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We propose a setup for the origin of dark matter based on spacetime with a warped extra dimension and
three branes: the Planck brane, the TeV brane, at a (few) TeV scale ρT , and a dark brane, at a (sub-)GeV
scale ρ1 ≲ 100 GeV ≪ ρT . The Standard Model (SM) is localized in the TeV brane, thus solving the Higgs
hierarchy problem, while the dark matter χ, a Dirac fermion with mass mχ < ρ1, is localized in the dark
brane. The radion, with mass mr < mχ , interacts strongly [∼mχ=ρ1 ∼Oð1Þ] with dark matter and very

weakly (∼mfρ1=ρ2T ≪ 1) with the Standard Model matter f. The generic conflict between the bounds on its
detection signatures and its proper relic abundance is avoided as dark matter annihilation is p-wave
suppressed. The former is determined by its very weak interactions with the SM and the latter by its much
stronger annihilation into radions. Therefore, there is a vast range in the dark matter’s parameter space
where the correct relic abundance is achieved consistently with the existing bounds. Moreover, for the dark
brane with ρ1 ≲ 3 GeV, a confinement/deconfinement first order phase transition, where the radion
condensates, produces a stochastic gravitational wave background at the nanohertz frequencies, which can
be identified with the signal detected by the Pulsar Timing Array (PTA) experiments. In the PTAwindow,
for 0.15≲mχ ≲ 2 GeV the relic abundance is reproduced and all constraints are satisfied.
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I. INTRODUCTION

The Standard Model (SM) of electroweak and strong
interactions is known to be the theory of all nongravita-
tional interactions, such as has been tested by a plethora of
experimental results at high- and low-energy accelerators
[1]. Still, some theoretical [as, e.g., the ultraviolet (UV)
sensitivity, also known as hierarchy problem, or the
generation of the baryon asymmetry of the Universe]
and observational problems [mainly the existence of dark
matter (DM) in the Universe] lead us to believe that the SM
is not the ultimate theory, but there should be some beyond
the SM (BSM) physics. A very successful attempt to solve
the hierarchy problem, i.e., understanding the hierarchy
between the Planck and TeV scales, was done by Randall
and Sundrum (RS) [2] where a warped extra dimension
with two branes (one at the Planck scale and another one at
the TeV scale) is proposed such that the warp factor can

relate both scales. In its simplest version [2] the SM is
living in the TeV brane (thus solving the Higgs hierarchy
problem) while gravitons, as well as the radion fixing the
brane distance [3], are propagating in the five-dimensional
(5D) bulk. In fact, the RS construction opens up the
possibility of having an arbitrary number of branes [4,5],
such that the warp factor can “explain” the natural mass
scale for matter living in the brane. This setup is a perfect
playground for hidden sectors, in cases where matter is
localized on the TeV brane, as the former localized on
different branes interacts with the SM only via gravitational
interactions.
On the other hand, the presence of DM has been

confirmed by many observations at galactic and subgalactic
scales, including DM Milky Way and nearby galaxies and
halos. In fact DM is observed in gravitationally collapsed
structures of size ranging from the smallest known galaxies
[6] to galaxies of size comparable to the Milky Way [7], to
groups and clusters of galaxies [8]. Candidates of DM are
electrically neutral and colorless BSM particles, while our
knowledge on DM requires that they have most likely
gravitational interactions. There have been a plethora of
candidates to DM, many of them, such as weakly inter-
acting massive particles (WIMPs), getting their relic
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density by interactions with the SM which freeze-out for
temperatures below the DM mass. A typical example of
such WIMPs being the lightest neutralino in super-
symmetric theories with R parity [9]. In those cases, direct
and indirect detection, as well as detection in accelerator
searches are putting very severe bounds on the DM mass
and annihilation cross sections that jeopardize the corre-
sponding theories, with a generic conflict between the
correct relic abundance and those bounds. A way out for
this problem is of course assuming that the DM is a SM
singlet, with only gravitational interactions to the SM. Once
again, RS-like theories offer an ideal framework for this
class of theories as fields localized on different branes have
only gravitational interactions, and thus possible inter-
actions with SM fields, such as, e.g., the Higgs portal,
can easily be suppressed by gravitational interactions. A
DM model along these lines is proposed in this paper. The
dominant channel responsible for the dark matter relic
abundance is its annihilation into radions, whereas its
detection signatures depend on its interactions with the SM.
Following the previous comments, we propose in this

paper a dark sector (DS) localized in the dark brane (DB) at
the infrared (IR) scale ρ1 ≲ 100 GeV ≪ ρT , where ρT is the
scale of the SM brane. In particular, the dark brane contains
the DM. As for the nature of the DM, the most natural
possibility is assuming a Dirac fermion χ with the require-
ment that its mass ismχ ≲ ρ1, as a Planckian tree-level mass
is warped down to ∼ρ1 in the four-dimensional theory.
Smaller masses (mχ ≪ ρ1) are natural in the sense of ‘t
Hooft [10], as the symmetry of the theory increases in the
limit mχ → 0, and the mass parameter mχ renormalizes
multiplicatively.1

We find that in the range ρ1 ≲ 100 GeV the relic
abundance Ωχh2 ¼ 0.12 can be obtained for
mχ < Oð10Þ GeV. It is worth noticing that, recently, the
pulsar timing array (PTA) experiments detected a stochastic
gravitational wave background [11–14] which was proven
to be consistent with that generated by the first order
confinement/deconfinement phase transition triggered by a
dark brane at the extreme IR, for scales in the interval
ρ1 ∈ ½10 MeV; 3 GeV� [15]. In our model, this range
of ρ1 is consistent with the correct value of Ωχh2 for
mχ < 2 GeV. The existence of a DB in the range
10 MeV≲ ρ1 ≲Oð10Þ GeV, with an intermediate brane
at TeV scales, is then an extremely appealing possibility to
accommodate a dark sector as this setup provides a natural
and universal explanation for the hierarchy problem, the
nature of dark matter, and for the PTA measurements.
We will be agnostic about the origin of the mass term,

as it can be simply an invariant Dirac mass or can have
its origin in some spontaneous symmetry breaking in the

DS localized in the DB and some Yukawa coupling. For
computational sake, we will just consider in this paper the
case of a Dirac mass as LDS ¼ −mχ χ̄χ, assuming in that
way that only dark matter lives on the DB; but, of course,
the dark sector can be more complicated and be responsible
of keeping the radion (strongly coupled to the dark brane)
in thermal equilibrium.
In summary, in this paper we propose to study the dark

matter capabilities of a setup permitting to generate the
stochastic gravitational wave signal at nanohertz frequen-
cies recently detected by the PTA collaborations. In a
nutshell, the main achievements and novelties of our model
are as follows:

(i) The dark matter only has direct gravitational inter-
actions, with radions and massive Kaluza-Klein
(KK) gravitons. These interactions are strong
enough that annihilations into radions can trigger
the observed relic density after the nonrelativistic
freeze-out, while annihilations into gravitons are
kinematically forbidden.

(ii) Gravitons interact with the SM much more weakly
than radions that are the mediators between dark
matter and the SM. Interactions of radions with the
SM are weak enough to evade constraints from
direct measurements, but not so weak as to also
evade the neutrino floor, leaving a wide window for
future experimental detection, mainly from nuclear
recoil.

(iii) The dark matter mass window, 0.15–2 GeV, con-
sistent with all direct and indirect constraints, will
allow one to sharply concentrate the experimental
searches.

(iv) A spin-off is the prediction of a light radion that, in
the future, can be detected in present fixed-target
experiments, as NA64 at the CERN Super Proton
Synchrotron (SPS) and the future Light Dark Matter
Experiment (LDMX) at SLAC.

(v) Finally, assuming that the PTA experiments have
found a new physics scale around the GeV
(ΛPTA ∼ GeV), our proposal would suggest that
the new scale can be provided by the dark matter
sector in our Universe.

As a last remark, we would like to acknowledge that
similar constructions, where different sectors are localized
in different branes, interacting via 5D KK gravitons and
radions, but which differ from ours, have been worked out
in the past. Starting with two brane scenarios, in Ref. [16]
the DM along the Higgs field are localized in the TeV
brane, matter fields are in the Planck brane, and gauge and
gravity fields in the bulk. In this model, the DM mass is
linked to the electroweak symmetry breaking mechanism.
In Ref. [17] the SM and the (scalar) DM are in the TeV
brane, while only KK gravitons and radions propagate in
the bulk. Dark matter is assumed in the 1–10 TeV range.
A similar construction with two branes and with both the

1Of course, this property is not shared by the (perhaps) simpler
possibility of DM being a real scalar S.
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SM and (scalar and fermionic) DM in the IR brane is
studied in Refs. [18,19]. Dark branes have also been
proposed at the GeV or sub-GeV scales in a number of
papers. In Ref. [20] the SM and DM are in the Planck brane
(thus not solving the hierarchy problem), while in the bulk
there is a Uð1ÞX, under which the DM is charged, and there
is a dark brane at the GeV scale. Moving now to a three
branes case, in Ref. [21] matter is in the Planck brane, the
Higgs is in the TeV brane to cope with the hierarchy
problem, and the scalar S DM is localized in the dark brane
at the GeV scale. Note, however, that this three branes DM
model differs from ours in many important aspects and, in
particular, in the mechanism of the relic abundance
production (see the discussion in Sec. VII for more details).
The outline of the paper is as follows. In Sec. II we

present the 5D setup, including the gravitational sector and
the couplings of the graviton KK and the radion modes to
matter in the different branes. In Sec. III we compute the
DM annihilation into SM fields, which is subleading
because the wave functions of KK gravitons and radions
are very suppressed at the TeV brane, while the dominant
DM annihilation channel is in a pair of radions. This
annihilation channel keeps DM and radions in thermal
equilibrium until the correct relic abundance is achieved.
In Sec. IV we confront the theory with direct detection
experiments, for nuclear recoil experiments for
mχ ≳ 1 GeV, and for electron recoil in atomic targets for
mχ ≲ 1 GeV. In both cases we find wide regions, in the
plane ðmχ ; mrÞ, where the model is allowed by experi-
mental data, avoiding the neutrino floor region in the case
of DM-nucleon experiments. Accelerator searches, in
particular, those based in events with missing energy
and a Z boson at the LHC and those based on fixed-target
experiments, as NA64 at CERN, are considered in Sec. V.
Indirect constraints are considered in Sec. VI, including
those from big bang nucleosynthesis, Planck constraints on
cosmic microwave backgrounds, and indirect measure-
ments from cosmic rays. Finally, our outlook and summary
is given in Sec. VII.

