parameters of the model, we study three observational channels:
H — WW [36], Drell-Yan [37] and diphoton [38]. Each of them is detailed below. Given
that all the previous data is compatible with the SM, we will just try to ascertain whether
the remaining uncertainty in the observations leave room for the simulated signal. We
perform a x? test, assuming that the SM background can approximately account for the
observed data, and then estimating the error as a quadratic sum of the uncertainties in the
data and the signal. For the computations, we used 175.000h of computer time granted on
C2PAP supercomputing facility at the Leibniz Supercomputing Center. Each point in the
m vs. km plots represents 200.000 events generated on Pythia. These events were further
processed on Rivet.

The first process that we study is the decay H to WW, using the CMS_ 2017_ 11467451
RIVET analysis (figure 1a). It models the CMS study [36], based on H — WW de-
cay channel at /s = 8 TeV (integrated luminosity of 19.4fb™!), on the leptonic channel
H — WTW~ — 212v. The lepton transverse momentum pr(ll) and missing transverse
momentum pr miss are used to reconstruct the Higgs transverse momentum pr(H). The
main cuts are: leading lepton, Pr > 20 GeV; subleading lepton, Pr > 10 GeV; pseudo-
rapidity of electrons and muons, |n|< 2.5; invariant mass of the two charged leptons,
my > 12 GeV; charged lepton pair, pr > 30 GeV; transverse invariant mass of the leptonic
system, m2"”"” > 50 GeV.

The second channel that we consider in this work is based on the RIVET analysis
ATLAS_2016_11467454 (figure 1b). This is a Drell-Yan study in ATLAS [37], Z/~* — [T~
and photo-induced vy — I71~. Integrated luminosity of 20.3fb~! at /s = 8 TeV. For
both the electron and muon channels, the cut over the invariant mass of the lepton pairs
is 116 GeV < my; < 1500 GeV. The electron channel has a cut of Er(e) > 40 GeV for the
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Figure 1. Density plots for the H — WW process in CMS (left) and Drell-Yan in ATLAS (right).
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Figure 2. Density plots for the diphoton production in ATLAS (left) and combined density plot
for the three channels (right). The white region is excluded.

leading electron and Ep(e) > 30 GeV for the subleading one. The pseudorapidities are in the
range |n°| < 2.47, excluding 1.37 < |n°| < 1.52. The absolute difference in pseudorapidity
between the two electreos is restricted to |Ane.| < 3.5. Concerning the muon channel, at
least two oppositely charged muones with transverse momenta p. > 40 GeV (leading muon)
and pf. > 30 GeV (subleading muon) are required. The pseudorapidity should be |n*| < 2.4.
No requirement is placed on An,,,.

Finally, we also include the RIVET analysis ATLAS 2017 11591327 (figure 2a), that
corresponds to the diphoton production in ATLAS [38] at /s = 8 TeV and integrated
luminosity of 20.2fb~!. The cuts are: transverse energies Er}’l > 40 GeV (leading photon)
and E7., > 30 GeV (subleading one) and pseudorapidities |17| < 1.37 or 1.56 < || < 2.37.
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Figure 3. Total constraints in the hidden-graviton parameter space. The shaded region is excluded.
“Fifth-force tests” represents a collection of laboratory and Solar System experiments, see [25] and
references therein. The astrophysical bounds were derived in [25], based on stellar energy-loss
arguments. “Collider” represents the combined bounds from figures 1 and 2.

The combined constraints from the three processes can be found on figure 2b. On
figure 3 we compare these new collider constraints on hidden gravitons with those of
astrophysical and 5th force tests [25].

4 Summary and conclusions

The results of the commented analyses are translated into exclusion limits on the mass and
the coupling of the hidden graviton. The sensitivity of the constraints are limited by the
effect of experimental uncertainties related to jet and transverse missing enery scales and
resolutions. The choice of different PDF sets results in up to ~ 10% order of magnitude
uncertainties in the acceptance and in the cross section. Varying the renormalization and
factorization scales introduces ~ 5% variations of the cross section and acceptance. In
addition, the uncertainty in the integrated luminosity is included. Figure 1 shows the
derived 95% CL exclusion limits in the mentioned x — m parameter space of the hidden
gravitons for the WW channel (left panel) and Drell-Yan process (right panel). The same
bounds are plotted for the diphoton channel in figure 2 (left panel). The combined results
from the tree analyses are shown in figure 2 (right panel). These combined constraints are
dominated by the diphoton data.



These results are translated into the general paramater space of hidden gravitons
presented in figure 3, where it is possible to see that they are the most constraining for
heavy gravitons, i.e. for hidden graviton masses larger than m ~ 1 GeV. The phenomenology
of gravitons with masses between m ~ 1eV and m ~ 1 GeV is more limited by astrophysical
data [25], whereas light hidden gravitons (m < 1eV) suffer important restrictions from fifth
force experiments [25].

In summary, results are reported from a search for hidden gravitons in events associated
with the WW channel, Drell-Yan processes, and the diphoton channel from proton-proton
collisions at /s = 8 TeV at the LHC, based on data corresponding to an integrated lumi-
nosity close to 20fb~! collected by the ATLAS (Drell-Yan and diphoton) and CMS (WW)
experiments. The measurements are in agreement with the SM predictions. The results
are translated into model-independent 95% confidence-level limits on the universal hidden
graviton coupling depending on its mass. The comparison with previous analyses shows that
the constraints derived in this study are the most important for heavy hidden gravitons.
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