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ABSTRACT: We revisit the case of scalar Dark Matter interacting just gravitationally with
the Standard Model (SM) particles in an extra-dimensional Randall-Sundrum scenario.
We assume that both, the Dark Matter and the Standard Model, are localized in the TeV
brane and only interact via gravitational mediators, namely the graviton Kaluza-Klein
modes and the radion. We analyze in detail the dark matter annihilation channel into two
on-shell KK-gravitons, and contrary to previous studies which overlooked this process, we
find that it is possible to obtain the correct relic abundance for dark matter masses in
the range [1, 10] TeV even after taking into account the strong bounds from LHC Run II.
We also consider the impact of the radion contribution (virtual exchange leading to SM
final states as well as on-shell production), which does not significantly change our results.
Quite interestingly, a sizeable part of the currently allowed parameter space could be tested
by LHC Run III and by the High-Luminosity LHC.
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1 Introduction

The Nature of Dark Matter (DM) is one of the long-standing puzzles that still have to be
explained in order to claim that we have a “complete” picture of the Universe. On the one
side, both from astrophysical and cosmological data (see, e.g., ref. [1] and refs. therein),
rather clear indications regarding the existence of some kind of matter that gravitates but
that does not interact with other particles by any other detectable mean can be gathered.
On the other hand, no candidate to fill the réle of Dark Matter has yet been observed in
high-energy experiments at colliders, nor is present in the Standard Model (SM) spectrum.
Within SM particles, the only ones that share with Dark Matter the property of being
weakly coupled to SM matter are neutrinos. However, experimental searches have shown
that neutrinos constitute just a tiny fraction of what is called non-baryonic matter in the
Universe energy budget [2]. Most of the suggestions for physics Beyond the Standard
Model (BSM), therefore, include one or several possible candidates to be the Dark Matter.
Under the assumptions of the “WIMP paradigm” (with “WIMP” standing for “weakly
interacting massive particle”), these new particles have in common to be rather heavy and
with very weak interactions with SM particles. Two examples of these are the neutralino in
supersymmetric extensions of the SM [3] or the lightest Kaluza-Klein particle in Universal
Extra-Dimensions [4, 5]. Searches for these heavy particles at the LHC have pushed bounds
on the masses of the candidates to the TeV range, a region of the parameter space rather
difficult to test for experiments searching for Dark Matter particles interacting directly
within the detector (see, e.g., ref. [6]) or looking at annihilation products of Dark Matter
particles [7]. Both for this reason and for the fact that very heavy WIMP’s are relatively
unnatural in theories that want to solve the hierarchy problem and not only host some Dark
Matter candidates, models in which the Dark Matter particles are either “feebly interacting
massive particles” (FIMP’s) [8] or “axion-like” very light particles (see, e.g., ref. [9]) have
been constructed. As a result, at present a very rich (and complicated) landscape of models
explaining the Nature of Dark Matter exists, and experimental searches have to look for
very different signals.

In this paper we want to explore in some detail a possibility that was advanced in
the literature several times in the last ten to twenty years. The idea is that the inter-
action between Dark Matter particles and the SM ones, though only gravitational, may
be enhanced due to the fact that gravity feels more than the standard 3 + 1 space-time
dimensions. Extra-dimensional models have been proposed to solve the hierarchy problem,
related to the large hierarchy existing between the electro-weak scale, Agw ~ 250 GeV,
and the Planck scale, Mp ~ 10'? GeV. In all these models, the gravitational interaction
strength is generically enhanced with respect to the standard picture since the “true” scale
of gravitation is not given by Mp but, rather, by some fundamental scale Mp (where D is
the number of dimensions). The two scales, Mp and Mp are connected by some relation
that takes into account the geometry of space-time. In so-called Large Extra-Dimensions
models (LED) [10-14], for example, M3 = deM%+d (where d is the number of extra spatial
dimensions). If the extra-dimensions are compactified in a d-dimensional volume Vy, and V,
is sufficiently large, then Mp < Mp, thus solving or alleviating the hierarchy problem. In



warped extra-dimensions (also called Randall-Sundrum models) [15, 16], on the other hand,
the separation between Mp and Mp is not very large, M3 = 8w (M3, /k) [1 — exp(—27mr.k)],
where k is the curvature of the space-time along the extra-dimension and r. is the distance
between two points in the extra-dimension. However, all physical masses have an exponen-
tial suppression with respect to Mp due to the curvature k, m = exp(—2nr.k) mg. In this
picture, mg is a fundamental mass parameter of order Mp and m is the mass tested by
a 4-dimensional observer. In the ClockWork/Linear Dilaton model (CW /LD), eventually,
the relation between Mp and Mp is a combination of a volume factor, as for LED models,
and a curvature factor, as for warped models [17].

The possibility that Dark Matter particles, whatever they be, have an enhanced grav-
itational interaction with SM particles have been studied mainly in the context of warped
extra-dimensions. The idea was first advanced in refs. [18, 19] and subsequently studied
in refs. [20-25]. As already stressed, the Nature of Dark Matter is still unknown. In par-
ticular, if new particles are added to the SM spectrum to act as Dark Matter particles,
their spin is completely undetermined. In the publications above, therefore, scalar, fermion
and vector DM particles have been usually considered. In this paper, on the other hand,
we only consider scalar Dark Matter. We have been led to this decision by the fact that,
maybe unexpectedly, we have found significant regions of the model parameter space for
which the thermal relic abundance can be achieved and that can avoid present experi-
mental bounds and theoretical constraints (in contrast, for example, with the conclusions
of ref. [21]). Interestingly enough, most of the allowed parameter space will be tested by
the Run IIT at the LHC and by its high-luminosity version, the HL-LHC. On the way
to achieve the correct relic abundance, we have found some discrepancies with existing
literature on the subject when looking for DM annihilation into Kaluza-Klein gravitons.
In addition, in order to give a consistent picture of this possibility in the framework of
warped extra-dimensions, we have also taken into account the DM annihilation through
and to radions within the Goldberger-Wise approach [26], finding that this channel may
also give the correct relic abundance, though in a very tiny region of the parameter space
difficult to test at the LHC.

In forthcoming publications we plan to extend our study to DM particles with a dif-
ferent spin and explore other extra-dimensional scenarios, such as LED and CW/LD.

The paper is organized as follows: in section 2 we outline the theoretical framework,
reminding shortly the basic ingredients of warped extra-dimensional scenarios and of how
dark matter can be included within this hypothesis; in section 3 we show our results for the
annihilation cross-sections of scalar DM particles into SM particles, KK-gravitons and/or
radions; in section 4 we review the present experimental bounds on the Kaluza-Klein gravi-
ton mass from LEP and LHC, as well as on the DM mass from direct and indirect search
experiments, and we remind the theoretical constraints coming from unitarity violation
and effective field theory consistency; in section 5 we explore the allowed parameter space
such that the correct relic abundance is achieved for scalar DM particles; and, eventually,
in section 6 we conclude. In the appendices we give some of the mathematical expressions
used in the paper: appendix A contains the KK-graviton propagator and polarization ten-
sor; in appendix B we provide the Feynman rules for our model; in appendix C we give the



expressions for the decay amplitudes of the KK-graviton and of the radion; and, eventu-
ally, in appendix D we give the formulee for the annihilation cross-sections of dark matter
particles into Standard Model particles, KK-gravitons and radions.

2 Theoretical framework

In this section, we shortly review the Warped Extra-Dimensions scenario (also called
Randall-Sundrum model [15]) and introduce our setup to include Dark Matter in the
model, we give the relevant formulee to compute the DM relic abundance and eventu-
ally provide the DM annihilation cross-sections into SM particles, Kaluza-Klein gravitons
and into radions.

2.1 A short summary on warped extra-dimensions

The popular Randall-Sundrum scenario (from now on RS or RS1 [15], to be distinguished
from the scenario called RS2 [16]) consider a non-factorizable 5-dimensional metric in
the form:

ds? = e 27y, datdz” — r2 dy? (2.1)

where o = kr.|y| and the signature of the metric is (+, —, —, —, —). In this scenario, k is
the curvature along the 5th-dimension and it is O (Mp). The length-scale r., on the other
hand, is related to the size of the extra-dimension: we only consider a slice of the space-time
between two branes located conventionally at the two fixed-points of an orbifold, y = 0 (the
so-called UV-brane) and y = 7w (the IR-brane). The 5-dimensional space-time is a slice of
AdS5 and the exponential factor that multiplies the My Minkowski 4-dimensional space-
time is called the “warp factor”. Notice that, in order to have gravity in 4-dimensions, in
general 1), — guv, with g, the 4-dimensional induced metric on the brane.
The action in 5D is:
S = Sgravity + SR + Suv (2.2)

where

1 ™
Seravity = ]\Z; / diz /O redyy/ GG [R<5> —2A5} , (2.3)

with Ms the fundamental gravitational scale, GE\E/})N and R® the 5-dimensional metric and
Ricci scalar, respectively, and A5 the 5-dimensional cosmological constant. As usual, we
consider capital latin indices M, N to run over the 5 dimensions and greek indices p, v only
over 4 dimensions. The Planck mass is related to the fundamental scale Mj as:

_ M3
i3 =22 (1 . e*%”c> , (2.4)

where Mp = Mp/v8m = 2.435 x 108 GeV is the reduced Planck mass.
We consider for the two brane actions the following expressions:

SIR = /d4m\/jg {_fI4R + ESM + EDM} (2'5)



and

Suv = /d4$\/—7g {—fév + ... } , (2.6)

where fir, fuv are the brane tensions for the two branes. In Randall-Sundrum scenarios,
in order to achieve the metric in eq. (2.1) as a classical solution of the Einstein equations,
the brane-tension terms in Syy and Sig are chosen such as to cancel the 5-dimensional
cosmological constant, fflR =— ff‘jv = \/—24M3 As.

Throughout this paper, we consider all the SM and DM fields localized on the IR-brane,
whereas on the UV-brane we could have any other physics that is Planck-suppressed. We
assume that DM particles only interact with the SM particles gravitationally and, for
simplicity, we focus on scalar DM. More complicated DM spectra (with particles of spin
higher than zero or with several particles) will not be studied here. Notice that, in 4-
dimensions, the gravitational interactions would be enormously suppressed by powers of
the Planck mass. However, in an extra-dimensional scenario, the gravitational interaction
is actually enhanced: on the IR-brane, in fact, the effective gravitational coupling is A =
Mp exp (—knr.), due to the rescaling factor m/\/ —g@). Tt is easy to see that A < Mp
even for moderate choices of o. In particular, for ¢ = kr. ~ 10 the RS scenario can address
the hierarchy problem. In general, we will work with A = O(1 TeV) but not necessarily as
low as to solve the hierarchy problem.

Expanding the 4-dimensional component of the metric at first order about its static
solution, we have:

GE) = e (1 + Kshy) (2.7)

with ks = 2M; 2/3 The 5-dimensional field h,. can be written as a Kaluza-Klein tower of
4-dimensional fields as follows:

by y) = 3 hmﬂjg | (2.8)

The hj, (x) can be interpreted as the KK-excitations of the 4-dimensional graviton. The

X" (y) factors are the wavefunctions of the KK-gravitons along the extra-dimension. Notice

that in the 4-dimensional decomposition of a 5-dimensional metric, two other fields are
(5) (5)
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where [15] that graviphotons are massive due to the breaking of 5-dimensional translational

generally present: the graviphoton, G,/ , and the graviscalar G5 . It has been shown else-

invariance induced by the presence of the branes. On the other hand, the graviscalar field
is relevant to stabilize the size of the extra-dimension and it will be discussed below when
introducing the radion.