II. THE SETUP

In this section we will describe the setup for the DM and
the dark sector. We will consider a warped extra dimension
[2] with three branes [4,5,15,22]: the UV brane B0, at the
scaleMPl, the TeV brane BT , at the TeV scale, and an extra
IR brane B1, the dark brane, at some scale ρ1 < TeV. The
distance between the UV and TeV branes is fixed by the
vacuum expectation value (VEV) of a (heavy) radion RðxÞ,
which appears as an excitation of the 5D metric, with a
mass mR ≪ TeV, while the distance between the TeV and
IR branes is fixed by the VEVof a (light) radion rðxÞ, with a
mass mr ≪ ρ1 [5]. The warp factor takes care of the
hierarchy between the Planck and TeV scales, so that we
will assume the SM is localized in the TeV brane, such that
the Higgs hierarchy problem is solved. In a similar way the

natural scale for possible scalars in the IR brane B1 would
be fixed by the warp factor at the scale ρ1, so the
corresponding hierarchy problem, from the TeV scale to
the scale ρ1, would be equally solved by the theory warp
factor. Wewill not consider other options as they will not be
relevant for our work here.
We will now assume there is a dark sector that is

localized in the IR brane. The DS should contain a
candidate to DM, χ, with a mass mχ , which we are here
assuming to be a Dirac fermion.2 The fermion χ is supposed
to be odd under some discrete symmetry, e.g., Z2, so that it
is stable, while its relic abundance is fixed by its inter-
actions with the radion rðxÞ as we will see in the next
section. Models of DM in DSs have already been consid-
ered, e.g., in Refs. [20,23–27]. As the SM is localized in the
TeV brane and the DS in the IR brane we will just consider
the 5D interval between both branes and will not be
concerned for the interval between the Planck and the
TeV branes.
As stated above, the distance between the TeV and IR

branes is fixed by the VEV of a light radion rðxÞ. The
interaction between the IR and TeV branes is mediated by
the gravitational sector propagating in the 5D bulk between
both branes: the radion zero mode rðxÞ, as well as the
radion KK modes rnðxÞ, and the graviton zero mode hμνðxÞ
and its KK excitations hnμνðxÞ. All of them will mediate the
interaction between the SM and the DM χ and, of course,
also all other possible fields in the DS.
The 5D theory between the TeV and IR branes is AdS5

with some deformation, which is required to fix the brane
distance and give a nonvanishing mass to the radion rðxÞ. It
is usual to consider the theory determined by a super-
potential WðϕÞ [28], where ϕ is the Goldberger-Wise
stabilizing field [3], which transforms the second order
Einstein equations in a system of first order ones. These
theories have been extensively studied [29–35] so that here
we will just give some elements that are necessary for the
calculation of the couplings in this paper.
The 5D theory depends on the superpotential choice, as it

does its predictions for the different spectra and couplings.
Here we will consider the simplest example of a polynomial
superpotential that reproduces the AdS5 behavior in the
UV, thus solving the hierarchy problem, while spoiling
conformal invariance in the IR, thus allowing us to fix the
interbrane distance and giving a mass to the corresponding
radion. We will use then the superpotential

WðϕÞ ¼ 6kM3
5 þ ukϕ2; ð2:1Þ

where k is a mass dimension parameter that fixes the
5D curvature of the anti–de Sitter (AdS) space, M5 is the
5D Planck scale, the 5D field ϕ has mass dimension 3=2,

2Other possibilities would be worth investigating, such as, e.g.,
the case of a scalar or a Majorana fermion.
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and u is a dimensionless parameter that creates the back-
reaction on the metric and which is responsible for the
value of the radion mass, so it is usually assumed to be
u ≪ 1. Moreover, the field ϕ is fixed to have values vα by a
potential at each brane Bα.
The solution to the 5D Einstein equations in conformal

coordinates, i.e., such that the line element is

ds2 ¼ e−2AðzÞηMNdxMdxN; ð2:2Þ

where z is the extra dimension in conformal coordinates,
and ηMN is the 5D flat metric. The metric in the region
between the TeV and IR branes is such that

AðzÞ ≃ logðkzÞ; ϕðzÞ ¼ vTðz=zTÞu; ð2:3Þ

so that, in the limit u → 0, ϕ becomes a constant and the
metric becomes AdS5. The TeV and IR branes are located
along the extra dimension at z ¼ zT and z ¼ z1, respec-
tively, and the corresponding brane scales are defined as
ρT ≡ 1=zT and ρ1 ≡ 1=z1.

A. The graviton sector

The graviton appears from the metric tensor fluctuation
hμνðz; xÞ that we will consider in the transverse traceless
gauge: ∂μhμν ¼ hμμ ¼ 0. The graviton coupling to matter
fields localized in a brane Bb is given by

L ¼ −
1

M3=2
5

hμνðzb; xÞTμν
b ðxÞ; ð2:4Þ

where Tμν
b ðxÞ is the energy-momentum tensor of the matter

localized in the Bb brane. The equations of motion of the
graviton sector can be found, e.g., in Ref. [36]. There is a
massless zero mode, the physical graviton, while the mass
spectrum of the KK modes is given by mh

n ¼ xnρ1, where
xn is determined by the condition J1ðxnÞ ¼ 0, where JnðxÞ
is a Bessel function of the first kind. As for the wave
function of KK modes, after making the expansion in
modes

hμνðz; xÞ ¼
X∞
n¼0

hðnÞðzÞhðnÞμν ðxÞ; ð2:5Þ

one easily finds that the (massless) graviton zero mode is
constant hð0ÞðzÞ ¼ ffiffiffi

k
p

while the KK modes are given by

hðnÞðzÞ ¼
ffiffiffi
k

p ðkzÞ2
kz1

J2ðmh
nzÞ

J2ðmh
nz1Þ

: ð2:6Þ

The coupling of all modes to the Bb brane is then written as

L¼−
1

MPl
hð0Þμν ðxÞTμν

b ðxÞ−
X∞
n¼1

cnðzbÞhðnÞμν ðxÞTμν
b ðxÞ;

cnðzbÞ¼
1

MPl

ðkzbÞ2
kz1

J2ðxnzb=z1Þ
J2ðxnÞ

; ð2:7Þ

where we see that the coupling of the 4D graviton is
suppressed as 1=MPl so that its contribution to our present
calculation can be safely neglected.
The coupling then to the B1 brane is given,

taking zb ¼ z1, by
3

cnðz1Þ ¼
kz1
MPl

¼ k
MPl

1

ρ1
≡ 1

ρ̃1
ð2:8Þ

(which implicitly provides the definition of the scale ρ̃b in
terms of the brane scale ρb), so that it is stronger than the
coupling of KK gravitons to the TeV brane in usual
Randall-Sundrum models where the suppression is
∼1=ρT [2], with ρT ≃ few TeV. As for the coupling to
the BT brane, assuming that zT=z1 ≪ 1we can approximate
the coupling cnðzTÞ as

cnðzTÞ ≃
x2n

8J2ðxnÞ
1

ρ̃T

�
ρ̃1
ρ̃T

�
3

; and

cnðzTÞcnðz1Þ ¼
x2n

8J2ðxnÞ
ρ̃21
ρ̃4T

: ð2:9Þ

In particular, for the first KK mode we have x1 ¼ 3.83 so
that

c1ðzTÞ≃4.6
1

ρ̃T

�
ρ̃1
ρ̃T

�
3

; and c1ðz1Þc1ðzTÞ≃4.6
1

ρ̃2T

�
ρ̃1
ρ̃T

�
2

:

ð2:10Þ

For computing the interesting cross sections, the KK
gravitons with momentum q will propagate between the BT
and B1 branes with a propagator [37]

PðnÞ
μν;ρσðqÞ ¼ i

q2 − ðmh
nÞ2

�
1

2
tμρtνσ þ

1

2
tμσtνρ −

1

3
tμνtρσ

�
;

tμν ¼ ημν −
qμqν
ðmh

nÞ2
; ð2:11Þ

connecting the DM in the brane B1 with ordinary matter in
the brane BT . The propagator satisfies the traceless and
transverse conditions ½ημν; ηρσ; qμ; qν; qρ; qσ�Pμν;ρσðqÞ ¼ 0.
As the SM is in the BT brane, with energy-momentum

tensor Tμν
SM, and the dark sector is in the B1 brane, with

energy-momentum tensor Tμν
DS, the exchange of KK

3Given the relation between k and N in the holographic theory,
we have considered the range 1≲ k=MP ≲ 0.1, such that
ρ1 ≲ ρ̃1 ≲ 10ρ1.
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gravitons between both branes, with momentum transfer
q2 ≪ m2

n, generates the effective Lagrangian given by

Leff ¼
X∞
n¼1

an

�
TSM
μν T

μν
DS−

1

3
TSMTDS

�
; whereT¼ημνTμν;

an¼
cnðzTÞcnðz1Þ

ðmh
nÞ2

; ð2:12Þ

with, generically, dimension-8 operators. The coefficient an
is very suppressed. In particular, for the first mode n ¼ 1, it
turns out to be

a1 ¼ 0.32ðk=MPlÞ−2
1

ρ̃4T
: ð2:13Þ

B. The radion sector

The radion corresponds to scalar perturbations Fðz; xÞ of
the metric as

ds2 ¼ e−2AðzÞ½e−2Fðz;xÞημνdxμdxν þ ð1þ 2Fðz; xÞÞ2dz2�:

The wave function of the KK modes of the light radion can
be decomposed as

Fðz; xÞ ¼
X∞
n¼0

fðnÞðzÞrðnÞðxÞ: ð2:14Þ

In this subsection we will consider the dynamics of
the lightest radion rð0ÞðxÞ≡ rðxÞ with a 5D profile
fð0ÞðzÞ≡ fðzÞ. This mode is massless if we neglect the
backreaction on the metrics. However, after the backreaction
is taken into account, it can get a mass m2

r ≪ m2
n. The value

of the radion mass mr depends on the superpotential
parameter u, as well as the details of the B1 localized
potential (in particular, on its second derivative) fixing the
value of ϕ at the particular value v1. A computation of the
radion mass in the stiff wall limit leads to [38]

mr

ρ1
¼ 2ffiffiffi

3
p v̄1u: ð2:15Þ

We have introduced the dimensionless quantity v̄α≡
vα=M

3=2
5 , where α refers to the Bα brane. Therefore, we

can consider the radion mass as a free parameter.
The coupling of the radion zero mode to matter localized

on the Bb brane is given by

L ¼ −crðzbÞrðxÞTbðxÞ; ð2:16Þ

where TbðxÞ ¼ ημνT
μν
b . In the limit of small backreaction,

after imposing that the field rðxÞ is canonically normalized,
one gets that the function crðzbÞ is given by [39]

crðzbÞ ¼
�

k
MPl

�
1ffiffiffi
6

p z2b
z1

; ð2:17Þ

so that the couplings to the BT and B1 branes are given by

crðzTÞ¼
ρ̃1ffiffiffi
6

p
ρ̃2T

; crðz1Þ¼
1ffiffiffi
6

p
ρ̃1
; and crðzTÞcrðz1Þ¼

1

6ρ̃2T
:

ð2:18Þ

Notice that, for ρ1 ≪ ρT, the product of couplings
crðzTÞcrðz1Þ is much larger than the corresponding product
for graviton exchange in Eq. (2.10). In particular, the
coupling to the SM brane BT is suppressed with respect
to the Randall-Sundrum case by the factor ρ1=ρT, while the
coupling to the DS brane is enhanced by the same factor.
As in the previous section, the exchange of a radion

between the SM and DS branes generates the effective
Lagrangian

Leff ¼ arTSMTDS; where ar ¼ −
crðzTÞcrðz1Þ
q2 −m2

r
; ð2:19Þ

that will be used in Sec. IV. Note that for the radion
exchange case we have kept the associated propagator in
the general expression of the effective coupling, while we
are neglecting the radion width Γr which will be shown to
be much smaller than the radion mass Γr=mr ≪ 1.
However, in the following, when it comes to ar we
will use either the small or the large momentum transfer,
q2 ≪ m2

r or q2 ≫ m2
r, respectively.

III. THE RELIC ABUNDANCE

In a previous paper, see Ref. [15], we have seen that, in
the presence of the B1 brane, at the scale ρ1, there is a
confinement/deconfinement first order phase transition at
the nucleation temperature Tn ≲ ρ1, followed by a reheat-
ing at a temperature TRH ≳ ρ1. In the language of the AdS/
CFT correspondence, the radion and the dark sector
(including the dark matter χ) localized in the IR brane
appear as composite states of a holographic conformal
theory [15,35,40]. It was proven that the first order phase
transition triggers a stochastic gravitational wave back-
ground which can be fitted with the recent observations
from the PTA collaborations [11–14] with nanohertz
frequencies, provided that ρ1 ∈ ½10 MeV; 3 GeV�, which
translates into the bound ρ̃1 ≲ 30 GeV.
In this section we investigate the relic abundance of the

fermion χ under the assumption that it freezes out from the
thermal bath consisting of the SM fields and the radion. In
Sec. VI we verify this assumption by solving the coupled
Boltzmann equations for the χ and the radion.
For the case of a thermal relic χ its energy density today

Ωχ depends on its annihilation rate hσvi as (see, e.g.,
Ref. [41])
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Ωχh2 ≃ 0.1
xFO
10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
65

g�ðTFOÞ

s
hσvic
hσvi ; with

hσvic ∼ 1.09 × 10−9 GeV−2; ð3:1Þ

where xFO ¼ mχ=TFO ≫ 1 (typical of a cold thermal relic)
is provided by the freeze-out temperature such that
hσvinχðTFOÞ ≃HðTFOÞ, HðTÞ is the Hubble parameter,
and g�ðTÞ is the effective number of relativistic degrees of
freedom at the temperature T.
The thermal average hσvi is defined as

hσvi¼ 1

8m4
χTK2

2ðmχ=TÞ
Z

∞

4m2
χ

ðs−4m2
χÞ

ffiffiffi
s

p
K1ð

ffiffiffi
s

p
=TÞσðsÞds;

ð3:2Þ

where v is the Møller velocity,4 and Eq. (3.2) is valid for
T ≲ 3mχ [42].

A. Annihilation into SM fields

Both the radion and the KK gravitons connect the DM,
localized in B1, with the SM localized in the BT brane, so in
principle both (or, in particular, the radion and the first—the
lightest—KK mode graviton) can mediate the annihilation
of DM into SM fields. Even if both couplings to the B1

brane are equal, crðz1Þ ¼ c1ðz1Þ ¼ 1=ρ̃1, the coupling of
the graviton to the BT brane is much smaller than that of the
radion, c1ðzTÞ=crðzTÞ ≃ ð3ρ̃1=ρ̃TÞ2 ≪ 1 for ρ̃1 ≪ ρ̃T.
Moreover, given that we are using radion masses much
smaller than the DM mass mr ≪ mχ , the ratio of annihi-
lation cross sections into the SM mediated by KK gravitons
is further suppressed with respect to that mediated by the
radion by a factor ∼ð2mχ=mh

1Þ4 ≃ 7 × 10−2ðmχ=ρ1Þ4 ≪ 1,
as we are considering mχ < ρ1. We will then consider the
radion as the messenger between the DM and the SM.
As the radion couples to the SM through the trace of the

energy-momentum tensor, the first candidates for DM
annihilation into SM fields are fermions f with mass
mf ≲mχ=2 and massless gauge bosons, the gluon, and
the photon. In fact the coupling between χ in the B1 brane
and the radion grχχ̄ and the coupling between the SM
fermion f in the BT brane and the radion grff̄ are such that

grχχ̄grff̄ ≃
mχmf

6ρ̃2T
: ð3:3Þ

The total cross section for the process χχ̄ → ff̄ mediated
by the radion is given by

σf¼ðgrχχ̄grff̄Þ2
1

16πs

�
1−

4m2
χ

s

�
1=2�

1−
4m2

f

s

�3=2

; ð3:4Þ

where we have neglected the radion mass, as s ≫ m2
r .

Using Eq. (3.4) and s > 4m2
χ , mf < mχ=2, we find an

upper bound for σf as

σf ≲ 10−4
m2

χ

ρ̃4T
: ð3:5Þ

Using now the considered range ρ̃T ≳ 1 TeV and, e.g.,
mχ ≲ 2 GeV, and v < 1, we get the upper bound
σfv ≲ 4 × 10−16 GeV−2, much smaller than the value of
σcv in Eq. (3.1).
Moreover, the radion is also coupled to the gluon with an

effective vertex given by [43]

L ¼ crðzTÞ
�
b3 −

1

2

X
q

F1=2ðτqÞ
�
α3
8π

rðxÞGμνGμν; ð3:6Þ

where τq ¼ 4m2
q=s, F1=2ðτqÞ is defined in Ref. [43] and has

the property that F1=2ðτqÞ ≃ −4=3, for τq ≫ 1, and
F1=2ðτqÞ ≃ 0 for τq ≪ 1. We are considering in Eq. (3.6)
the contribution of quarks that can be integrated out at the
scale Q ∼mχ , while we are neglecting the contribution
from lighter quarks. The first term, where b3 ¼ 7
is the QCD β function in the SM, comes from the QCD
trace anomaly, while the second term comes from a loop
diagram with virtual quarks. Notice that the coefficient
b3 − 1

2

P
q F1=2ðτqÞ, in the limit τq → ∞, is the

QCD β function in the presence of 6 − nf flavors, after
decoupling nf flavors of quarks with masses mq > mχ ,
bQCD ≃ 7þ 2nf=3. Hereafter, we will consider the running
of α3ðsÞ at the scale s ≃ 4m2

χ .
Using the effective Lagrangian (3.6), the cross section

for the process χχ̄ → gg is given by

σg¼
1

32π

�
mχffiffiffi
6

p
ρ̃2T

�
b3−

1

2

X
q
F1=2ðτqÞ

�
α3
8π

�
2
�
1−

4m2
χ

s

�
1=2

;

ð3:7Þ

which is also bounded, for s > 4m2
χ, by

σg <
m2

χ

192πρ̃4T

�
bQCDα3
8π

�
2

≃ 2 × 10−4
m2

χ

ρ̃4T
; ð3:8Þ

where we have used α3 ≲ 1, so that the condition
σgv ≪ σcv is always fulfilled.
The radion is also coupled to photons with an effective

vertex given, in the limit m2
f=s → ∞, by [43]

4The Møller velocity v (sometimes referred to as vMøl) is
related to the velocities of incoming particles v⃗1 and v⃗2 by
v ¼ ðjv⃗1 − v⃗2j2 − jv⃗1 × v⃗2j2Þ1=2 [42], where v⃗i ≡ p⃗i=Ei. In the
center-of-mass system v ¼ 2jv⃗1j.
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L ¼ crðzTÞbQED
αEM
8π

rðxÞFμνFμν; ð3:9Þ

where bQED ¼ −32=3þ 16nu=9þ 4nd=9þ 4nl=3 is the
QED β function after decoupling nu flavors of up quarks,
nd flavors of down quarks, and nl flavors of leptons, with
masses mf > mχ . A similar calculation for the process
χχ̄ → γγ gives for the cross section σγ ≃ 10−4σg.
As DM annihilation cross sections into SM fields are

dominated by the ff̄, such that mf ≲mχ=2, and gg
channels, we can then evaluate the temperature at which
χ decouples from the SM. We will define the interaction
rate as Γχ ¼ hPf σfvþ σgvinχ , where the number density
for a gas of fermions is5

nχðTÞ ¼
1

2π2
gχm2

χT
X∞
n¼1

ξnþ1

n
K2ðnmχ=TÞ; ð3:10Þ

with ξ ¼ −1, while KnðzÞ is the modified Bessel
function of the second kind. This formula has the following
relativistic ðmχ ≪ TÞ and nonrelativistic ðmχ ≫ TÞ
limits:

nχðTÞ ≃
8<
:

3
4

ζð3Þ
π2

gχT3 mχ ≪ T;

gχ
�
mχT
2π

�
3=2

e−mχ=T mχ ≫ T:
ð3:11Þ

We have considered the general expression (3.10) in the
computation of the decoupling temperature. The decou-
pling temperature Td is then obtained from the equation

	X
f

σfvþ σgv



nχðTdÞ ≃HðTdÞ ¼ π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
g�ðTdÞ
90

r
T2
d

MPl
:

ð3:12Þ

The decoupling temperature Td, for which Γχ ≃H, is
exhibited in the left panel of Fig. 1.
We can see that, for mχ < 10 GeV, the DM decouples

from the SM at temperatures Td < 1.2 GeV, well in the

nonrelativistic regime. In the right panel of Fig. 1 we show
the dependence of the thermal-averaged cross section at the
decoupling temperature Td. We can see there that its typical
values are such that hσvi ≪ hσvic. From the previous
analysis we can deduce that, when χ goes out of equilib-
rium with the SM, its annihilation cross section is too small
to generate the observed cosmic DM density observed
today. The DM would then overclose the Universe unless
there is another more efficient annihilation channel. As we
will see now, this happens with the rr channel.