The equation of motion for the n-th KK-mode is given by:

(17" 0,0y + mip )y, () = 0, (2.9)

where m,, is its mass. Using the Einstein equations we obtain [27]:

—1d — aan —20.n
TT@ (6 4 dy> :mie 2 X (210)



from which:
e20(y)

Xn(y) = N, [JQ(Zn) + anY2(Zn)] > (2'11)

n
being J2 and Ya Bessel functions of order 2 and z,(y) = my,/ ke’ . The N,, factor is the
n-th KK-mode wavefunction normalization. In the limit m,/k < 1 and €™ > 1, the

coefficient «,, becomes «;,, ~ x% exp (—2knr.), where x,, are the are the roots of the Bessel

function Jy, Ji(z,,) = 0, and the masses of the KK-graviton modes are given by:
My = kx,e e (2.12)

Notice that, for low n, the KK-graviton masses are not equally spaced, as they are pro-
portional to the roots of the Bessel function J;. This is very different from both the LED
and the CW /LD scenarios, however for large n the spacing between KK-graviton modes
become so small that all extra-dimensional scenarios eventually coincide, m,, ~ n/R (being
R some relevant length scale specific to each scenario).

The normalization factors can be computed imposing that:

/dye_% "> =1. (2.13)

In the same approximation as above, i.e. for m,/k < 1 and ™ > 1, we get:

1 1

; Ny,
Vkre v 2kr,

Notice the difference between the n = 0 mode and the n > 0 modes: for n = 0, the

No = — ermre Jo(xy,) - (2.14)

wave-function at the IR-brane location y = 7 takes the form

M2

Xy =) = Vkre (1 - e’”“”“) = —VTe 57— (2.15)
Mp
whereas for n > 0:
M3/2 M3/2
n — — L . kmre _ - kmre 75 — - 5 21
X" (y =) re€ ree 7MP Ve A (2.16)

The important difference can be easily understood by looking at the coupling between
the energy-momentum tensor and gravity at the location of the IR-brane:

1 1 x"
L=— T (x)hy(z,y =7) = — T () y hl,~——, (2.17)
M2 g M2 ,;) e

where the only scale is the fundamental gravitational scale Ms. However, if we separate
the n = 0 and the n > 0 modes we get:

1 uv 1 uv n
L= —M—PT (z)h, (z) — n ;T ()R, (2), (2.18)

from which is clear that the coupling between KK-graviton modes with n # 0 is suppressed
by the effective scale A and not by the Planck scale.



It is useful to remind here the explicit form of the energy-momentum tensor:
Ty = Top' + TN (2.19)

where

Tlil/\/[ = [i¢(7ﬂDV + ’VVDu)w - i(’VuDV@’Yu + DMZ”YV)#’ - nuu(l/;’YHDuw - me)

2
+D,HD,H + DVHTD#H}

7 - 1
+mwapmp¢} 4 [477#VF/\pF)\p — MFAV] + [%DPHTD,,HJF%VV(H)

and
1 1
T = (0uS)(00S) = 51 (975)(055) + 5 umss® (2.20)

where we have introduced the scalar singlet field S to represent the DM particle in our
scenario.
Notice that a scalar DM particle will also interact with the SM through the so-called
“Higgs portal”, namely
Loy D Ans(HTH)(STS), (2.21)

since this term is always allowed. However, such coupling is strongly constrained (see
section 2.3), and we neglect its effect in our analysis.

2.2 Adding the radion

Stabilizing the size of the extra-dimension to be y = 7r. is a complicated task. In general
(see, e.g., refs. [28-30]) bosonic quantum loops have a net effect on the border of the extra-
dimension such that the extra-dimension itself should shrink to a point. This feature, in a
flat extra-dimension, can only be compensated by fermionic quantum loops and, usually,
some supersymmetric framework is invoked to stabilize the radius of the extra-dimension
(see, e.g., ref. [31]). In Randall-Sundrum scenarios, on the other hand, a new mechanism
has been considered: if we add a bulk scalar field ® with a scalar potential V(®) and some
ad hoc localized potential terms, 6(y = 0)Vyy(®) and 6(y = 7r.)Vir(®), it is possible to
generate an effective potential V() for the four-dimensional field ¢ = f exp (—knT) (with
f=1+/24M2/k and (T) = r.). The minimum of this potential can yield the desired value
of kr. without extreme fine-tuning of the parameters [26, 32].

As in the spectrum of the theory there is already a scalar field, the graviscalar Gé‘?,
the ® field will generically mix with it. The KK-tower of the graviscalar is absent from
the low-energy spectrum, as they are eaten by the KK-tower of graviphotons to get a mass
(due to the spontaneous breaking of translational invariance caused by the presence of one
or more branes). On the other hand, the KK-tower of the field ® is present, but heavy (see
ref. [33]). The only light field present in the spectrum is a combination of the graviscalar
zero-mode and the ® zero-mode. This field is usually called the radion, r. Its mass can be
obtained from the effective potential V' (¢) and is given by m?p = k?v2/3M3 €% exp(—2mkr,),
where v, is the value of ® at the visible brane and ¢ = m?/4k? (with m the mass of the



field ®). Quite generally € < 1 and, therefore, the mass of the radion can be much smaller
than the first KK-graviton mass.

The radion, as for the KK-graviton case, interacts with both the DM and SM particles.
It couples with matter through the trace of the energy-momentum tensor 7' [18]. Massless
gauge fields do not contribute to the trace of the energy-momentum tensor, but effective
couplings are generated from two different sources: quarks and W boson loops and the
trace anomaly [34]. Thus the radion Lagrangian takes the following form [33, 35]:

1 1 1 agm Cpm asCs
L, = =(0,r)(0"r —fm 24 rT+ rE,, F* + o, P, (2.22
r = 5(0m)(@'r) Tia' T Teevin e e )
where F),,, Fj, are the Maxwell and SU.(3) Yang-Mills tensors, respectively. The C3 and
CeM constants encode all information about the massless gauge boson contributions and
are given in appendix B.

2.3 The DM relic abundance in the freeze-out scenario

Experimental data ranging from astrophysical to cosmological scales point out that a sig-
nificant fraction of the Universe energy appears in the form of a non-baryonic (i.e. electro-
magnetically inert) matter. This component of the Universe energy density is called Dark
Matter and, in the cosmological “standard model”, the ACDM, it is usually assumed to
be represented by stable (or long-lived) heavy particles (i.e. non-relativistic, or “cold”).
Within the thermal freeze-out scenario the DM component is supposed to be in thermal
equilibrium with the rest of particles in the Early Universe. The evolution of the dark
matter number density npy in this paradigm is governed by the Boltzmann equation [36]:

dnpwm
dt

= —3H(T)npm — (ov) [n12)M (”gIM)Q] ) (2.23)

where T is the temperature, H(T') is the Hubble parameter as a function of the temperature,
and npjy; is the DM number density at equilibrium (see, e.g., ref. [36]). The Boltzmann
equation is governed by two factors: one proportional to H(7T) and the second to the
thermally-averaged cross-section, (ov). In order for npy(7') to freeze-out, as the Universe
expanded and cooled down the thermally-averaged annihilation cross-section (ov) times
the number density should fall below H(T"). At that moment, DM decouples from the rest
of particles leaving an approximately constant number density in the co-moving frame,
called relic abundance.

The experimental value of the relic abundance can be computed starting from the DM
density in the ACDM model. From ref. [37] we have Qcpymh? = 0.1198 + 0.0012, where
h parametrizes the present Hubble parameter. Solving eq. (2.23), it can be found the
thermally-averaged cross-section at freeze-out (opo v) = 2.2x 10726 cm?3 /s [38]. Notice that
for mpy > 10 GeV, the relic abundance is insensitive to the value of mpy and therefore
the thermally-averaged annihilation cross section opp needed to obtain the correct relic
abundance is not a function of the DM particle mass.

When comparing the prediction of a given model to the expectation in the freeze-out
scenario, the key parameter to compute the relic abundance is, thus, (ov). In order to



obtain this quantity, we must first calculate the total annihilation cross-section of the DM
particles (represented in our case by the field S):

o =Y 0vw(SS = SMSM) + Y Y 06a(SS = GuGm) +0m(SS —rr),  (224)
SM n=1m=1

where in the first term, oy, (“ve” stands for “virtual exchange”), we sum over all SM par-
ticles. The second term, ogg, corresponds to DM annihilation into a pair of KK-gravitons,
Gy, G- Eventually, the third term, ..., corresponds to DM annihilation into radions.

If the DM mass mg is smaller than the mass of the first KK-graviton and of the
radion, only the first channel exists. Since in the freeze-out paradigm the DM particles
have small relative velocity v when the freeze-out occurs, it is useful to approximate the
C.0.m. energy s as § ~ 4m%, and keep only the leading order in the so-called wvelocity
expansion. Formule for the DM annihilation into SM particles within this approximation
are given in appendix D.

Notice that DM annihilation to SM particles can occur through three possible medi-
ators: the Higgs boson, the KK-tower of gravitons and the radion. The first option, that
depends on the coupling introduced in eq. (2.21), has been extensively studied. Current
bounds (see for instance [39, 40] for recent analyses) rule out DM masses mg < 500 GeV
(except for the Higgs-funnel region, mg ~ my,/2) and future direct detection experiments
such as LZ [41] will either find DM or exclude larger masses, up to O(TeV). In the presence
of other annihilation channels, as in our case, if LZ does not get any positive signal of DM
it will lead to a stringent limit on the Higgs portal coupling Axg, so that the Higgs boson
contribution to DM annihilation into SM particles will be negligible for DM masses at the
TeV scale [40, 42]. In the rest of the paper, we will assume that Ag is small enough so as
to be irrelevant in our analysis, and we will not consider this channel any further.

On the other hand, depending on the particular values for the radion mass (determined
by the specific features of the bulk and localized scalar potentials) and the KK-graviton
masses (fixed by k, M5 and r.), radion or KK-graviton exchange can dominate the an-
nihilation amplitude. When computing the contribution of the radion and KK-graviton
exchange to the DM annihilation cross-section into SM particles, it is of the uttermost
importance to take into account properly the decay width of the radion and of the KK-
gravitons, respectively.! Notice that the DM annihilation cross-section into SM particles
via virtual exchange of KK gravitons is velocity suppressed (d wave), due to the spin 2 of
the mediators, while the corresponding one through virtual radion is s wave.

Within the Goldberger-Wise stabilization mechanism, the radion is expected to be
lighter than the first KK-graviton mode, so the next channel to open is usually the DM
annihilation into radions. The analytic expression for o,,.(S S — rr) in the approximation
s~ 4m?g is given in appendix D. It is also s wave.

Eventually, for DM masses larger than the mass of the first KK-graviton mode, an-
nihilation of DM particles into KK-gravitons becomes possible and the last channel in

'In the case of the KK-gravitons, due to the breaking of translational invariance in the extra-dimension,
the KK-number is not conserved and heavy KK-graviton modes can also decay into lighter KK-gravitons
when kinematically allowed. Formule for the radion and KK-graviton decays are given in appendix C.



eq. (2.24) opens. As the KK-number is not conserved due to the presence of the branes in
the extra-dimension (that breaks explicitly momentum conservation in the 5th-dimension),
any combination of KK-graviton modes is possible when kinematically allowed. Therefore,
we must sum over all the modes as long as the condition 2mg > mg,, + mg,, is fulfilled.
The analytic expression for ogg(S S — G, Gi,) at leading order in the velocity expansion
is also given in appendix D, and it turns out to be s wave as well. Notice that we will not
take into account annihilation into zero-modes gravitons, Go Gy or Go Gy, as these chan-
nels are Planck-suppressed with respect to the production of a pair of massive KK-graviton
modes, G, Gyy,.

As the velocity expansion approximation may fail in the neighbourghood of resonances
and, in the RS model, the virtual graviton exchange cross-section is indeed the result of
an infinite sum of KK-graviton modes, we computed the analytical value of (ov) using the

exact expression from ref. [43]:

(00) = e | dsto —4md) Vao (o) K (4 (2.25)
OV) = —F——5— s(s —4m so(s — .
8mETK3(x) Jamy s "\'1 )

where K7 and K are the modified Bessel functions and v is the relative (Mgller) velocity
of the DM particles.