B. Annihilation into radions

On top of the arguments presented in the previous
section, here we also assume that the DM mass is mχ ≪
mh

n suggesting that DM cannot annihilate nonrelativistically
into KK gravitons. Therefore, given the interaction between
χ and the radion field r, there is an additional channel where
the DM annihilates into a couple of radions, χχ̄ → rr, with
the exchange of the fermion χ in the t and u channels, as
well as the contact interaction term χ̄χrr, and we are here
assuming that radions are in thermal equilibrium with the
SM plasma. Unlike the previous channels into SM fields,
the global square coupling is sensitive to the value of ρ1.
The Feynman rules for the relevant couplings in the process
χðpÞ þ χ̄ðp0Þ → rðkÞ þ rðk0Þ, where p, p0 (k, k0) are
incoming (outcoming) momenta, are [17]

χðpÞχ̄ðqÞrðkÞ ⇒ −i
8mχ−3ð=pþ=qÞ

2
ffiffiffi
6

p
ρ̃1

≡−i
5mχ−3=q

2
ffiffiffi
6

p
ρ̃1

;

χðqÞχ̄ðp0Þrðk0Þ ⇒ −i
8mχ−3ð=q−=p0Þ

2
ffiffiffi
6

p
ρ̃1

≡−i
5mχ−3=q

2
ffiffiffi
6

p
ρ̃1

;

χ̄ðpÞχðp0ÞrðkÞrðk0Þ ⇒ þi
mχ

12ρ̃21
; ð3:13Þ

where q ¼ p − k and the Dirac equation has been used
for on-shell fermions =puðpÞ ¼ mχuðpÞ and antifermions
v̄ðp0Þ=p0 ¼ −mχ v̄ðp0Þ.
The total cross section is given by

σr ¼
1

1152π

m2
χ

ρ̃41

�
z2ð7 − 11z2 − z4Þ

ð1 − z2Þ tanh−1
� ffiffiffiffiffiffiffiffiffiffiffiffi

1 − z2
p �

þ 169 − 121z2 − 8z4

8ð1 − z2Þ1=2
�

with z2 ¼ 4m2
χ

s
; ð3:14Þ

where we are neglecting the radion mass mr.
6

In the left panel of Fig. 2 we display, in the plane ðmχ ; ρ̃1Þ,
contour lines of the freeze-out parameter xFO ¼ mχ=TFO

corresponding to the radion production χχ̄ → rr, where we
can check that the freeze-out happens when the χ fermion is
nonrelativistic, as xFO ≫ 1. The prediction for Ωχh2 ¼ 0.12
is provided by the red solid line. In general, we see that the
correct relic abundance is obtained formχ ≪ ρ̃1. The origin of
the laggedness of contour lines is the “jump” in the number of
degrees of freedom around the QCD phase transition. In
particular, the region wherewe can explain the PTA datawith

5Notice that for a gas of bosons the number density is given
by Eq. (3.10) with ξ ¼ 1.

6Note that, since the two radions in the final state are identical,
we integrate θ in the interval 0 ≤ θ ≤ π=2.
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the confinement/deconfinement phase transition, for
ρ1 ≲Oð10Þ GeV [15], is shown in the right panel of
Fig. 2, where we get the correct cosmic density for very
light χ masses, mχ ≲ 2 GeV, with a freeze-out temperature
xFO ≃Oð20Þ, where the DM is nonrelativistic.
Some analytical expressions can be obtained by consid-

ering an expansion of σr for s ≃ 4m2
χ,

σr ≃
803

55296π

mχ
ffiffiffi
s

p
ρ̃41

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − z2

p
; ð3:15Þ

which means χχ̄ annihilation is in p waves, together
with a nonrelativistic expansion of hσviFO, i.e., for

xFO ≫ 1. One finds

xFOðmχ ; ρ̃1Þ ≃
1

2
W0

�
5

2

�
803

12

�
2

π
g2χ
g�

M2
Plm

6
χ

ð4πρ̃1Þ8
�
; ð3:16Þ

while the dependence of ρ̃1 with mχ (at constant xFO or
Ωχh2) is

ρ̃1ðmχ ; xFOÞ ≃
1

4

�
803

ffiffiffi
5

p

24π7=2
e−xFOffiffiffiffiffiffiffi
xFO

p gχffiffiffiffiffi
g�

p MPlm3
χ

�1=4
; ð3:17Þ

ρ̃1ðmχ ;Ωχh2Þ ≃
1

6

�
803

16π

ffiffiffiffiffi
g�

p
m2

χΩχh2

chσvic
W−2

−1

�
−
4π

3

�
πg�Ωχh2ffiffiffiffiffi

90
p

cgχMPlhσvicmχ

�
2=3��1=4

; ð3:18Þ

FIG. 2. Left: contour levels of the freeze-out parameter xFO ¼ mχ=TFO (black solid lines) and the cosmic density Ωχh2 ¼ 0.12 (red
solid line) for the radion production χχ̄ → rr in the plane ðmχ ; ρ̃1Þ. Right: detail of the left panel in logarithmic coordinates, for the
region where the confinement/deconfinement phase transition leading to the PTA signal takes place.

FIG. 1. Left: decoupling temperature Td of χ from the SM as a function of mχ . Right: thermal average of cross sections at the
decoupling temperature as a function of mχ . We have considered the channels χχ̄ → ff̄, χχ̄ → gg, and χχ̄ → γγ, as functions of mχ . For
every value of mχ the cross section

P
f σf is dominated by the heaviest fermion such that mf < mχ . We have used ρ̃T ¼ 1 TeV.
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respectively. In these formulas c ¼ 0.1
ffiffiffiffiffi
65

p
=10 ≃ 0.08062,

and WnðzÞ is the nth branch of the Lambert function. The
behavior is approximately ρ̃1ðmχ ; xFOÞ ∝ m3=4

χ and

ρ̃1ðmχ ;Ωχh2Þ ∝ m1=2
χ , as it can be seen in Fig. 2, where

the numerical results using the full expression of σr given
by Eq. (3.14) are shown.
Notice that our DM candidate, the χ fermion, looks like a

WIMP particle, but much lighter and much more weakly
coupled than typical WIMPs. In fact, while the DM has a
typical scale around the GeV scale, the interactions
triggering thermal equilibrium with the radion are much
weaker than those for heavier WIMPs. This possibility has
been studied in full generality in Ref. [44] where the
corresponding DM particle was named WIMPless (and the
mechanism dubbed “WIMPless miracle”), and a super-
symmetric model with gauge mediated supersymmetry
breaking was proposed as a possible example. In our case,
the weakness of the interactions between DM and the
radion is generated by a small hierarchy between the
parameters mχ and ρ̃1. While the warp factor, responsible
for generating the TeV scale at the brane BT where the SM
is living, will naturally generate, for matter living in the B1

brane, the scale ρ1, values of mχ ≪ ρ̃1 are also natural7 as
the fermion mass renormalizes multiplicatively and the
radiatively corrected mass is proportional to the original
tree-level one.
Two comments now about the annihilation cross section

of DM χ̄χ → rr:
(i) One could think about the possible annihilation

channel into two KK gravitons as χ̄χ → GnGn.
However, this channel is closed for the values of

the DM mass mχ < mh
1 ≃ 3.8ρ1 that we are consid-

ering in Fig. 2.
(ii) We have considered the case of a light radion, which

is consistent with the validity of the effective theory
where all KK modes are integrated out. In particular,
we are considering mr ≪ mχ , which takes into
account normal annihilation of χ̄χ → rr and thus
excludes the case of forbidden DM [45] for which
mr ∼mχ , and which requires a certain amount of
mass tuning. The line mr ¼ mχ is shown in Fig. 3
where we can see it lies near the neutrino floor or in
the forbidden region from DM direct detection in
DM-nucleon cross sections.

In the next section we will analyze how direct detection
experiments can be in agreement with our theory. As we
will see the radion mass mr that was irrelevant for the
annihilation processes, as s ≫ m2

r , will be relevant for the
direct detection processes that take place at a momentum
transfer q such that q2 ≪ m2

r .

IV. DIRECT DETECTION

As we have seen in previous sections, after integrating
out the graviton KK modes and the radion zero mode we
get an effective Lagrangian that depends on the energy-
momentum tensors Tμν

SM and Tμν
DS. Regarding the possibility

for direct DM detection based on its scattering off
nuclei, we will be concerned with quarks Q localized on
the BT brane. In Sec. III we have focused on the range
ρ̃1 < 100 GeV (as we are imposing in our setup
the hierarchy ρ1 ≪ ρT) and the corresponding bound
mχ < 10 GeV that follows from the requirement of the
correct relic abundance. In this and the following section,
we discuss the detection bounds.
The energy-momentum tensor for a Dirac field with

mass m is given by

FIG. 3. Left: Lower bound (red region) in the plane ðmχ ; mrÞ from the spin-independent DM-nucleon cross section, for heavy DM
mχ ≳ 0.3 GeV, as a function of DMmass. The blue region stands for the neutrino coherent scattering limit. Data taken from Ref. [1]. We
have considered ρ̃T ¼ 1 TeV, and we have assumed N ¼ proton, although the neutron case would lead to an indistinguishable figure. In
the region mr > 2mχ the decay r → χχ̄ can take place. Right: The same from the DM-electron scattering, for light DM mχ ≲ 1 GeV.

7This would not be the case for a scalar particle living in the IR
brane.
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Tμν ¼ ∂
νψ̄

∂L
∂ð∂μψ̄Þ

þ ∂L
∂ð∂μψÞ

∂
νψ − ημνL with

L ¼ i
2
ψ̄γμ∂μψ −

i
2
∂μψ̄γ

μψ −mψ̄ψ : ð4:1Þ

Therefore, on shell (after applying the Dirac equation on
on-shell fermions) one gets

Tμν ¼ i
2
ψ̄γðμ∂νÞψ −

i
2
∂
ðνψ̄γμÞψ ¼ iψ̄γðμ∂νÞψ ;

ημνTμν ¼ T ¼ mψ̄ψ ; ð4:2Þ

where the brackets indicate symmetrization between the
involved indices, and in the last equality we have integrated
by parts and used that the coupling is with a symmetric and
transverse tensor hμνðzb; xÞ. In particular, the energy-
momentum Tμν

χ and Tμν
Q are given by Eq. (4.2) with the

corresponding fermion fields χ, with mass m ¼ mχ , and Q,
with m ¼ mQ.

A. Graviton mediation

For KK graviton mediation the effective Lagrangian is
given by Eq. (2.12), which becomes now

Leff ¼ −
X∞
n¼1

fanðχ̄γμ∂νχÞðQ̄γμ∂νQÞ þ bnðχ̄χÞðQ̄QÞg;

bn ¼
an
3
mχmQ: ð4:3Þ

As we are considering only dimension-6 operators, we
will disregard the first term in Eq. (4.3), and we will
concentrate on the second term which is a dimension-6
operator. As we will see, this term is subleading with
respect to the similar effective Lagrangian induced by the
exchange of the radion. For instance, for n ¼ 1, its Wilson
coefficient, is given by

b1 ¼ 0.1ðk=MPlÞ−2
mχmQ

ρ̃4T
: ð4:4Þ

B. Radion mediation

For radion mediation, the effective Lagrangian is given
by Eq. (2.19), which becomes now

Leff ¼brðχ̄χÞðQ̄QÞ with br¼armχmQ¼mχmQ

6m2
r ρ̃

2
T

ð4:5Þ

and has a similar structure to the second term in Eq. (4.3).
In fact, the radion contribution will dominate the graviton
contribution provided that the condition

mr ≪ 1.3ðk=MPlÞρ̃T ¼ 1.3ρT ð4:6Þ

holds, which is always true. Therefore, from here on we
will only consider the effective Lagrangian from the radion
exchange in Eq. (4.5).

C. Bounds from nuclear recoil

We will assume that ρ̃T is OðTeVÞ, and for concreteness
we will fix it as ρ̃T ≃ 1 TeV, while mχ ≲ ρ1 will be
considered as a free parameter in the mass range
0.5≲mχ ≲ 10 GeV. Finally mr ≪ ρ1 (for the consistency
of the effective theory) is also considered as a free
parameter.
The quark level should be matched into nucleon N level

operators. In particular, the matrix elements of the light
quarks (Q ¼ u; d; s) can be computed in chiral perturbation
theory as [46]

hNjmQQ̄QjNi ¼ mNf
ðNÞ
TQ

ð4:7Þ

for N ¼ p; n given by the proton (p) or neutron (n). As for
the heavy quarks Q ¼ c, b, t they connect to the gluons
inside the nucleon through a loop diagram, giving

hNjmQQ̄QjNi ¼ 2

27
mN

�
1 −

X
Q¼u;d;s

fðNÞ
TQ

�
; ð4:8Þ

where fðpÞTu
¼ 0.018ð5Þ, fðpÞTd

¼ 0.027ð7Þ, fðpÞTs
¼ 0.037ð7Þ

andfðnÞTu
¼0.013ð3Þ,fðnÞTd

¼ 0.040ð10Þ,fðnÞTs
¼ 0.027ð7Þ [47]

determine the WIMP coupling fN to nucleons, given by

fN
mN

¼
X

Q¼u;d;s

br
mQ

fðNÞ
TQ

þ 2

27

�
1 −

X
Q¼u;d;s

fðNÞ
TQ

� X
Q¼c;b;t

br
mQ

;

ð4:9Þ

which, using (4.5), gives for protons and neutrons

fN
mN

¼ cN
mχ

6m2
rρ

2
T
; cp ≃ 0.29; cn ≃ 0.28: ð4:10Þ

Then, theDM-nucleon spin-independent total cross section is
given by

σN ¼ μ2Nχ

π
f2N; ð4:11Þ

where μNχ is the reduced DM-nucleon mass μNχ ¼
mNmχ=ðmN þmχÞ.
Equation (4.11) can be compared with the experimental

limits on direct detections. In the range 3≲mχ ≲ 10 GeV
the strongest bounds are given by XENON1T [48,49],
in the range 1≲mχ ≲ 3 GeV by DarkSide50 [50], and
for 0.5≲mχ ≲ 1 GeV by CREST [51]. The dependence
σN ∝ 1=m4

r implies that for a given value of mχ the
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experimental upper limits set a lower bound for the radion
mass. This bound is displayed in the pink region in Fig. 3
(left panel).
The blue region corresponds to the upper bound imposed

by the neutrino floor to be detected by direct searches. The
region inside the blue region is not excluded, but direct
detection there seems most problematic as it is inside the
neutrino floor. Values of the radion mass mr ≲mχ turn out
to be compatible with the current experimental limits when
considering mχ ≲ 2 GeV.
Notice that the actual value of ρ1 (or, similarly, the value

of ρ̃1) is not involved in Fig. 3, only the value of mχ , which
is naturally smaller than ρ1. Moreover, in this paper we are
considering the region where mr ≲mχ , so that, in particu-
lar, the decay of the radion into χχ̄ cannot take place. This
region is favored by direct measurements, as we can see
from the left panel of Fig. 3 where the region mr > 2mχ

(for which the decay r → χχ̄ could take place) is inside the
neutrino floor area and thus inaccessible to future experi-
mental data. In this way considering the region
ρ1 ≲ 3 GeV, in agreement with data from PTA experi-
ments, an absolute upper bound can be set on the radion
mass as mr ≲ 3 GeV.
Finally, on top of the lower bound from the experimental

data on direct detection in Fig. 3, there is another theoretical
lower bound from the validity of the effective field theory
we are using in Eq. (4.5). Direct detection is through the
reaction χðpÞ þN ðkÞ → χðp0Þ þN ðk0Þ, where N ðkÞ is a
nucleus, initially at rest, and χðpÞ the nonrelativistic dark
matter, with respective momenta

k¼ðmN ; 0⃗Þ; p¼
�
mχþ

p2

2mχ
;p⃗

�
; with p⃗¼mχ v⃗χ ;

ð4:12Þ

where p≡ jp⃗j and vχ ≃ 10−3. Given the momentum trans-
fer q ¼ p − p0 ¼ k0 − k, energy conservation implies that

pq cos θ
mχ

¼ q2

2μχN
; ð4:13Þ

where θ is the scattering angle in the laboratory frame.
From Eq. (4.13) we get the maximum value for the
momentum transfer q as

qmax ¼
2pμχN
mχ

¼ 2μχN vχ ≃ 2mχvχ ; ð4:14Þ

where in the last equality we have used mN ≫ mχ .
Therefore, the validity of the effective theory is guaranteed
provided that mr > qmax ≃ 2 × 10−3mχ . The region where
this condition is not satisfied is shown in the left panel of
Fig. 3, which shows that the region where the effective

theory is not valid was already excluded by direct mea-
surements, so it has no impact in the model bounds.

D. Sub-GeV dark matter

Dark matter detection via nuclear recoil becomes much
less effective for sub-GeV DM masses due to the much
smaller recoil energies. This will happen, in particular, for
the region where the first order confinement/deconfinement
phase transition in the B1 brane generates the stochastic
gravitational wave background that could be detected
by PTA collaborations, Ref. [15], i.e., the region
ρ1 ∈ ½10 MeV; 10 GeV�, which implies from the right
panel of Fig. 2 that mχ ≲ 2 GeV.
One possible avenue that has been undertaken is to

replace the nucleon recoil by electron recoil in an atomic
target. The electron is in a bound state with a typical wave
function size RBohr ¼ 1=αme and a typical momentum
∼1=RBohr ¼ αme. A rough approximation is considering
scattering off free electrons χðpÞ þ eðkÞ → χðp0Þ þ eðk0Þ,
and given that the electron velocity ve ∼ α is much larger
than the DM velocity vχ, kinematics leads to the momen-
tum transfer q, with q0 ≪ q ≃ μχeve ≃meα, for mχ ≫ me.
For the previous scattering process the spin-averaged
matrix element jMj2 is given by

jMj2¼m2
χm2

e

9ρ̃4T

ðm2
χ−q2=4Þðm2

e−q2=4Þ
ðq2−m2

rÞ2

≃
m2

χm2
e

9ρ̃4T

ðm2
χþq2=4Þðm2

eþq2=4Þ
ðq2þm2

rÞ2
≃
m2

χm2
e

9ρ̃4T

m2
χm2

e

ðq2þm2
rÞ2

;

ð4:15Þ

where in the last equality we are using that
q2 ≃ α2m2

e ≪ m2
e ≪ m2

χ . Following the model-independent
approach of Ref. [52] we parametrize the elastic scattering
cross section σ̄e as

μ2χe
16πm2

χm2
e
jMðqÞj2≡ σ̄eF2

DMðqÞ; FDMðqÞ¼
α2m2

eþm2
r

q2þm2
r

:

ð4:16Þ

A contour plot of the upper bounds on σ̄e in the plane
ðmχ ; mrÞ, from experimental measurements, is shown in the
right panel of Fig. 3. The value of σ̄e is constrained by
experimental results that are putting upper bounds on it
depending on the DM mass. In particular, for 50 MeV≲
mχ ≲ 1 GeV it is mainly constrained by XENON1T
data [53], for 15 MeV≲mχ ≲ 50 MeV by DarkSide
data [54], and for 1 MeV≲mχ ≲ 15 MeV by SENSEI
at SNOLAB data [55]. For mr > αme the average cross
section is approximated by
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σ̄e ≃
μ2eχ

144πρ̃4T

m2
χm2

e

m4
r

; ð4:17Þ

and the considered experimental data are those for which
the form factor with FDMðqÞ ≃ 1 does apply. This is the
region shown in the right panel of Fig. 3. On the other hand,
for mr < αme the average cross section is approximated by

σ̄e ≃
μ2eχ

144πρ̃4T

m2
χ

α4m2
e
; ð4:18Þ

and the corresponding experimental data are those for
which the form factor FDMðqÞ ≃ αme=q2 applies. In this
region, not shown in Fig. 3, the experimental results do not
impose any constraints in the parameter space of our model.