3 Scalar DM annihilation cross-section in RS

For relatively low DM mass the only open annihilation channel is into SM particles through
KK-graviton or radion exchange. Direct production of radions or KK-gravitons in the final
state becomes allowed for DM mass mg > mg,, m,, where mg and m¢, are the DM and
the first KK-graviton masses, respectively.

3.1 Virtual KK-graviton exchange and on-shell KK-graviton production

We plot in figure 1 the different KK-graviton contributions to (ov) separately, so as to
understand clearly the main features.

We consider first the case of DM annihilation into SM particles through KK-graviton
exchange, summed over all virtual KK-gravitons, ove. This result is shown by the solid
(purple) line in figure 1 as a function of the DM mass mg, for the particular choice A =
100 TeV and mqg, = 1 TeV. When the DM particle mass is nearly half of one of the KK-
graviton masses, s = 4m% ~ m%n, the resonant contribution dominates the cross-section,
which abruptly increases. At each of the resonances, (ocv) depends only marginally on
the DM mass mg and, therefore, we have an approximately constant thermally-averaged
maximal cross-section (a small mg-dependence arises only at very large values of mg).
This contribution was studied in detail in ref. [21], where it was shown that the resonant
enhancement of the cross-section for mg ~ mg, /2 was not enough to achieve the value
of (orov) that gives the correct relic abundance, once values of A compatible with LHC
exclusion bounds were taken into account.
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Figure 1. Contributions to the scalar DM annihilation cross-section due to KK-gravitons, for
A =100 TeV and mg, = 1TeV, as a function of the DM mass mg. The solid purple line corresponds
to the DM annihilation into SM particles through virtual KK-graviton exchange, ovc.¢. The non-
solid lines correspond to DM annihilation into two KK-gravitons, ogg: from left to right SS —
(G1,G1), (G1,G2), (G2,G3) and (G1,Gs3), respectively.

On the other hand, for mg > mg, DM annihilation into on-shell KK-gravitons be-
comes possible. Depending on the DM particle mass, production of several KK-graviton
modes is allowed. This is represented in figure 1 by dashed or dot-dashed lines, where
we show the contribution to the DM annihilation cross-section from the channels S5 —
(G1G1),(G1 G2), (G2 G2) and (G1 G3). More channels open for larger values of mg that
however have not been depicted in figure 1, where we have decided to show just the lowest-
lying ones for the sake of clarity of the plot. Recall that each of the two KK-gravitons
can have any KK-number: in particular, it is not forbidden by any symmetry to have
SS — G, Gy, with n # m, as translational invariance in the 5th-dimension is explicitly
broken due to the presence of the IR- and UV-branes and the KK-number is not conserved.
As it can be seen in the figure, the contribution of each channel to the total cross-section
varies with the DM mass. For example, SS — G2 G2 (orange, dot-dashed line) dominates
over SS — G1Gs (green, dashed line) in a very small range of mg, whereas the latter
takes over for large mg. Notice that, although KK-graviton production was considered in
ref. [18], the possibility of producing different KK-graviton modes was overlooked there.

In figure 2 (left panel) we plot the different Feynman diagrams that contribute to DM
annihilation into on-shell KK-gravitons. Diagram (c) was not considered previously in the
literature (see, e.g., ref. [18]). However, it must be taken into account when computing
the production of two real gravitons, as the corresponding amplitude is also proportional
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Figure 2. Left panel: Feynman diagrams corresponding to the different amplitudes that contribute
to scalar DM annihilation into two on-shell KK-gravitons at O(1/A?). Diagrams (a) and (b): ¢-
and u-channel DM exchange. Diagram (c): second order expansion of the metric in eq. (2.7).
Right panel: Relevance of overlooked contributions to the scalar DM annihilation cross-section
for A = 10TeV and mg, = 8TeV, as a function of the DM mass mg. The solid orange (blue
dashed) line corresponds to the DM annihilation cross-section through and into KK-gravitons with
(without) the contribution to the amplitude from diagram (c). The dot-dashed red (dotted green)
line is the DM annihilation cross-section into KK-gravitons, only, with (without) the contribution
from diagram (c).

to 1/A2, the same order as the two other diagrams.? The corresponding Feynman rule can
be obtained by expanding the metric up to second order about the Minkowski space-time:

£~ S (@) (W @RS ™ + B @ ) (3.1)
n=1

Notice that, if a diagram that should be considered at a given order in 1/A when com-
puting a given process is absent, then the gravitational gauge-invariance of the amplitude
is not guaranteed and the cross-section computation is built over slippery ground from a
theoretical point of view. The impact of diagram (c) is shown in figure 2 (right panel),
where we compare the total DM annihilation cross-section through and into KK-gravitons
including or not the contribution to the amplitude from this diagram, for a particular
choice of mg, = 8 TeV and A = 10TeV. The solid orange (blue dashed) line is the total
DM annihilation cross-section through and into KK-gravitons with (without) diagram (c),
whereas the dot-dashed red (dotted green) line is the DM annihilation cross-section into
KK-gravitons with (without) diagram (c). It can be seen that, for this particular choice
of mg, and A, the difference between the two computations can be as large a one order of

magnitude for mg ~ 10 TeV.
In figure 3 we eventually show the total contribution of KK-gravitons to (ov), summing
virtual KK-graviton exchange and KK-graviton direct production with contributions from

2Notice that on-shell KK-graviton production through KK-graviton exchange in s-channel only appears
when expanding the metric in eq. (2.7) up to third order and, therefore, the corresponding amplitude is
suppressed by 1/A*.
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Figure 3. The thermally-averaged scalar DM annihilation cross-section through virtual KK-
graviton exchange and direct production of two KK-gravitons, og = ove,¢ + 0cq, as a function of
the DM mass mg. In all panels, the solid orange (blue dashed) lines represent the total cross-section
including (not including) mixed KK-graviton production and diagram (c) contribution. The latter
case corresponds to refs. [18] and [21]. In order to appreciate the difference, we have included in
all panels a zoomed plot in linear scale for the range of mg of interest. Left panel: A = 1000 TeV,
mea, = 400 GeV; middle panel: A = 100TeV, mg, = 1TeV; right panel: A =10TeV, mg, = 4TeV.

the three diagrams in figure 2, g = ove,g +0ca. We consider three particular choices of A
and mq,: A = 1000 TeV, mg, = 400GeV (left); A = 100 TeV, mg, = 1 TeV (middle) and
A =10TeV, mg, = 4TeV (right). Our result for (cgv) is depicted by the solid (orange)
line, and it is compared with the results shown in the literature (in refs. [18] and [21]),
represented by the dashed (blue) line. As it can be seen, our results and those in the
literature coincide, but for some small differences at large DM masses, mg € [1,6] TeV, a
range shown in the zoomed panel in linear scale. The net effect of mixed KK-gravitons
channels and of diagram (c) in figure 2 is an increase of the cross-section, that can be as
large as a factor two for some specific choices of A and mg,. In all panels, the horizontal
red dashed line corresponds to the value of the thermally-averaged cross-section for which
the correct relic abundance is achieved, (opov) = 2.2 x 10720 cm3/s. As it was reported
in ref. [21], (opov) is not achievable through KK-graviton exchange since, even for values
of mg such that s ~ m%;n, the resonant cross-section is way smaller than the required one.
This result is general and can be found for any value of A and mg,, not only for the few
examples shown in figure 3. On the other hand, as reported in ref. [18], for larger values
of mg, when the two on-shell KK-graviton production channels take over, a cross-section
as large as (opov) is achievable and the correct relic abundance can be then reproduced.
With respect to ref. [18], the net effect of mixed KK-gravitons production and of diagram
(c) is to lower slightly the value of mg for which (ov) = (opov). In figure 3, the red-shaded
area represents the theoretical unitarity bound (ov) > 1/s, where we can no longer trust
the theory outlined in section 2 and higher-order operators should be taken into account.
Notice that, even if in figure 3 the “untrustable” region seems to be very near to the value
of mg for which the correct relic abundance can be achieved, it is indeed at least one order
of magnitude away, as plots are shown in bi-logarithmic scale.
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Figure 4. The thermally-averaged scalar DM annihilation cross-section through virtual radion
exchange and direct production of two radions, o, = ove, + 0y (green, dashed line), as a function
of the DM mass mg, compared with the corresponding cross-section through KK-graviton exchange
and production, o (orange, dot-dashed line). The sum of the two cross-sections, o, + og, is
represented by the (blue) solid line. Left panel: A = 5TeV, mg, = 3TeV and m, = 1TeV; Right
panel: A =8TeV, mg, =3TeV and m, = 1TeV.

3.2 Virtual radion exchange and on-shell radion production

Consider now the case of DM annihilation into SM particles through radion exchange and
of direct production of two on-shell radions,

Or = Over(SS — SMSM) + 0, (S S —1rr). (3.2)

The analytic expressions for the two relevant radion channels contributing to o, can be
found in appendix D.2; whereas in appendix C.2 we give the radion partial decay widths.
It can be seen that radion decay to fermions is proportional to the fermion mass squared,
I(r = ¢y) x mrmfb /A?, whilst radion decay to bosons (either scalar or vector ones) is
[(r — BB) x m3/A%. Clearly, for radions with O(TeV) mass bosons decay channels
dominate over fermion ones. However, the decay to massive or massless bosons is rather
different: the radion decays to photons and gluons at the one-loop level and, therefore, these
decay channels are suppressed with respect to decays into massive bosons, which proceed
at tree level. In summary, the radion decay width is dominated by » - WW,r — ZZ and
r— HH (and r — S if kinematically possible).

The two contributions to o, are shown in figure 4, where we plot o, (green, dashed
line) as a function of mg and compare it with og (orange, dot-dashed line). The sum
of o, and o is represented by the solid (blue) line. The input parameters for these
plots are: mg, = 3TeV and m, = 1TeV; A = 5TeV (left panel) and A = 8 TeV (right
panel). For these particular choices of me,, only a couple of KK-graviton resonances
appear in g before two KK-graviton production takes over. Again, the red-shaded area
represents the theoretical unitarity bound (ov) > 1/s, where we can no longer trust the
theory outlined in section 2, whilst the red dashed horizontal line is (ocpov). We can see
that, generically and differently from the KK-graviton case, the correct relic abundance
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Figure 5. Values of A for which the correct DM relic abundance is obtained in the plane (mg, mg, ).
Left panel: the extra-dimension length is stabilized without using the radion; Right panel: the
extra-dimension length is stabilized using the Goldberger-Wise mechanism, with a radion mass
m, = 100 GeV. The required A ranges from 100 GeV to 10° TeV, as shown by the color legend.

can be achieved by the resonant virtual radion exchange channel for DM masses around
mg ~ my/2[1+ O (m2/A?)]. Since the radion decay width is rather small, for allowed
values of A and radion masses in the TeV range or below, a significant amount of fine-tuning
is needed in order to get the resonant behaviour. In the absence of a theoretical framework
to explain the specific required relation between mg and m,., we consider difficult to defend
this possibility as an appealing scenario to achieve the observed DM relic abundance. On
the other hand, as it was the case for the KK-graviton exchange and production shown in
figure 3, the target value of (ov) can be achieved also in the range of DM masses for which
radion and/or KK-graviton production dominate the cross-section. For the specific values
of mg,,m, and A shown in figure 4 this occurs through KK-graviton production. We
have found that this channel dominates in most of the allowed parameter space, while the
contribution of radion production is dominant only near the untrustable region mg, ~ A.