V. ACCELERATOR SEARCHES

The most promising dark matter searches at the LHC
in our model are in events with missing energy and a
Z boson [56]. This analysis is based on an effective
Lagrangian description between quarks and DM, which
in our model is given by

L ¼ mq

Λ3
ðq̄qÞðχ̄χÞ; where Λ ¼

�
6m2

r ρ̃
2
T

mχ

�
1=3

: ð5:1Þ

Using now data from ATLAS on ZZ production [57], a
lower bound onΛ is found as a function ofmχ . In the region
1≲mχ ≲ 10 GeV the 90% CL bound Λ≳ 0.1 GeV is
found [56]. For the model we are considering in this paper,
it translates into the bound

mr ≳ 10−5 GeV

�
mχ

1 GeV

�
1=2

; ð5:2Þ

which is easily satisfied and consistent with all other
constraints.
In the mass range me ≲mr ≲mp the fixed-target experi-

ments can provide the advantage of high-energy particle
beams and relatively large intensities: in particular, the
NA64 experiment at CERN SPS [58] and the future LDMX
experiment at SLAC [59]. Here we can apply the search for
a new generic boson, the radion in our case, particle
produced in the 100 GeV electron scattering off nuclei
ðA; ZÞ, e−Z → e−Zr, followed by its invisible decay in the
NA64 experiment at CERN. Defining the coupling of the
radion to electron

L ¼ −greerēe with gree ¼
meρ̃1ffiffiffi
6

p
ρ̃2T

; ð5:3Þ

andNA64data [58,60], onecanput upper boundson thevalue
of the coupling gree: gree ≲ 5 × 10−6 for mr ¼ 10−3 GeV,
and gree ≲ 3 × 10−3 for mr ¼ 1 GeV [60]. In our case

gree¼2×10−10
�

ρ̃1
1GeV

�
<2×10−9; for ρ̃1<10GeV;

ð5:4Þ

well below the experimental bounds.
Notice that the previous bounds are based on the

assumption that the radion field decays invisibly, i.e., in
the channel r → χχ̄, which is kinematically allowed if
mr > 2mχ , with a width

Γr→χχ̄ ¼
mrm2

χ

48πρ̃21

�
1 −

4m2
χ

m2
r

�
3=2

: ð5:5Þ

Otherwise, if mr < 2mχ , the invisible channel is forbidden
and the radion decays into SM particles. In particular, it will
decay into the SM fermions f, such that mr > 2mf, with a
width

Γr→ff̄ ¼ Nc

mrρ̃
2
1m

2
f

48πρ̃4T

�
1 −

4m2
f

m2
r

�3=2

; ð5:6Þ

while lighter fermion contributions are highly suppressed.
For values of mr ≳ ΛQCD, i.e., in the perturbative regime of
the strong coupling, the radion can also decay into a couple
of gluons r → gg with a width

Γr→gg ¼
α23b

2
QCD

192π3
m3

r ρ̃
2
1

ρ̃4T
; ð5:7Þ

while the decay channel into photons r → γγ,

Γr→γγ ¼
α2QEDb

2
QED

1536π3
m3

r ρ̃
2
1

ρ̃4T
; ð5:8Þ

has a much smaller width and will be neglected.
In the region mr < 2mχ the radion decays into SM fields

with a width Γr ≃
P

f Γr→ff̄ þ Γr→gg and a lifetime
τr ¼ 1=Γr. If the radion decays inside the detector,
the previous bounds are not valid as they are obtained
under the assumption of an invisible decay of the radion
and the searches are based on detection of missing energy.
However, if the radion decays outside the detector, there is
no difference from the detection point of view, with the case
where it decays invisibly, as there will be missing energy
inside the detector and the bounds do apply. As the decay
volume in the NA64 detector is a cylinder of 30 cm
diameter and 15 m length, we can conservatively impose
the condition that cτr > 15 m for the radion to decay
outside the detector. The region of the parameters in the
plane ðmr; ρ̃1Þ is exhibited in Fig. 4. Below the solid line in
Fig. 4 the radion decays outside the detector.
Finally notice that, using the rough bounds mf <

mr=2 < ρ̃1=2 < 50 GeV, we can set the absolute bound
Γr=mr < 10−7, although in most of the considered
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parameter space Γr=mr can be orders of magnitude smaller,
which justifies neglecting the width Γr in all previous
calculations where the radion is propagating.

VI. INDIRECT CONSTRAINTS

DM annihilation can leave observable traces today and
over the early history of the Universe. As χχ̄ annihilates
into leptons, quarks, neutrinos, and massless gauge bosons,
we can now compare the model predictions with a number
of experimental data measured today and in the early
Universe. As a general trend, indirect detection puts strong

lower bounds on the DM mass when the detected annihi-
lation channels coincide with the annihilation channels
giving rise to the DM cosmic abundance. However, as we
will see, in our model annihilation channels involved in
indirect detection are very inefficient and do not involve the
annihilation channel, i.e., χχ̄ → rr, giving rise to the relic
abundance, allowing one to avoid bounds from indirect
detection.
In the following, we first study the cosmological

evolution of the ðχ; rÞ system interacting with the thermal
bath of the SM particles by solving the coupled Boltzmann
equations. Among other things, this is a useful verification
of the relic abundance calculation of the fermion χ,
presented in Sec. III.

A. Radion cosmology and bounds from big bang
nucleosynthesis

In our model we are considering a light radion,
which can decay into SM channels whenever its decay
rate Γr is larger than the expansion rate of the Universe, i.e.,
Γr > H. The SM fields are in equilibrium with the thermal
plasma through gauge and Yukawa interactions. The last
fermion to come to thermal equilibrium is eR, which comes
into equilibrium with eL at the temperature T ∼ 80 TeV
[61] due to the tiny Yukawa coupling, via the reac-
tions h ↔ eLeR.
The Boltzmann equation for the radion number density

nr and the DM number density nχ can be written as

dnr
dt

þ 3Hnr ¼ −hΓri½nr − neqr � − hσrvi½n2r − ðneqr Þ2� þ hσχvi
�
n2χ −

�
neqχ
neqr

�
2

n2r

�
;

dnχ
dt

þ 3Hnχ ¼ −hσχvi
�
n2χ −

�
neqχ
neqr

�
2

n2r

�
− hσ0vi½n2χ − ðneqχ Þ2�; ð6:1Þ

where Γr ≡ Γðr → SMþ SMÞ ∼ c2r is the decay width defined in Eqs. (5.6)–(5.8),8 while the different cross sections
are defined as σr ≡ σðrr → SMþ SMÞ ∼ c4r , σχ ≡ σðχχ̄ → rrÞ ∼ c0r and σ0 ≡ σðχχ̄ → SMþ SMÞ ∼ c2r , where we have
indicated the respective orders in the small parameter crðzTÞ. Equation (6.1) can be written changing variables to Yr ¼ nr=s
and x ¼ mr=T as

dYr

dx
¼ −γx½Yr − Yeq

r � − λr
x2

½Y2
r − ðYeq

r Þ2� þ λχ
x2

�
Y2
χ −

�
Yeq
χ

Yeq
r

�
2

Y2
r

�
;

dYχ

dx
¼ −

λχ
x2

�
Y2
χ −

�
Yeq
χ

Yeq
r

�
2

Y2
r

�
−
λ0
x2

½Y2
χ − ðYeq

χ Þ2�;

γ ≃ γ0
K1ðxÞ
K2ðxÞ

; γ0 ≡ Γr

HðmrÞ
; λi ¼

sðmrÞhσivi
HðmrÞ

; ði ¼ r; χ; 0Þ; ð6:3Þ

FIG. 4. Contour line of cτr ¼ 15 m in the plane ðmr; ρ̃1Þ.
Below the solid line cτr > 15 m.

8hΓri stands for the thermally averaged (time dilation included) decay width of the radion, which is computed as

hΓri ¼
P∞

n¼1
1
n K1ðnxÞP∞

n¼1
1
n K2ðnxÞ

Γr; ð6:2Þ

where Γr is the decay width of the radion at rest.
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where HðmrÞ is the Hubble constant at the temperature
T ¼ mr, Y

eq
r;χ are given by Eq. (3.10), and the cross sections

σi (i ¼ r; χ) are p-wave suppressed so that σi ¼ σ0i v, and
hσivi ¼ 2σ0i þOðx2Þ for x ≪ 1. Taking into account the
dependence of the different couplings on the small para-
meter crðzTÞ, we find the following hierarchy among them:
λr ≪ λ0, γ0 ≪ λχ . For instance, we can consider the differ-
ent cross section and decay rates into SM fermions f. In
this case we find that, parametrically in terms of the
couplings,

λ0
λχ
≃grff;

γ0
λχ
≃grff;

λr
λχ
≃g2rff; grff¼

mfρ1ffiffiffi
6

p
ρ2T

; ð6:4Þ

where, e.g., for f ¼ e the coupling is typically gree ≃ 10−10.
Similar suppression is obtained for processes into photons
and/or gluons.
Some analytical properties of Eq. (6.3) are in order

before exploring it numerically. For very high tempera-
tures (x ≪ 1), for which λi=x2 ≫ 1, the equilibrium
solution Yr ¼ Yeq

r and Yχ ¼ Yeq
χ follows. Concerning the

radion abundance, for a value of the temperatureTr;FO ≃mχ ,
corresponding to xr;FO ¼ mr=Tr;FO < 1, such that

λr=x2r;FO ≲Oð1Þ (i.e., xr;FO ≳ λ1=2r ), the radion goes out of
equilibrium while χ stays in equilibrium as λχ=x2r;FO ≫ 1.
One can easily check using numerical analysis that the
solutionwe find is an attractor, which does not depend on the
initial conditions as the equilibrium solution for Yr ¼ Yeq

r is
quickly recovered,9 while a constant out of equilibrium
solution Yχ ¼ constant is found for the χ distribution. In
fact, one can define a value of x ¼ xFI at which Yr ≃ Yeq

r by
the condition γxFI ≃Oð10Þ (where we are conservatively
considering 1 order of magnitude) which fixes a freeze-in
temperature TFI for the radion to reenter the equilibrium
distribution. The thermal history for the radion is then the
following: (i) it makes part of the SM plasma at very high
temperatures until it freezes out from the SM at Tr;FO, and
(ii) finally it reenters thermal equilibrium with the SM
plasma at the temperature TFI.
A plot of xFI as a function of γ0 is provided in Fig. 5 from

the condition γxFI ¼ 10. We now have two extreme
possibilities:

(i) If γ0 ≫ 1, then xFI ≃
ffiffiffiffiffiffiffiffiffiffiffiffi
20=γ0

p
≪ 1.

(ii) If γ0 ≪ 1, then xFI ¼ 10=γ0 ≫ 1.
We can then a posteriori validate our previous result on

the value of Ωχh2 provided that TFI > TFO: Yχ will go to a
constant value at the freeze-out temperature TFO, obtained
in previous sections under the assumption that Yr ¼ Yeq

r . In
fact, this condition can be implemented by imposing that
the parameter σ ≳ 1, where σ is defined as

σ ≡ TFI

TFO
≈

24mr

xFIðγ0Þmχ
: ð6:5Þ

A contour line plot of σ is shown in Fig. 6 for
mr > 1 MeV (left panel) and for mr < 1 MeV (right
panel). We can see that for mr > 1 MeV (left panel) the
condition σ ≳ 1 is fulfilled, while for mr < 1 MeV (right
panel) it turns out that σ ≪ 1. Furthermore, it is interesting
to notice that, as we have checked in the numerical analysis,
for mr > 1 MeV (that is, for TFI > TFO) the value of x at
which Yχ stabilizes is insensitive to the value of σ and the
whole region, where mr > 1 MeV, can provide a good
value of the relic density Ωχh2. This is illustrated in Fig. 7.
This is because, in that range of mr, the dark matter χ is in
thermal equilibrium through its interaction with the
radions, due to a large cross section σχ . Finally, at the
temperature TFO, χ will freeze-out and will go out of
equilibrium with radions, stabilizing the value of Yχ .
Concerning the mr < 1 MeV region, as we will see, is
almost excluded by big bang nucleosynthesis (BBN)
conditions.
Notice that, for mr > 1 MeV, from the left panel of

Fig. 6 it follows that TFI ≳ Td, being Td the temperature at
which χ and the SM go out of equilibrium, i.e., for which
λ0=x2ðTdÞ ≪ 1. Still, as λχ ≫ λ0 the parameter λχ=x2ðTdÞ
is not negligible, the density Yχ does not stabilize yet at
T ¼ Td and decreases roughly as its equilibrium distribu-
tion, until the freeze-out temperature TFO < Td for which
λχ=x2ðTFOÞ ≪ 1. Then at the temperature TFO the distri-
bution Yχ , provided by Eq. (6.3), goes to a constant
value ∼2x2ðTFOÞ=λχ .
To solve numerically the system (6.3) we can make

some approximations. Given that λr ≪ λχ and λ0 ≪ λχ one
can safely neglect the corresponding terms in (6.3).
Moreover, even if the cross section σχ is p-wave sup-
pressed, the inequality λ0 ≪ λχ holds as, for the cross

FIG. 5. The freeze-in temperature xFI as a function of γ0.

9This behavior, with reequilibration at low temperature, was
already observed for the case of axionlike particles a from the
three-point function a ↔ γγ [62].
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section σ ≃ aþ bv we can write hσvi ≃ aþ 6b=x and,
given that the freeze-out temperature is TFO ≃mχ=24 and
xðTFOÞ ≃ 24mr=mχ , the p-wave suppression λχ is much
milder than the λ0 suppression from the factor crðzTÞ. We
then can write λχ ≡ λ0χ=x and approximate the Boltzmann
equations as

dYr

dx
¼ −γx½Yr − Yeq

r � þ λ0χ
x3

�
Y2
χ −

�
Yeq
χ

Yeq
r

�
2

Y2
r

�
;

dYχ

dx
¼ −

λ0χ
x3

�
Y2
χ −

�
Yeq
χ

Yeq
r

�
2

Y2
r

�
: ð6:6Þ

The relation between the constant value of Yχ when it
freezes out and the relic density is given by

Ωχ ¼
ρχ;0
ρcrit;0

¼ mχYχs0
3M2

PH
2
0

; ð6:7Þ

where s0 ¼ ð2π2=45ÞgS;0T3
0 is the entropy density today,

with today’s entropy number of degrees of freedom
gS;0 ¼ 3.94, T0 ≃ 2.4 × 10−13 GeV the Universe temper-
ature today, and H0 ≃ 2.14 × 10−42h GeV the Hubble
constant today. Putting numbers we get

Ωχh2 ≃
3.5 × 1011

λ0χ

�
mr

GeV

��
mr

mχ

�
: ð6:8Þ

The numerical solution of Eqs. (6.6) is provided in Fig. 7
for mr ¼ 0.2 GeV, mχ ¼ 1 GeV, γ0 ¼ 102, λ0χ ¼ 1011 (left
panel), and γ0 ¼ 1, λ0χ ¼ 1011 (right panel). As anticipated,

FIG. 6. Left: contour lines of σ for mr > 1 MeV. We also display the area of mχ ≲ 2 GeV where PTA results can be reproduced
(shadowed gray area) and the forbidden region for the spin-independent DM-nucleon cross section (shadowed red area). The dashed
straight lines correspond to fixed values ofmr=mχ . Right: contour plots of σ formr < 1 MeV. The forbidden region for the DM-electron
collision is also displayed (shadowed red area).

FIG. 7. Left: plots of YrðxÞ and YχðxÞ from Eq. (6.6) for γ0 ¼ 102 and λ0χ ¼ 1011. Right: the same as in the left panel for γ0 ¼ 1. We
have considered mχ ¼ 1 and mr ¼ 0.2 GeV in both panels.
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we can see from the results of both panels of Fig. 7 that the
stabilizing value of the distribution Yχ is not very sensitive
to the actual value of γ0, i.e., on the value of σ. More details
of this solution will be given elsewhere.

1. The region mr > 2me

In the region mr > 2me ≃ 1 MeV, the radion can decay
into photon, gluon, and fermion channels, the former being
subleading in the total width Γr. As we already have
discussed, the condition mr > 1 MeV is sufficient for
getting the correct relic abundance of χ. Moreover, BBN
is not perturbed provided that τr ≲ 10 sec [63]. In par-
ticular, in the region where the radion width is dominated
by the channel r → ee, the radion lifetime is given by

τr ≃ 0.4 sec

�
ρ̃T
TeV

�
4
�
GeV
ρ̃1

�
2
�
MeV
mr

�
; ð6:9Þ

which easily satisfies the BBN bound. For heavier radion
masses, where heavier fermions contribute to the decay
r → ff̄, as the width is proportional to mrm2

f the radion
lifetime is shorter and the BBN bound is more easily
satisfied, as it is shown in Fig. 8 (left panel), from where it
follows that the BBN constraint holds in the region
where mr ≳ 1 MeV.

2. The region mr < 2me

For mr < 2me the process r → γγ is given in (5.8) for

which bQED ≃ 7
90

m2
r

m2
e
, which is zero to leading order for

m2
r=m2

e ≪ 1, and we have only considered the leading
effect from nondecoupling of the electron.
Contour lines of the parameter σ are plotted in the right

panel of Fig. 6, where it is shown that σ ≪ 1. In that case
the second term of the right-hand side of Eq. (6.6) gets
larger than the equilibrium values, and the solution

provided in previous sections should be revised. We plan
to further study this situation in a different work. In this
region we find that xFI ≫ 1, or TFI ≪ mr, so that processes
as SMþ SM → r are kinematically forbidden, preventing
the radion from reentering thermal equilibrium.
In the region mr < 1 MeV the total decay width of the

radion is dominated by the channel r → γγ so that the BBN
condition τr < 10 sec is never fulfilled, and thus it is
excluded by the BBN constraint. Still the radion can be
stable if its lifetime is larger than the universe lifetime, so it
behaves as a stable particle, as it is shown in the right panel
of Fig. 8 which shows that in our model τr > τuniverse for
mr ≲ 10 keV. In that case, the radion could be an extra
candidate to dark matter (see, e.g., Ref. [64] for earlier
work). This possibility will be further pursued elsewhere.
Nevertheless, we complete this section with a discussion of
cosmological bounds on such light long-lived radions.
Radions keep thermal equilibrium until the freeze-out

temperature Tr;FO, at which they go out of equilibrium. The
latter is expected to be Tr;FO ≫ mr, as the coupling λr is
suppressed as c4r . Radions then will contribute to the
effective number of neutrinos ΔNeff , with an amount that
depends on the actual value of the decoupling temper-
ature Tr;FO.
If Tr;FO is such that me < Tr;FO < mμ (like the neutri-

nos), they will contribute to the effective number of degrees
of freedom as ΔNeff ¼ 4=7 ¼ 0.57, which is ∼3.4σ away
from the Planck value Neff ¼ 2.99� 0.17 [65].10 This

FIG. 8. Left: contour lines of τr= sec for mr > 1 MeV. The dashed straight lines correspond to fixed values of mr=mχ . Right: contour
lines of τr=τuniverse for mr < 1 MeV.

10Of course, if T0 < Tr;FO < me, this scenario would change
the standard cosmology as the standard relation between the
photon and neutrino temperature Tγ ¼ ð11

4
Þ1=3Tν would change to

Tγ ¼ ð13
4
Þ1=3Tν because the radion is in thermal equilibrium at

T ¼ me and the radion heats photons by the reaction rr → γγ at
decoupling, which gives the relation Tγ ¼ ð3

2
Þ1=3Tr. Using

Eq. (6.12) leads to ΔNeff ¼ 4
7
ð13=6Þ4=3 ≃ 1.6, a value flagrantly

excluded by Planck data.
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number gets smaller if radions go out of equilibrium before
neutrinos decouple at Tν ∼ 1 MeV and, in particular, at
temperatures higher than the mass of some SM particles. In
this case, when the temperature goes below the mass of the
SM particle, the latter becomes nonrelativistic and annihi-
lates, so that neutrinos, photons, and the rest of the
relativistic SM particles, but not radions, would have been
heated, and the contribution would be ΔNeff ≪ 4=7. The
simplest example was given in Ref. [66] for Tr;FO > mμ,
when neutrinos are still in thermal equilibrium, but the
decoupling temperature of the radion is below the mass of
the other SM particles and/or scales. Then for T ≳mμ the
relativistic degrees of freedom in thermal equilibrium are
ðγ; e; μ; νÞ, which correspond to gth�;S ¼ 57=4. For T ≲mμ

the relativistic degrees of freedom in thermal equilibrium
are ðγ; e; νÞ, corresponding to gth�;S ¼ 43=4. Imposing con-
servation of entropy per comoving volume sa3, and
aTr ¼ constant,

57

4
ðaTrÞ3¼

43

4
ðaTνÞ3 ⇒ Tν¼

�
57

43

�
1=3

Tr≃1.10Tr;

ð6:10Þ

so that the temperature of the relativistic SM particles in
thermal equilibrium ðγ; e; νÞ is increased with respect to the
radion temperature. Let us stress that in this process aTν

increases while aTr remains constant. In this way the
contribution of the radion to the effective number of
neutrinos is ΔNeff ¼ 4