In figure 5 we show the values of A for which the correct DM relic abundance is obtained
in the (mg, mg,) plane. In the left panel we assume that the extra-dimension length is
stabilized without introducing the radion field. We can see that (opov) can be achieved
in a significant part of the parameter space through KK-graviton production. In order to
obtain the target relic abundance (opov) for mg < mg,, small values of A are needed,
usually excluded by LHC data (as we will see in the next section). Eventually, resonant
virtual KK-graviton exchange is not enough to achieve (opov) for mg < mg, for any value
of A, as it is depicted by the grey region (in agreement with ref. [21]).

In the right panel we consider, instead, that the extra-dimension length is stabilized
using the Goldberger-Wise mechanism and we introduce a radion with mass m, = 100 GeV.
In this case, it is always possible to achieve the correct relic abundance: either through reso-
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nant radion exchange for mg ~ 50 GeV (not shown in the plot), through radion production
in the region mg < mg, or, for mg > mg,, through KK-graviton production.

4 Experimental bounds and theoretical constraints

As we have seen in figure 5, in principle the target relic abundance can be achieved in a
vast region of the (mg, mg,) parameter space, for A ranging from 10~! TeV to 10° TeV.
However, experimental searches for resonances strongly constrain mg, and A. We will
summarize here the relevant experimental bounds and see how only a relatively small
region of the parameter space is indeed allowed.

4.1 LHC bounds

The strongest constraints are given by the resonance searches at LHC. In our model we

have considered two types of particles that could be resonantly produced at the LHC,

the KK-gravitons and the radion. In order to quantify the impact of LHC data in our

parameter space, first of all we need to compute their production cross-section at the LHC.
The n-th KK-graviton production cross-section at LHC is given by [44]:

™
Tpp—sGn (Ma,) = 18M2

3L, ) +4chq<mzn>] | m
q

with

S T xIrs

L) =2 / R (‘9) | (4.2)

In our calculations we use the Parton Distribution Functions (PDF’s) fi(x) at Q* = mg,
obtained from MSTW2008 at leading-order [45].

Regarding the radion, since the g gr vertex is proportional to the corresponding quark
mass, the production cross-section in pp collisions at the LHC is dominated by gluon
fusion. The gluon-radion interaction is similar to the gluon-Higgs interaction in the SM.
We therefore may use the well-known results obtained for the SM Higgs production [46]
rescaling the Lagrangian by a factor 3vCs/(2v/6A), where v is the standard model VEV.
The final expression is given by:

a2C?
Opp—sr (M) = 1536775\2 gg(mz)' (4.3)

In figure 6 we show the production cross-sections for A = 5TeV at /s = 13 TeV, where
the solid (orange) line stands for pp — G; and the dashed (purple) line for pp — r. It is
straightforward to obtain the production cross-sections for a different value of A by rescaling
this plot. As we can see, the radion production is smaller than graviton production by some
orders of magnitude. For this reason, the LHC constraints on the Randall-Sundrum model
are dominated by (resonant) KK-graviton searches.

The KK-graviton decay channels that provide the stringest bounds on mg, and A are
G1 — vy [47]) and G — ¢¢ [48]. In figure 7 we plot the functional dependence over A and
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Figure 6. Theoretical KK-graviton and radion production cross-section at the LHC with /s =
13TeV for A = 5TeV.
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Figure 7. The exclusion region in the (mg,,A) plane at the LHC Run II with /s = 13 TeV and
36fb~! through resonant production of KK-graviton eventually decaying into leptons (light blue)
and photons (light red), from refs. [47] and [48]. The dashed lines correspond to the functional
relation between A and mg, for values of o(pp — G1) x BR(G1 — £/) ranging from 102 fb (bottom
line) to 1072 fb (top line) as in the legend.
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Figure 8. Bounds over A as a function of mg, from the LHC with /s = 13 TeV and 36 fm~!, from
refs. [47] and [48]. Red and blue lines represent the 1o and 20 error on the constraint, respectively.
The resonance (to be understood as the first KK-graviton mode) eventually decays into leptons
(left panel) or into photons (right panel).

mg, of the cross-section pp — (¢, with o x BR(G7 — £/) ranging from 10 fb (bottom
line) to 1073 fb (top line). Comparing the theoretical expectation with the experimental
bounds on o(pp — £¢) it is possible to draw exclusion regions in the (mg,,A) plane, given
by the darker (blue) shaded area. The same can be done using the channel pp — 77,
represented by the lighter (light red) shaded area. We can see that the stringest bounds
on A are set by pp — G1 — . Notice that experimental exclusion bounds are given for
mg, > 200 GeV, approximately.

In figure 8 we show the statistical uncertainties on the experimental bound on o(pp —
¢0) (left panel) and o(pp — <) (right panel), where the yellow and green bands are
the bounds at 1o and 20 in the (mg,,A) plane, respectively. It can be seen that for
low KK-graviton mass the bounds on A suffer from a large indetermination: in this
range we can only say that A should be larger than some value ranging from 50 to

100 TeV, approximately.

4.2 Direct and indirect Dark Matter detection

The total cross-section for spin-independent elastic scattering between dark matter and
nuclei reads [24]:

2
mpmg S . S72
- [t ] 5+ (4= 205

where m,, is the proton mass, while Z and A are the number of protons and the atomic

SI

ODM— —-p — (44)

number. The nucleon form factors are given by

mgm 1
Y= 2o 3l@+a@l+ Y S
G q:u,c,d,b,s q=u,d,s
(4.5)
mgsm 1
M=o 2 3@ +a@l+ Y off
\ Gl q:’lL,C,d,b,S q:U,d,S
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Figure 9. The DD bounds in the (mg, A) plane for two values of m¢,, represented by the green-
shaded area. Also shown is the dependence of Arp on the scalar DM mass mg for fixed m¢,, being
Apo the value of A for which the freeze-out thermally-averaged cross-section (orov) is achieved for
the chosen values of mg and mq,. Left panel: m¢g, = 250 GeV; Right panel: mg, = 400 GeV.

with ¢(2) the second moment of the quark distribution function

0@ = [ oo fy(o) (4.6

and fﬁ:p ™ the mass fraction of light quarks in a nucleon: f7, = 0.023, f7, = 0.032 and
f4, =0.020 for a proton and f7, = 0.017, f#, = 0.041 and f7, = 0.020 for a neutron [49].
The strongest bounds from Direct Detection (DD) Dark Matter searches are found at
XENONIT, which uses as target mass '?’Xe, (Z = 54 and A — Z = 75). In order to
compute the second moment of the PDF’s we have used ref. [45] and the exclusion curve
of XENONI1T [50] to set constraints on the (mg, mq,, A) parameter space. Our results are
shown in figure 9, where we depict the DD bounds in the (mg, A) plane for two values of
ma,, ma, = 250GeV (left panel) and mg, = 400 GeV (right panel). Also shown is the
dependence of the value of A required to achieve the observed relic abundance, Apg, as a
function of the scalar DM mass mg. The resonant behaviour of Arg for different values of
mg shows that, for low values of mg and mg,, the cross-section is dominated by virtual
KK-graviton exchange. For larger values of mg at fixed mg, production of KK-gravitons
takes over and App grows smoothly with mg. The region of the parameter space excluded
by DD experiments is represented by the green-shaded area at the bottom of the two plots.
Due to the fact that in the excluded region the dominant channel to achieve (orov) is KK-
graviton virtual exchange, the exclusion bounds will show a characteristic striped pattern
(as it will be shown in figure 10). We have found, however, that constraints from DD
experiments are always much weaker than those obtained at the LHC.

Regarding DM indirect searches, there are several experiments looking for astrophys-
ical signals: for instance, the Fermi-LAT collaboration has analyzed the gamma ray flux
arriving at the Earth from Dwarf spheroidal galaxies [51] and the galactic center [52, 53],
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while AMS-02 has reported data about the positrons [54] and antiprotons [55] coming
from the center of the galaxy. These results are relevant for DM models that generate a
continuum spectra of different SM particles, such as the RS scenario we are considering.
Recall that DM annihilation into a pair of SM particles via KK-graviton exchange is d-
wave-suppressed and, therefore, only the annihilation channels into either KK-gravitons or
radions lead to observable signals. Both of them will then decay into SM particles leading
to a continuum spectrum.® However, current data from indirect detection experiments al-
lows to constrain DM masses below ~ 100 GeV (provided the annihilation cross-section is
not velocity suppressed), while for our case of heavy DM (~ 1TeV) the limits on the cross-
section are well above the required value (opov). Thus, indirect searches have no impact
on the viable parameter space (see however ref. [19] for other DM scenarios based on RS).

4.3 Theoretical constraints

Besides the experimental limits, there are mainly two theoretical concerns about the validity
of our calculations which affect part of the (mg, m¢g,, A) parameter space. The first one is
related to the fact that we are performing just a tree-level computation of the relevant DM
annihilation cross-sections, and we should worry about unitarity issues. In particular, the
t-channel annihilation cross-section into a pair of KK-gravitons, o(SS — G,G,), diverges
as m%/ (ménmém) in the non-relativistic limit s ~ m%, so it is important to check that
the effective theory is still unitary. We estimate the unitarity bound as o < 1/s ~ 1/m%,
showing as a green-meshed area in figure 10 the region in which such bound is not satisfied
and therefore our calculation is not fully reliable.

The second theoretical issue refers to the consistency of the effective theory framework:
in the Randall-Sundrum scenario, at energies somewhat larger than A the KK-gravitons
are strongly coupled and the five-dimensional field theory from which we start is no longer
valid. We therefore impose that at least mg, < A to trust our results.* Notice that this
constraint is general for any effective field theory: since we are including the first KK-
gravitons in the low energy spectra, for the effective theory to make sense the cut-off scale
A should be larger than the masses of such states.

5 Achieving the DM relic abundance in RS

We show in this section the allowed parameter space for which the target value of (ov)
needed to achieve the correct DM relic abundance in the freeze-out scenario, ((opov) =
2.2 x 10726 cm3/s) can be obtained, taking into account both the experimental bounds and
the theoretical constraints outlined in section 4.

Our final results are shown in figure 10, where we draw the allowed regions of the
(mg,mg,) plane for which (ov) = (opov). In the left panel, we are agnostic about the
extra-dimension length stabilization mechanism, and assume that neither the unspecified
mechanism nor the radion have an impact on the DM phenomenology, as would be the case

3We disregard the fine-tuned possibility of achieving the target DM relic density via resonant radion
exchange, as discussed in section 5.
4We will see that, in the allowed region, also the relation ms < A is fulfilled.
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Figure 10. Region of the (mg, mg,) plane for which (ov) = (opov). Left panel: the radion
and the extra-dimension stabilization mechanism play no role in DM phenomenology. Right panel:
the extra-dimension length is stabilized with the Goldberger-Wise mechanism, with radion mass
m, = 100 GeV. In both panels, the grey area represents the part of the parameter space where it is
impossible to achieve the correct relic abundance; the red-meshed area is the region for which the
low-energy RS effective theory is untrustable, as A < mg,; the wiggled red area in the lower left
corner is the region excluded by DD experiments; the blue area is excluded by resonant KK-graviton
searches at the LHC with 36fb~! at /s = 13TeV; the dotted blue lines represent the expected
LHC exclusion bounds at the end of the Run III (with ~ 300fb~!) and at the HL-LHC (with
~ 3000 fb~1); eventually, the green-meshed area on the right is the region where the theoretical
unitarity constraints are not fulfilled. In the left panel, the allowed region is represented by the
white area, for which (opov) is obtained through on-shell KK-graviton production. In the right
panel, in addition to the white area, within the tiny orange region (opov) is obtained through on-
shell radion production and virtual radion exchange. The dashed lines depicted in the white region
represent the values of A needed to obtain the correct relic abundance (as in figure 5 of section 3).

for instance if all the new particles in this sector are heavier than the TeV scale; in the right
panel, we take into account the radion and consider the Goldberger-Wise mechanism to
stabilize the extra-dimension length. The radion mass in this case can be somewhat smaller
than the TeV scale (see section 2.2), and therefore it can be relevant for DM annihilation,
as we will discuss below. We show our findings for m, = 100 GeV, but other values of m,
lead to similar results. As a guidance, the dashed lines taken from figure 5 represent the
values of A needed to achieve the relic abundance in a particular point of the (mg, mq,)
plane. The color legend for the two plots is given in the figure caption.

5.1 KK-graviton contributions

Let’s consider first the case in which the relic abundance is obtained through virtual KK-
graviton exchange and/or on-shell KK-graviton production (left panel). We can distinguish

—90 —



two regions of the parameter space:

1. mag, > mgs

In this regime the DM annihilates via KK-graviton exchange to SM particles, only.
As we have seen in figure 1, the annihilation cross-section is rather small. The
grey shaded area in the plot represents the region of the (mg, mg,) plane for which
it is not possible to get (opov). Below this region, in principle we could find a
value of A low enough to reach the target relic abundance via resonant KK-graviton
exchange. This is, however, in conflict with exclusion bounds in the (mg,,A) plane
from LHC (see figure 7), represented by the darkest (blue) shaded area In addition
to the stringent LHC Run II bounds, if the A needed to achieve (opov) for a given
mg is smaller than mg,, we can no longer trust the RS model as a viable effective
low-energy formulation of gravity (diagonal red-meshed area). Therefore, due to the
combination of experimental bounds and theoretical constraints, for mg, > mg is
not possible to obtain (opov), as it was indeed found in ref. [21].

2. mag, <mg

In this case, although the S.S — SM SM channel is still open, the target cross-section
is achievable through production of on-shell KK-gravitons, S'S — G,, G,,,. Due to the
LHC Run IT bounds, the region of the (me,, A) plane for which we can obtain (ocrpov)
corresponds mainly to the region for which (mg, /mg)? < 1. In this region, the value
of A needed to reach the freeze-out relic abundance is in the range A € [10,10*] GeV,
in agreement with the stringent LHC Run II bounds on A for relatively low m¢,. At
large values of mg the theoretical unitarity bound discussed in section 4.3 is relevant
and, therefore, mg cannot be much larger than 10 TeV (vertical green-meshed area).
Eventually, the white area represents the region of the parameter space for which the
freeze-out scenario can produce the correct DM relic abundance. Notice that most of
this region could be tested either by the LHC Run III° (with expected 300fb~!) or
by the High-Luminosity LHC (with nominal 3000 fb—!), as shown by the dotted lines
depicted in the figure. Typical values for mg, mg, and A in the region that would
still be allowed after HL-LHC are mg € [3,15] TeV, mg, < 1TeV and A > 10° TeV
(although a tiny region around mg ~ 10TeV with mg, as large as few TeV with
A € [10,100] TeV could also be viable).

The wiggled dark shaded (red) region in the lower left corner is the bound imposed
by XENONI1T. The peculiar shape of the bound is a consequence of the resonances in the
DM annihilation channels via virtual graviton exchange (see figure 9). We can see that the
DD bounds are much weaker than those from the LHC.

5.2 Radion contribution

Let’s consider now the case in which, in addition to virtual KK-graviton exchange and/or
on-shell KK-gravitons production, DM could also produce virtual or real radions (right

5This region could be already partially tested using the complete LHC Run II analysis, with 100fb~!,
not included in this paper.
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panel). To make easy the comparison with the previous situation, we again consider
two regimes:

1. mg, > mg
It is always possible to achieve the correct relic abundance through resonant virtual
radion exchange and on-shell radion production (see figure 4). In the right plot
of figure 10 the former would occur for mg = 50 GeV, outside the range depicted
in the figure. Being the radion width extremely narrow, this is possible only in
presence of a significant fine-tuning of the DM mass mg and of the radion mass,
2mg ~ m,. In the absence of a theoretical motivation for such a relation between
two, in principle, uncorrelated parameters, we consider this mechanism to achieve
the target relic abundance not natural. In the region considered in the plot, the relic
abundance can be also achieved through production of on-shell radions for very low
values of A. This region is represented by the orange (lightest) shaded area. Most of
this region, however, is excluded when asking A to be larger than mg,, as one can
see by the diagonal red-meshed area in the plot, A < mg,. After taking into account
the LHC Run II bounds and the limit of validity of the RS model as an effective
low-energy theory, a tiny orange-shaded region at mg ~ 4TeV, mg, ~ 5TeV and
A € [5,10] TeV is still not excluded. Most of it will be tested with the LHC Run III.

2. mg, <mg
Since the real KK-graviton production channel, once kinematically open grows very
fast as (mg/mg, )® (see figure 4), it easily dominates the cross-section. Therefore, in
this region of the parameter space there are no significant differences with respect to
the case in which the radion is absent, discussed in section 5.1.

5.3 Remarks about other setups

In this paper we have focused on the original RS model, in which all the SM particles
(and also the DM in our case) are localized on the IR-brane. In the absence of graviton
brane localized kinetic terms (BLKT’s), within this setup all the SM and DM fields couple
to the full tower of KK-graviton excitations with universal strength, A~'. As we have
seen, the strong bounds from LHC Run II lead to quite large allowed values of A (2
10TeV), which somehow reintroduce a little hierarchy problem. However many other
different configurations have been studied, allowing for some of (or all) the SM fields to
propagate in the bulk; for instance, placing gauge bosons and fermions in the bulk has
the potential to also explain the hierarchy of fermion masses. Moreover, these extra-
dimensional scenarios can be interpreted as strongly-coupled models in four dimensions
(see ref. [18] for details of this duality).

Several of the above possibilities have been already analyzed in the context of gravity-
mediated DM that we are addressing, including DM candidates of various spins (0,1/2
and 1). The idea is that the propagation of SM fields in the bulk and the introduction of
BLKT’s can reduce suitably the coupling of the SM particles to the KK-gravitons, relaxing
the LHC bounds and allowing for lower values of A which would then satisfy the original
motivation of RS models for solving the hierarchy problem. Although to study in detail
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these alternative RS scenarios is beyond the scope of this paper, we want to comment in
this section about the impact of our results on such other models.

In ref. [21], besides the scenario considered here with all SM and DM fields localized
in the IR-brane, two additional benchmark models were studied: 1) SM gauge bosons in
the bulk with third generation quarks confined in the IR brane, and all other SM fermions
localized close to the UV-brane, so that their couplings to the KK-graviton modes are
negligible, and 2) SM fermions localized at various places in the bulk to explain the observed
fermion masses and SM gauge bosons propagating also in the bulk. In all scenarios, the
Higgs field should remain close to the IR-brane to solve the hierarchy problem, and the
DM is also assumed to be localized on the IR-brane. While in none of these setups it
was possible to obtain the correct relic density for scalar DM through virtual KK-graviton
exchange, the authors did not consider the annihilation channel SS — G, G, nor SS — rr.
Since these channels will occur with the same cross-section as in the IR-brane model we
analyzed in this paper, it is clear that also in the cases considered in ref. [21] it would be
possible to get the target value (opov) when mg > mg,. Actually, it would be easier than
in the case considered here, as the LHC bounds on A are weaker.

In ref. [19] two additional setups where analyzed and also confronted with indirect
bounds from astrophysical data: model A, which addresses the hierarchy problem with the
Higgs and DM localized on the IR-brane and the SM matter on the UV-brane, and model B
(that gives up the hierarchy problem) where only DM is localized on the IR-brane while the
SM matter and Higgs fields are confined to the UV-brane. In both cases, SM gauge bosons
propagate in the bulk, so that there is a hierarchy of couplings of the KK-graviton modes,
being of order A~! for DM (and the Higgs field in model A) but conveniently suppressed
for gauge bosons and negligible for SM matter fields (and the Higgs in model B). As a
consequence, the standard radion and KK-graviton searches at LHC do not apply to these
models and other searches should be re-interpreted to obtain bounds. Therefore, much
lower values of A and mg, would still be allowed and it should be possible to achieve
the correct relic abundance for DM masses in a wider range, from few GeV to TeV, in
agreement with our results in figure 5.

In the dual picture of the RS model, the radion is dual to the dilaton, the Goldstone
boson from dilatation symmetry in 4D. The dilaton couplings are fixed by scale invariance,
and turn out to have the same structure as the radion couplings at linear order. In refs. [34,
56], the case in which DM couples to the SM only through a dilaton was studied The
authors found that the correct relic abundance can be achieved for light dilaton and DM,
since collider bounds from dilaton searches are weaker than for the KK-graviton modes
(the dilaton production cross-section is about two-three orders of magnitude smaller than
the KK-graviton one, as we can see in figure 6). However, as we are studying a consistent
gravitational theory and not only the SM plus a dilaton field, the much stringent bounds
from KK-gravitons searches do apply.

6 Conclusions

In this paper we have explored the possibility that the observed Dark Matter component
in the Universe is represented by some new scalar particle with a mass in the TeV range.
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This particle interacts with the SM particles only gravitationally (in agreement with non-
observation of DM signals at both direct and indirect detection DM experiments). Although
this hypothesis would, in principle, mean that the interaction with SM particles is too feeble
to reproduce the observed DM relic abundance, we show that this is not the case once
this setup is embedded in a warped extra-dimensional space-time, along the ideas of the
Randall-Sundrum proposal of ref. [15]. We consider, therefore, two 4-dimensional branes
in a 5-dimensional AdSs5 space-time at a separation r., very small compared with present
bounds on deviations from Newton’s law. On one of the branes, the so-called “IR-brane”,
both the SM particles and a scalar DM particle are confined, with no particle allowed to
escape from the branes to explore the bulk. In this particular extra-dimensional setup,
gravitational interaction between particles on the IR-brane, in our case between a scalar
DM particle and any of the SM particles, occurs with an amplitude proportional to 1 /Mf—,
when the two particles exchange a graviton zero-mode, but with a suppression factor 1/A?
when they do interact exchanging higher KK-graviton modes. Since A can be as low as a
few TeV (due to the warping effect induced by the curvature of the space-time along the
brane separation), clearly a huge enhancement of the cross-section is possible with respect
to standard linearized General Relativity.

Using this mechanism, it was studied in the literature if the observed relic abundance
in the Universe can be obtained through resonant KK-graviton exchange via (DM DM —
G, — SMSM) (for any spin of the DM particle), showing that taking into account the
LHC bounds on A as a function of the mass of the first KK-graviton, mgq,, it is impossible
to achieve the target value of the thermally-averaged cross-section (opo v) for any value of
mpwm if the DM particle has spin 0 or 1/2 [21]. In refs. [18-20, 24] it was however shown
that, for DM masses larger then the KK-graviton mass, another annihilation channel opens,
namely DM annihilation into two (identical) KK-gravitons, ¢(DM DM — G,, G,,). In this
paper, we have studied the possibility that this channel may give a cross-section large
enough to attain the observed relic abundance, for the particular case of a scalar DM
particle with mass mg. We have indeed found that this is the case and that the region of
the parameter space for which (o v) ~ (opo v) is typically at mg of the order of a few TeV,
compatible with present direct production searches at the LHC. In the references above
some effects were overlooked, though. In particular, a quadratic interaction of the DM
particles with KK-gravitons (i.e. the existence of a S S G,, G, vertex when expanding the
metric up to second order about the Minkowski metric) was not considered. This amplitude
is of the same order in 1/A as the t- and u-channel contributions to (DM DM — G, Gy,)
considered in the literature and, by increasing the cross-section at large value of the DM
mass, lowers the value of mg needed to achieve the relic abundance at fixed value of
me,. The same effect is also induced by the possibility of the DM particles annihilating
into different KK-gravitons, c(DM DM — G,, G,,), something allowed since translational
invariance along the 5-th dimension is explicitly broken by the presence of the branes. This
was also overlooked in the existing literature. These effects and their impact have been
discussed extensively in section 3 and appendix D.

After having computed the relevant contributions to the cross-section, we have scanned
the parameter space of the model (represented by mg, mg, and A), looking for regions

— 24 —



in which the observed relic abundance can be achieved. This region has been eventually
compared with experimental bounds from resonant searches at the LHC Run II and from
direct and indirect DM detection searches, finding which portion of the allowed parameter
space is excluded by data. Eventually, we have studied the theoretical unitarity bounds
on the mass of the DM particle and on the validity of the RS model as a consistent low-
energy effective theory. Our main result is that a significant portion of the (mg, mg,) plane
where mg > mg, can reproduce the observed relic abundance, for values of A ranging from
a few to thousands of TeV and mg € [1,10] TeV. Unitarity bounds put a (theoretical)
upper limit on the mass of the DM particle and, interestingly enough, most part of the
allowed parameter space could therefore be tested by the LHC Run III and by the proposed
High-Luminosity LHC.

In the presence of a Goldberger-Wise mechanism to stabilize the separation between
the two branes, the radion r is expected to be light, m, < O(TeV), and DM can also
annihilate into SM particles via the exchange of a virtual radion and, for mg > m,, two
DM particles can also produce directly two on-shell radions. This has been studied in
detail in section 3.2 and appendix D.2. Since, contrary to the KK-graviton mass (strongly
related to A in the RS setup), the radion mass is in practice a free parameter of the
model (depending on the unknown details of the scalar potential in the bulk and of some
brane-localized terms), it is possible to achieve (opov) for any value of mg and mg,,
even in the case mg, > mg, through the resonant radion exchange channel (at the price
of introducing a significant, theoretically unappealing, fine-tuning of the DM mass with
respect to the radion mass, 2mg ~ m,.) or through on-shell radion production. The region
for mg, > mg, however, is mostly excluded due to the fact that the value of A needed to
reach the target relic abundance is A < mg,, a condition that makes untrustable the RS
model as a valid effective low-energy theory. Apart from a tiny region for which the two
radion on-shell production channel dominates in the cross-section, the rest of the allowed
parameter space is similar to that found in the absence of a radion.
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A Spin 2 massive graviton

The propagator of the n-th KK-graviton mode, with mass m,,, decay width I';, and 4-
momentum k in the unitary gauge is:

ipuyag(k, mn)
2—m2 4+ im,T,

, (A1)

iAgua,B(k) = k
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where P,qp is the sum of the polarization tensors €}, (k) (being s the spin):

Puua,@(kv mg) = Z Efw(k)efxﬁ(k)

S

1 2
= §(GMO{GVB + GuaG,uﬁ -3

3G Gas) (A2)

and
kuky

5 -
may

Gw/ =N — (A3)

The tensor P,,.g must satisfy several conditions for an on-shell graviton G, in order to
reduce the number of degrees-of-freedom to the physical ones:

naﬁP/u/a,B(ka mg) = nyupuuoz,é’(ka mn) = 07 (A4)
k*Pas(kymg) = kP Puap(k,mg) = k' Puas(k,mg) = k' Puag(k,mg) =0.  (A.5)
B Feynman rules

We summarize in this appendix the different Feynman rules corresponding to the couplings
of scalar DM particles and of SM particles with KK-gravitons and radions.

B.1 Graviton Feynman rules

The vertex that involves one KK-graviton (with n # 0) and two scalars of mass mg is

given by:
S(k2)
/7
/7
7/
n // Z 2
G, (q) W\\ =1 (m&nuw — Cupok(k3) (B.1)
\\
\
S(k1)
where
C/waﬂ = Nuavp + Mvalus — MuwNas - (B.2)

This expression can be used for the coupling of both scalar DM and the SM Higgs boson
to KK-gravitons.

The Feynman rule corresponding to the interaction of two SM Dirac fermions of mass
m., with one KK-graviton is given by:

V(K1) Y(k2)
i

= Z [7,1!» (kQV + kll/) + Yv (kZp, + klu)

20 (W2 + K1 = 2my)]

(B.3)

G.(q)
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whereas

¥ (k2)
i
n = =% k v k v)+ W ko, — k
_2n,uu (]?/2 - k/l - 2mw)] .
(k1)
The interaction between two SM gauge bosons of mass m4 and one KK-graviton is
given by:
Ap(k2)
n i
G/w(q) = _X ( ,240,11,1/04/8 + W;u/ozﬁ) ’ (B5)
Aa(kl)
where
Ww/aﬁ = Bwja/g + Byua/g (B.G)
and

1
Bw/aﬁ = naﬁkluk2u+nul/(kl k2 naﬁ_klﬂkQV)_nuﬁkluk2a+in;Au(klﬁ]@a_kl ko 77a5) . (B-7)

Eventually, the interaction between two scalar DM particles and two KK-gravitons
(coming from a second order expansion of the metric g, about the Minkowski metric 7,,)

is given by:
S(k2) Gos(ka)
N
N
\\
N .
N 1
L7 == p”w (m%nua - Cuapakfkg) : (B.8)
//
e
7

The Feynman rules for the n = 0 KK-graviton can be obtained by the previous ones
by replacing A with Mp. We do not give here the triple KK-graviton vertex, as it is
irrelevant for the phenomenological applications of this paper. The same occurs for the
vertices between one KK-graviton and two radions and two KK-gravitons and one radion.

B.2 Radion Feynman rules

The radion field r couples with both the SM and the DM particles with the trace of the
energy-momentum tensor, T' = ghT},,. The only exception are photons and gluons that,
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being massless, do not contribute to 1" at tree-level. However, effective couplings of these
fields to the radion are generated through quarks and W loops, and the trace anomaly.

The interaction between one radion and two scalar fields (either the DM or the SM
Higgs boson) is given by:

S(k1)
The vertex that involves the radion and two SM Dirac fermions takes the form:

P(k1) P(k2)

= 2A\f [8my, — 3 (2 + #1)] (B.10)

and, as in the case of the graviton-fermion-fermion vertex, we have:

¥(k2)
r(g) —===--- = 8my — 3 (Ko — H1)] - B.11
s B = 3 (= W) (B.11)
W (k1)
The interaction between two massive SM gauge bosons and one radion is given by:
Ap(k2)
2t 5
r q _______ = —m afB - B12
Aa(kl)

The Feynman rule corresponding to the interaction between two massless SM gauge
bosons and one radion is:

Ap(k2)

42’0@-01'
7(q) —=— e = = N (K - k) — K1k B.13
( ) 8’7TA\/6 [nu ( 1 2) 1 2#] ( )
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where a; = agm, o for the case of the photons or gluons, respectively, and

1
C3 = b%) - 583\)/ + B ZF1/2($q) )
7 (B.14)

CeMm = bggM) — b%}E\l/}/I) + Fl(xW) - Z NCQgFl/Q(xq) >
q

with xy = 4mg/m, and xw = 4my,/m,. The explicit form of F}/, and the values of the
one-loop f-function coefficients b are given by [34]:

Flpo(x) =221+ (1 —x)f(x)],
12(0) = 20[1+ (1 - 2)f (@) -
Fi(z) =243z +3z(2 — 2) f(z),

[arcsin(1//z)]? x>1,

fla) = 2 (B.16)
14++v/z—1 .

_i [log (:7@) — m} x <1,

while b — b = 11/3 and b3) — b%), = —11+2n/3, where n is the number of quarks

whose mass is smaller than m, /2.

Eventually, the interaction Lagrangian between the DM and the radion up to second
order is given by:®

1 1 1
_ TDbM _ 2 2¢q2 B.1
L —A\/ér DIVl (0uS)(OpS) + sh2” S, (B.17)
being TPM the trace of the energy-momentum tensor of the DM eq. (2.20). As in the case

of the interactions with gravitons, exists a 4-legs interaction term:

S(k2) 7(ka)

s ?

N T 3A2 (Gm% + klukg) : (B'18)

C Decay widths

In this appendix we compute the decay widths of KK-gravitons and of the radion, using
the Feynman rules given in appendix B.

In the second order interaction terms for the radion, based on [33], we have found some numerical
factors that differ from refs. [18, 35], however such difference will not modify our main results, since the
dominant DM annihilation channel in most of the allowed region is into KK-gravitons.
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C.1 KK-graviton decay widths

The KK-graviton can decay into scalar particles (including the Higgs boson, the DM par-
ticle, if the mass of the considered KK-graviton is sufficiently large, and the radion), SM
fermions, SM gauge bosons and lighter KK-gravitons.

Decay widths of KK-gravitons into SM particles, I'(G,, — SM SM), are all proportional
to 1/A2. In particular, the decay width into SM Higgs bosons is given by:

m3 4m? 5/2
I'(G, — hh) = 9607 A2 <1 ) ) , (C.1)

where m,, is the mass of the n-th KK-graviton (in the main text, this was called m¢,,, but
we prefer here a shorter notation to increase readability of the formule). If m, > 2mg,
the n-th KK-graviton can decay into two DM particles:

m3 4m? 5/2

The decay width of the n-th KK-graviton into SM Dirac fermions is given by:

2\ 3/2 2
T(Gy — D)) = iy (1 - 47:;”) (1 + 8mw> . (C.3)

1607 A2 2 3m2

The decay width of the n-th KK-graviton into two SM massive gauge bosons reads:

3 Am2 N\ /2 2 A8
T(Gp — WHW ™) = —n <1— mW> (13+56mw+ 8mW>,

= 4807 A2 2 2 1
8:; 422 1/2 567;?; 48:: €y
NG = 22) = 5o0 s (1 - ng> (13+ m%Z - m;) :
whereas the decay width into massless gauge bosons is:
D(Gn =) = iy
" 80wA2’ (©5)

3

mn

On the other hand, the decay widths of KK-gravitons with KK-number n into lighter
KK-gravitons are proportional to 1/AS, as the triple graviton vertex comes from the third
order expansion of the metric about the Minskowski spacetime. For this reason, we have
not considered these decays when computing the total KK-graviton decay widths. The
same happens for the radion: the coupling of the radion with the gravitons arises from the
mixing of the radion with the graviscalar hss, that eventually couples with KK-gravitons
again with a triple graviton vertex, proportional to 1/A3. Also in this case the decay width
['(G,, — rr) is proportional to 1/A® and, therefore, negligible.
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C.2 Radion decay widths

The decay width of the radion into scalar particles, either the SM Higgs boson or the DM
particle if the radion is sufficiently heavy, is given by:

m3 Am2\ 2m2 \°
L(r — hh, §8) = 7o (1 - mf) <1+ mZ,X) : (C.6)

where mx = my,, mg depending on the considered channel.
The radion decay width into SM Dirac fermions is given by:

9 9\ 3/2
_ mym 4m
D(r — i) = o <1—¢’) . (C.7)
T
The radion decay width into SM massive gauge bosons reads:

3 Am2.\ V2 A2 4
D(r— WIW™) = — <1— mW) (12— mW+mW),

967A2 m2 m2 mi (C.8)
mi ( 4m 12 L Amy  m
r Z7) = — — 'z
(r—22) 1927 A2 ( m?2 ) ( m2 - mﬁ) ’
whereas the decay width into SM massless gauge bosons is:
C 3
L(r—yy) = 704%480]31\1{2% ;
7
) (C.9)
azCsm
I'ir— =T
(= 99) = 960ra2

D Annihilation DM cross section

Since in the freeze-out scenario, DM annihilation occurs at small relative velocity of the
two DM particles, it is useful to approximate the Mandelstam variable s as:

s~ mdm(4 + vrel) (Dl)

Within this approximation, the different scalar products for processes in which two DM

particles S’s annihilate into two SM particles X’s, with incoming and outcoming momenta
S(k1) S(ka) — X (k3) X (k4), become:

1 m3 1 5 o
ki-ka=ksy- k3~m5+2m5 1— oy cosﬁvrel—i-zmsvrel,
2'5 (D.2)
1 / m 1
kl kg = kQ k'4 ~ mS — §m5 1-— ‘;{ COSG'Ure] + Zm%' 'UrQel,
mg

{kl'klzkg‘]@:m%,

k3~k3:k4-k4:m§(.

where

(D.3)

We will always write the annihilation cross-sections at leading order in this velocity expan-
sion.
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D.1 Annihilation through and into gravitons

The annihilation of DM particles into SM particles through virtual KK-graviton exchange

occurs in d-wave. In the following expressions, Skk stands for the sum over all KK states

SKK_AQZ

D.4
m2 +im,I,’ (D-4)

where m,, is the mass of the n-th KK-graviton.

The annihilation cross-section into two SM Higgs bosons reads:

6 2\ 5/2
04(S S — hh) ~ vl - |Ski|? e (1—mh> . (D.5)

7207 m?,

The annihilation cross-section into two SM massive gauge bosons is given by

ms 2\ "2 14 3m
04(S'S = W W) & oy - Sk 5 (1—:';1;) (13+ LT mW>,

1
s mg s
m6 m2 1/2 14m? 3m? (B8)
04(SS = ZZ) muvdy - |Skk/Po (1- —2 1B+—2Z+—2),
7207 mg mg myg
whereas for two massless gauge bosons we have:
0g(58 = y7) = ISKK\26O ,
\ 227: (D.7)
0g(SS = gg) = vpy - |Skx|*T52 -

Eventually, the annihilation cross-section into two SM fermions is

$S S P (4 it " 3 2mi) D.8
04(S S = ) = vy - |Skk| 360 |17 7 +—5 | (D.8)

S S

As it was shown in ref. [18], for DM particle masses larger than the mass of a given KK-

graviton mode DM particles may annihilate into two KK-gravitons. In the small velocity
approximation, the corresponding cross-section is:

2
—my,

(55 Gu) it (LB (L) \/<4m§+mz—m%n>2

92167 Armmimd, 16m
(D.9)
where the three contributions to the cross-section come from the square of the t- and u-

channels amplitudes in diagrams (a) and (b) of figure 2 (A), the square of the 4-points

amplitude in diagram (c) of the same figure (C) and from the interference between the two
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classes of diagrams (B), respectively:

;

[—2m2, (4m3 +m2) + (m2 —4m3)* ]

A= )
2(4ms—m121—m12n)2

[—8m3 (m2+m) +16mi+ (m2—m3)?]

B= 4 2_. 2 [16mg (m+m,)
mg—mi —m, (D.10)
8m§ (—mZm?Z +mp+m )+(mﬁ—mfﬂ)2 (mi—i—mfn)],

C =256m§ (13m2m?2 +2my+2my,) —512m (m6+m6)

+32mg (—17md m2, +98my my, —17mZ md +6m +6ms))

—32ms (mﬁ—m?nf (mn+mm)+(m2 m ) (13m m +2m +2m )

When the two KK-gravitons have the same KK-number, m = n, eq. (D.9) simplifies:

2 _oa1/2
. ..—1 Mg (1-7)
a4(SS — G, Gy) = v, 5767 AT ri(2 = 12

(256 — 7687 + 96812 — 52077

+1427% — 5275 +197°) | (D.11)
where r = (my/mg)?.

D.2 Annihilation through and into radions

When the distance between the two branes is stabilized using the Goldberger-Wise mech-
anism, the DM particles can annihilate into SM particles also through virtual radion ex-
change. The processes involving the radion occur in S-wave and can be more efficient than
the exchange of a tower of virtual KK-gravitons, which is in d-wave.

The DM annihilation cross-section into the SM Higgs boson is:

1 mg 1 my, 1/2 m2 2
O'T(SS — hh) R Upel 167 AL (8 — m%)Q +m% ]-_‘% (1 — Tﬂ%) <2 + 777,S> s (D12)

where m, is the mass of the radion.

The cross-section for DM annihilation into SM massive gauge bosons reads:

6 1 2\ 1/2 Am2 4
o (SS > WHW ™)yt S <1_mw> (4—%+3%>,

rel 87 A4 (s—m2)2+m2T2 m% m% - my
m$ 1 m2\ /2 4m?%  3m}
0.(SS—ZZ)~uv} —2 (1—”) <4— Z 4 Z) .
L 167 A% (s—m2)24+m2T2 m?, m% - md
(D.13)

The DM annihilation into photons and gluons is proportional to the vertex in eq. (B.13).
The corresponding expressions for the cross-sections are:

6
_1 m& apm Cem 1
Sg ., ~ -1 M
O'r( '7/7) Vrel 323 A4 (S — ’I?’L%)2 + m72” F72“ 7 (D 14)
_ym§ a3 Cs 1 |

0 (SS = gg) Ry AT AT (s —m2)2+ m22
T T T
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Eventually, the DM annihilation cross-section into SM fermions is given by:

mtm2 1 m2\ 32
Dol au a—1 S Y Y
UT(SSwa)NUrel 47 A (s —m2)2 +m2T2 (1_m§> : (D.15)

As in the case of the graviton, if the mass of the DM is larger than the mass of the
radion, then the DM particles can annihilate into two on-shell radions:

5 2 _ .52 2
mS m m 2
L I — <2 7 m) , (D.16)

576 m A* (m2 — 2m%)2 m

o (SS—rr)=uv_

rel

where we have considered both the u- and t-channels amplitudes and the contribution
coming from the 4-legs vertex in eq. (B.18).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and
constraints, Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].

[2] PARTICLE DATA GROUP collaboration, Review of Particle Physics, Phys. Rev. D 98 (2018)
030001 [1NSPIRE].

[3] S. Dimopoulos and H. Georgi, Softly Broken Supersymmetry and SU(5), Nucl. Phys. B 193
(1981) 150 [INSPIRE].

[4] T. Appelquist, H.-C. Cheng and B.A. Dobrescu, Bounds on universal extra dimensions,
Phys. Rev. D 64 (2001) 035002 [hep-ph/0012100] [INSPIRE].

[6] M.T. Arun, D. Choudhury and D. Sachdeva, Universal Extra Dimensions and the Graviton
Portal to Dark Matter, JCAP 10 (2017) 041 [arXiv:1703.04985] [INSPIRE].

[6] P. Cushman et al., Working Group Report: WIMP Dark Matter Direct Detection, in
Proceedings, 20138 Community Summer Study on the Future of U.S. Particle Physics:
Snowmass on the Mississippi (CSS2013): Minneapolis, MN, U.S.A., July 29 — August 6,
2013, 2013, [arXiv:1310.8327] [INSPIRE].

[7] M. Cirelli et al., PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter
Indirect Detection, JCAP 03 (2011) 051 [Erratum ibid. 10 (2012) E01] [arXiv:1012.4515]
[INSPIRE].

[8] L.J. Hall, K. Jedamzik, J. March-Russell and S.M. West, Freeze-In Production of FIMP
Dark Matter, JHEP 03 (2010) 080 [arXiv:0911.1120] [INSPIRE].

[9] A.G. Dias, A.C.B. Machado, C.C. Nishi, A. Ringwald and P. Vaudrevange, The Quest for an
Intermediate-Scale Accidental Azion and Further ALPs, JHEP 06 (2014) 037
[arXiv:1403.5760] [INSPIRE].

[10] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377
[INSPIRE].

~ 34—


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physrep.2004.08.031
https://arxiv.org/abs/hep-ph/0404175
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0404175
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D98,030001%22
https://doi.org/10.1016/0550-3213(81)90522-8
https://doi.org/10.1016/0550-3213(81)90522-8
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B193,150%22
https://doi.org/10.1103/PhysRevD.64.035002
https://arxiv.org/abs/hep-ph/0012100
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0012100
https://doi.org/10.1088/1475-7516/2017/10/041
https://arxiv.org/abs/1703.04985
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.04985
https://arxiv.org/abs/1310.8327
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.8327
https://doi.org/10.1088/1475-7516/2011/03/051
https://arxiv.org/abs/1012.4515
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4515
https://doi.org/10.1007/JHEP03(2010)080
https://arxiv.org/abs/0911.1120
https://inspirehep.net/search?p=find+EPRINT+arXiv:0911.1120
https://doi.org/10.1007/JHEP06(2014)037
https://arxiv.org/abs/1403.5760
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.5760
https://doi.org/10.1016/0370-2693(90)90617-F
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B246,377%22

[11]

[12]

[13]

I. Antoniadis, S. Dimopoulos and G.R. Dvali, Millimeter range forces in superstring theories
with weak scale compactification, Nucl. Phys. B 516 (1998) 70 [hep-ph/9710204] [nSPIRE].

N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new
dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315] [INSPIRE].

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a
millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257
[hep-ph/9804398] [INSPIRE].

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

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

L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999)
4690 [hep-th/9906064] [INSPIRE].

G.F. Giudice and M. McCullough, A Clockwork Theory, JHEP 02 (2017) 036
[arXiv:1610.07962] [INSPIRE].

H.M. Lee, M. Park and V. Sanz, Gravity-mediated (or Composite) Dark Matter, Eur. Phys.
J. C 74 (2014) 2715 [arXiv:1306.4107] [INSPIRE].

H.M. Lee, M. Park and V. Sanz, Gravity-mediated (or Composite) Dark Matter Confronts
Astrophysical Data, JHEP 05 (2014) 063 [arXiv:1401.5301] [INSPIRE].

C. Han, H.M. Lee, M. Park and V. Sanz, The diphoton resonance as a gravity mediator of
dark matter, Phys. Lett. B 755 (2016) 371 [arXiv:1512.06376] [INSPIRE].

T.D. Rueter, T.G. Rizzo and J.L. Hewett, Gravity-Mediated Dark Matter Annihilation in the
Randall-Sundrum Model, JHEP 10 (2017) 094 [arXiv:1706.07540] INSPIRE].

T.G. Rizzo, Dark Photons, Kinetic Mixzing and Light Dark Matter From 5-D, in Proceedings,
53rd Rencontres de Moriond on Electroweak Interactions and Unified Theories (Moriond EW
2018): La Thuile, Italy, March 10-17, 2018, pp. 227-232, 2018, arXiv:1804.03560
[INSPIRE].

T.G. Rizzo, Kinetic mizing, dark photons and extra dimensions. Part II: fermionic dark
matter, JHEP 10 (2018) 069 [arXiv:1805.08150] [INSPIRE].

A. Carrillo-Monteverde, Y.-J. Kang, H.M. Lee, M. Park and V. Sanz, Dark Matter Direct
Detection from new interactions in models with spin-two mediators, JHEP 06 (2018) 037
[arXiv:1803.02144] [INSPIRE].

A. Goyal, R. Islam and M. Kumar, Dark matter in the Randall-Sundrum model with
non-universal coupling, JHEP 10 (2019) 050 [arXiv:1905.10583] [INSPIRE].

W.D. Goldberger and M.B. Wise, Modulus stabilization with bulk fields, Phys. Rev. Lett. 83
(1999) 4922 [hep-ph/9907447] [INSPIRE].

H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Phenomenology of the Randall-Sundrum Gauge
Hierarchy Model, Phys. Rev. Lett. 84 (2000) 2080 [hep-ph/9909255] [iINSPIRE].

T. Appelquist and A. Chodos, Quantum Effects in Kaluza-Klein Theories, Phys. Rev. Lett.
50 (1983) 141 [INSPIRE].

— 35 —


https://doi.org/10.1016/S0550-3213(97)00808-0
https://arxiv.org/abs/hep-ph/9710204
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9710204
https://doi.org/10.1016/S0370-2693(98)00466-3
https://arxiv.org/abs/hep-ph/9803315
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9803315
https://doi.org/10.1016/S0370-2693(98)00860-0
https://arxiv.org/abs/hep-ph/9804398
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9804398
https://doi.org/10.1103/PhysRevD.59.086004
https://doi.org/10.1103/PhysRevD.59.086004
https://arxiv.org/abs/hep-ph/9807344
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9807344
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.3370
https://arxiv.org/abs/hep-ph/9905221
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9905221
https://doi.org/10.1103/PhysRevLett.83.4690
https://doi.org/10.1103/PhysRevLett.83.4690
https://arxiv.org/abs/hep-th/9906064
https://inspirehep.net/search?p=find+EPRINT+hep-th/9906064
https://doi.org/10.1007/JHEP02(2017)036
https://arxiv.org/abs/1610.07962
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.07962
https://doi.org/10.1140/epjc/s10052-014-2715-8
https://doi.org/10.1140/epjc/s10052-014-2715-8
https://arxiv.org/abs/1306.4107
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4107
https://doi.org/10.1007/JHEP05(2014)063
https://arxiv.org/abs/1401.5301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.5301
https://doi.org/10.1016/j.physletb.2016.02.040
https://arxiv.org/abs/1512.06376
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06376
https://doi.org/10.1007/JHEP10(2017)094
https://arxiv.org/abs/1706.07540
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.07540
https://arxiv.org/abs/1804.03560
https://inspirehep.net/search?p=find+EPRINT+arXiv:1804.03560
https://doi.org/10.1007/JHEP10(2018)069
https://arxiv.org/abs/1805.08150
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.08150
https://doi.org/10.1007/JHEP06(2018)037
https://arxiv.org/abs/1803.02144
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.02144
https://doi.org/10.1007/JHEP10(2019)050
https://arxiv.org/abs/1905.10583
https://inspirehep.net/search?p=find+J+%22JHEP,1910,050%22
https://doi.org/10.1103/PhysRevLett.83.4922
https://doi.org/10.1103/PhysRevLett.83.4922
https://arxiv.org/abs/hep-ph/9907447
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9907447
https://doi.org/10.1103/PhysRevLett.84.2080
https://arxiv.org/abs/hep-ph/9909255
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9909255
https://doi.org/10.1103/PhysRevLett.50.141
https://doi.org/10.1103/PhysRevLett.50.141
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,50,141%22

[29]

[30]

[31]

[32]

[33]

[34]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

T. Appelquist and A. Chodos, The Quantum Dynamics of Kaluza-Klein Theories, Phys. Rev.
D 28 (1983) 772 nSPIRE].

B. de Wit, M. Liischer and H. Nicolai, The Supermembrane Is Unstable, Nucl. Phys. B 320
(1989) 135 [INSPIRE].

E. Ponton and E. Poppitz, Casimir energy and radius stabilization in five-dimensional
orbifolds and siz-dimensional orbifolds, JHEP 06 (2001) 019 [hep-ph/0105021] [INSPIRE].

W.D. Goldberger and M.B. Wise, Bulk fields in the Randall-Sundrum compactification
scenario, Phys. Rev. D 60 (1999) 107505 [hep-ph/9907218] [INSPIRE].

W.D. Goldberger and M.B. Wise, Phenomenology of a stabilized modulus, Phys. Lett. B 475
(2000) 275 [hep-ph/9911457] [INSPIRE].

K. Blum, M. Cliche, C. Csaki and S.J. Lee, WIMP Dark Matter through the Dilaton Portal,
JHEP 03 (2015) 099 [arXiv:1410.1873] [INSPIRE].

C. Cséki, M. Graesser, L. Randall and J. Terning, Cosmology of brane models with radion
stabilization, Phys. Rev. D 62 (2000) 045015 [hep-ph/9911406] [INSPIRE].

E.W. Kolb and M.S. Turner, The Early Universe, Front. Phys. 69 (1990) 1 [InSPIRE].

PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters,
arXiv:1807.06209 [INSPIRE].

G. Steigman, B. Dasgupta and J.F. Beacom, Precise Relic WIMP Abundance and its Impact
on Searches for Dark Matter Annihilation, Phys. Rev. D 86 (2012) 023506
[arXiv:1204.3622] [INSPIRE].

M. Escudero, A. Berlin, D. Hooper and M.-X. Lin, Toward (Finally!) Ruling Out Z and
Higgs Mediated Dark Matter Models, JCAP 12 (2016) 029 [arXiv:1609.09079] [INSPIRE].

J.A. Casas, D.G. Cerdeno, J.M. Moreno and J. Quilis, Reopening the Higgs portal for single
scalar dark matter, JHEP 05 (2017) 036 [arXiv:1701.08134] [InSPIRE].

LZ collaboration, LUX-ZEPLIN (LZ) Conceptual Design Report, arXiv:1509.02910
[INSPIRE].

M. Escudero, N. Rius and V. Sanz, Sterile Neutrino portal to Dark Matter II: Exact Dark
symmetry, Eur. Phys. J. C 77 (2017) 397 [arXiv:1607.02373] [INSPIRE].

P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: Improved analysis, Nucl.
Phys. B 360 (1991) 145 [nSPIRE].

G.F. Giudice, Y. Kats, M. McCullough, R. Torre and A. Urbano, Clockwork/linear dilaton:
structure and phenomenology, JHEP 06 (2018) 009 [arXiv:1711.08437] [INSPIRE].

A.D. Martin, W.J. Stirling, R.S. Thorne and G. Watt, Parton distributions for the LHC,
Eur. Phys. J. C 63 (2009) 189 [arXiv:0901.0002] INSPIRE].

M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC,
Nucl. Phys. B 453 (1995) 17 [hep-ph/9504378] [INSPIRE].

ATLAS collaboration, Search for new phenomena in high-mass diphoton final states using
371 of proton—proton collisions collected at \/s = 13 TeV with the ATLAS detector, Phys.
Lett. B 775 (2017) 105 [arXiv:1707.04147] inSPIRE].

ATLAS collaboration, Search for new high-mass phenomena in the dilepton final state using
36 fb=1 of proton-proton collision data at \/s = 13 TeV with the ATLAS detector, JHEP 10
(2017) 182 [arXiv:1707.02424] [INSPIRE].

— 36 —


https://doi.org/10.1103/PhysRevD.28.772
https://doi.org/10.1103/PhysRevD.28.772
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D28,772%22
https://doi.org/10.1016/0550-3213(89)90214-9
https://doi.org/10.1016/0550-3213(89)90214-9
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B320,135%22
https://doi.org/10.1088/1126-6708/2001/06/019
https://arxiv.org/abs/hep-ph/0105021
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0105021
https://doi.org/10.1103/PhysRevD.60.107505
https://arxiv.org/abs/hep-ph/9907218
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9907218
https://doi.org/10.1016/S0370-2693(00)00099-X
https://doi.org/10.1016/S0370-2693(00)00099-X
https://arxiv.org/abs/hep-ph/9911457
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9911457
https://doi.org/10.1007/JHEP03(2015)099
https://arxiv.org/abs/1410.1873
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.1873
https://doi.org/10.1103/PhysRevD.62.045015
https://arxiv.org/abs/hep-ph/9911406
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9911406
https://inspirehep.net/search?p=find+J+%22Front.Phys.,69,1%22
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1103/PhysRevD.86.023506
https://arxiv.org/abs/1204.3622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.3622
https://doi.org/10.1088/1475-7516/2016/12/029
https://arxiv.org/abs/1609.09079
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.09079
https://doi.org/10.1007/JHEP05(2017)036
https://arxiv.org/abs/1701.08134
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.08134
https://arxiv.org/abs/1509.02910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.02910
https://doi.org/10.1140/epjc/s10052-017-4963-x
https://arxiv.org/abs/1607.02373
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.02373
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1016/0550-3213(91)90438-4
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B360,145%22
https://doi.org/10.1007/JHEP06(2018)009
https://arxiv.org/abs/1711.08437
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.08437
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://arxiv.org/abs/0901.0002
https://inspirehep.net/search?p=find+EPRINT+arXiv:0901.0002
https://doi.org/10.1016/0550-3213(95)00379-7
https://arxiv.org/abs/hep-ph/9504378
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9504378
https://doi.org/10.1016/j.physletb.2017.10.039
https://doi.org/10.1016/j.physletb.2017.10.039
https://arxiv.org/abs/1707.04147
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.04147
https://doi.org/10.1007/JHEP10(2017)182
https://doi.org/10.1007/JHEP10(2017)182
https://arxiv.org/abs/1707.02424
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.02424

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

J. Hisano, K. Ishiwata, N. Nagata and M. Yamanaka, Direct Detection of Vector Dark
Matter, Prog. Theor. Phys. 126 (2011) 435 [arXiv:1012.5455] [INSPIRE].

XENON collaboration, First Dark Matter Search Results from the XENONI1T Experiment,
Phys. Rev. Lett. 119 (2017) 181301 [arXiv:1705.06655] [INSPIRE].

FERMI-LAT and DES collaborations, Searching for Dark Matter Annihilation in Recently
Discovered Milky Way Satellites with Fermi-LAT, Astrophys. J. 834 (2017) 110
[arXiv:1611.03184] NSPIRE].

FERMI-LAT collaboration, Fermi-LAT Observations of High-Energy v-Ray Emission Toward
the Galactic Center, Astrophys. J. 819 (2016) 44 [arXiv:1511.02938] [INSPIRE].

FERMI-LAT collaboration, The Fermi Galactic Center GeV Excess and Implications for
Dark Matter, Astrophys. J. 840 (2017) 43 [arXiv:1704.03910] InSPIRE].

AMS collaboration, Precision Measurement of the (et + e~) Flux in Primary Cosmic Rays
from 0.5 GeV to 1 TeV with the Alpha Magnetic Spectrometer on the International Space
Station, Phys. Rev. Lett. 113 (2014) 221102 [INSPIRE].

AMS collaboration, Antiproton Flux, Antiproton-to-Proton Flux Ratio and Properties of
Elementary Particle Fluzes in Primary Cosmic Rays Measured with the Alpha Magnetic
Spectrometer on the International Space Station, Phys. Rev. Lett. 117 (2016) 091103
[INSPIRE].

Y. Bai, M. Carena and J. Lykken, Dilaton-assisted Dark Matter, Phys. Rev. Lett. 103 (2009)
261803 [arXiv:0909.1319] [INSPIRE].

- 37 —


https://doi.org/10.1143/PTP.126.435
https://arxiv.org/abs/1012.5455
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.5455
https://doi.org/10.1103/PhysRevLett.119.181301
https://arxiv.org/abs/1705.06655
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.06655
https://doi.org/10.3847/1538-4357/834/2/110
https://arxiv.org/abs/1611.03184
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.03184
https://doi.org/10.3847/0004-637X/819/1/44
https://arxiv.org/abs/1511.02938
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.02938
https://doi.org/10.3847/1538-4357/aa6cab
https://arxiv.org/abs/1704.03910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.03910
https://doi.org/10.1103/PhysRevLett.113.221102
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,113,221102%22
https://doi.org/10.1103/PhysRevLett.117.091103
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,117,091103%22
https://doi.org/10.1103/PhysRevLett.103.261803
https://doi.org/10.1103/PhysRevLett.103.261803
https://arxiv.org/abs/0909.1319
https://inspirehep.net/search?p=find+EPRINT+arXiv:0909.1319

	Introduction
	Theoretical framework
	A short summary on warped extra-dimensions
	Adding the radion
	The DM relic abundance in the freeze-out scenario

	Scalar DM annihilation cross-section in RS
	Virtual KK-graviton exchange and on-shell KK-graviton production
	Virtual radion exchange and on-shell radion production

	Experimental bounds and theoretical constraints
	LHC bounds
	Direct and indirect Dark Matter detection
	Theoretical constraints

	Achieving the DM relic abundance in RS
	KK-graviton contributions
	Radion contribution
	Remarks about other setups

	Conclusions
	Spin 2 massive graviton
	Feynman rules
	Graviton Feynman rules
	Radion Feynman rules

	Decay widths
	KK-graviton decay widths
	Radion decay widths

	Annihilation DM cross section
	Annihilation through and into gravitons
	Annihilation through and into radions