7
ð43=57Þ4=3 ≃ 0.39, a result which

is ∼2.4σ away from the observed value.
If the radion decoupling happens at a temperature higher

than the mass of several SM particles, when the latter
become nonrelativistic and annihilate, they heat the temper-
ature of the SM plasma, but not the radion temperature, and
again conservation of entropy would lead to ΔNeff ≪ 1.
The same phenomenon happens if there are phase
transitions. As an example, we can assume that
Tr;FO > TQCD ≃ 150 MeV, for which there is also a change
in the number of degrees of freedom as quarks condensate
into mesons and baryons. Then for T ≳ TQCD the
relativistic degrees of freedom in thermal equilibrium are
ðγ; e; μ; ν; u; d; s; gÞ which yields gth�;S ¼ 247=4. For
T ≲ TQCD the relativistic degrees of freedom in thermal
equilibrium are ðγ; e; μ; ν; π�;0Þ for which gth�;S ¼ 69=4. The
relativistic particles in thermal equilibrium for T < TQCD

are heated, with respect to the temperature of the radions,
by the amount ð247=69Þ1=3 ≃ 1.53. When the temperature
falls to T ¼ mμ muons annihilate and heat the photons. For
T ≳mμ the degrees of freedom are ðγ; e; μ; νÞ, which
correspond to gth�;S ¼ 57=4, and for T ≲mμ the degrees
of freedom ðγ; e; νÞ correspond to gth�;S ¼ 43=4. Finally,
when the temperature falls to T ¼ me, electrons annihilate
into photons and for T ≳me the degrees of freedom are, as

in the standard cosmology, (e, γ) with gth�;S ¼ 11=2 and for
T ≲me the only degree of freedom is the photon with
gth�;S ¼ 2. Then the heating of photons with respect to the
radion and the neutrino is

Tγ ¼ ð247=69Þ1=3ð57=43Þ1=3ð11=4Þ1=3Tr;

Tγ ¼ ð11=4Þ1=3Tν; ð6:11Þ

and identifying the contribution of decoupled neutrinos,
and the decoupled radion, to g� as

Δgν;dec� ¼ 7

4
ΔNeff

�
Tν

Tγ

�
4

¼ gr;dec� ¼
�
Tr

Tγ

�
4

⇒ ΔNeff ¼
4

7

�
Tr

Tν

�
4

ð6:12Þ

we obtain, using Eq. (6.11),

ΔNeff ¼
4

7

�
43

57
·
69

247

�
4=3

≃ 0.07; ð6:13Þ

in good agreement with Planck data.
Finally, let us point out that, in this case, there should be

a relic background of radions from the time of their
decoupling, at a given temperature Tr, similar to the
cosmic microwave background (CMB) radiation at
Tγ ≃ 2.73 K. The temperature of the radion cosmic back-
ground Tr should be smaller than Tγ , and its actual value
does depend on the value of the decoupling temperature
Tr;FO. For instance for the case considered above that
Tr;FO ≳ ΛQCD we obtain Tr ≃ 1.16 K.

B. The cosmic microwave background bounds

Free electrons from DM annihilation scatter the
CMB photons and modify the measured anisotropies of
the CMB. This leads to upper bounds on the value of the
annihilation cross section hσvi for different final states:
lþl−; qq̄; γγ [67], the strongest bounds coming from the
eþe− channel. The observed bounds do depend on the
value of the DM mass. For instance, for mχ ≃ 1ð10Þ GeV
the upper bound is hσvi ≲ 10−27 cm3=sð7 × 10−27 cm3=sÞ.
In our model, as we can see from the right panel of Fig. 1,
for mχ ≃ 1 (10) GeV, we get hσμvi ≃ 5 × 10−35 cm3=s
ðhσbvi ≃ 5 × 10−33 cm3=sÞ, while the cross section for
the eþe− channel is hσevi ¼ ðme=mfÞ2hσfvi, for f ¼ μ; b,
respectively, far below the CMB bounds.
Finally, according to our analysis in Sec. VI, our

model can effortlessly pass the CMB bounds also for
the r → eþe− channel.
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C. Bounds from cosmic rays

Measurements of the spectrum of a wide range of
cosmic ray species has been performed by the Alpha
Magnetic Spectrometer AMS-02 instrument [68]. Current
measurements from the antiproton to proton ratio by
AMS-02 [69] provide constraints for different annihilation
channels as χχ̄ → bb̄;lþl−; γγ which are sensitive to
the DM mass. In particular, for mχ ≃ 10 GeV, they set the
90% CL bound hσbvi≲ 3 × 10−27 cm3=s. As bb̄ is the
channel dominating the cross section hPf σfvi for
mχ ¼ 10 GeV, the results from the right panel of Fig. 1 lead
to hσbvi ≃ 5 × 10−33 cm3=s, below the AMS bound.
Strongest bounds are derived from the AMS-02 positron to
electronþ positron ratio [70], even if DM is not responsible
for the positron excess, for lepton channels lþl−,
in particular, for the eþe− channel for which hσevi≲
10−28 cm3=s for mχ ≃ 10 GeV. In our model, the cross
sections scale as hσfvi ∝ m2

f, so that at the decoupling
temperature Td, and for the same value of mχ , one can
rescale the coupling as hσlvi ¼ ðml=mbÞ2hσbvi and those
bounds are easily evaded.

D. Bounds from the Galactic Center

The High Energy Stereoscopic System (H.E.S.S.) [71]
and Fermi-LAT [72] Collaborations have presented limits
on the possible γ-ray line strength. In particular, for the
annihilation channel χχ̄ → γγ they find [73,74] upper
bounds on the annihilation cross sections as hσγvi ≲
10−29 cm3=s (10−30 cm3=s) for mχ ¼ 1ð0.1Þ GeV. On the
other hand, from the right panel of Fig. 1 one can easily
deduce that, for mχ ≲ 10 GeV, hσγvi ≲ 10−36 cm3=s.
Moreover, H.E.S.S. [71] finds the bound hστvi≲
10−26 cm3=s, for the annihilation channel χχ̄ → τþτ−
and any value of mχ > 100 GeV, and Fermi-LAT [72]
provides the bound hστvi ≲ 2 × 10−27 cm3=s for the same
channel χχ̄ → τþτ− and mχ ≃ 2 GeV, while the right panel
plot of Fig. 1 provides in our model the upper bound
hστvi ≃ 6 × 10−34 cm3=s, orders of magnitude below.

VII. SUMMARY AND OUTLOOK

In this paper, we have considered a 5D model with three
4D branes along the extra dimension: the UV brane at the
Planck scale, the TeV brane, and the IR brane, or dark
brane, at a scale around the GeV scale.

(i) The IR brane triggers a confinement/deconfinement
first order phase transition which produces a sto-
chastic gravitational wave background that can
accommodate the recent signal observed by the
PTA experiments, an issue studied in detail in a
previous publication [15].

(ii) The SM is localized on the TeV brane, thus solving
the hierarchy problem, the warp factor relating the
Planck andTeV scales, as in the original RS proposal.

(iii) The dark sector and, in particular, the dark matter,
considered as a Dirac fermion, is localized on the
IR brane.

(iv) The KK gravitons and the radion are bulk propa-
gating fields that connect the TeVand the IR branes.
However, the interaction of gravitons with the TeV
brane is much weaker than the interaction of radions,
so we have considered only radions as mediators
between the TeV and IR branes.

The dark matter interacts with the SM via radion
mediation and can annihilate into SM fermions (f) as well
as massless gauge bosons, photons (γ), and gluons (g) and
into a pair of radions (r), as we are considering the region
where mr < mχ . Then the following thermal history
appears for the system SMþ DMþ radion:

(i) For temperatures T > Td, where Td ≃ 0.2 GeVþ
0.1mχ , the DM is in thermal equilibrium with the
SM and the radion sector, via the reactions χ̄χ ↔
f̄f; gg; γγ and χχ̄ ↔ rr, respectively [upper (white)
region in Fig. 9]. We have also defined the freeze-in
temperature for radions with respect to the SM
plasma such that, for temperatures T such that
TFI > T > Td, the radions are in equilibrium with
the SM plasma mainly via the decay and inverse
decay reactions r ↔ ff̄; γγ; gg.

(ii) At T ≃ Td the DM decouples via the reactions
χ̄χ ↔ f̄f; gg; γγ from the SM and keeps thermal
equilibrium with radions through the reaction
χ̄χ → rr. For Td > T > TFO ¼ mχ=xFO, where
xFO ≃ 24þ logðmχ=GeVÞ, the DM is in thermal
equilibrium with radions via the reaction χ̄χ → rr
[middle (gray) region in Fig. 9].

FIG. 9. The temperatures Td=mχ (solid line) and TFO=mχ

(dashed line) as functions of mχ . The symbol ⇔ (=⇔) between
two species means that they are (not) in thermal equilibrium.
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(iii) At T ¼ TFO the DM goes out of thermal equilibrium
and the relic abundance is generated.

(iv) For T < TFO the DM and the radion are out of
thermal equilibrium [lower (red) region in Fig. 9].
Still the radion keeps thermal equilibrium with the
SM plasma via the decay and inverse decays. Its
abundance then goes to zero nonrelativistically, for
T < mr, as e−mr=T .

The temperatures Td (solid line) and TFO (dashed line)
are shown in Fig. 9 as functions of mχ , where the value of
TFO already assumes that Ωχh2 ¼ 0.12, according with the
cosmological observations. The temperature TFI ≳ Td at
which the radion enters thermal equilibrium with the SM
plasma can be easily deduced from Fig. 6.
In the calculation of the relic density, we have assumed

that mr < mχ so that, neglecting the value of mr, the value
of Ωχh2 mainly depends on mχ and ρ̃1. As the relic density
incorporates the interaction of radion with the DM,
localized in the IR brane, while direct measurements are
controlled by the interaction of the radion with both the DM
and with the SM, it is very easy to avoid bounds from direct
measurements of DM scattering on nucleon and electrons
while keeping the relic density safe. In fact, for a given
value of the DM mass mχ , direct measurements translate
into lower bounds on the radion mass mr, while for
mχ ≳ 0.5 GeV and data from DM-nucleon scattering, the
neutrino floor translates into an upper bound on the value
mr. This gives an allowed window on the radion mass, well
in agreement with the assumption mr < mχ and consistent
with the observed relic density.
In the same way, indirect measurements, based on the

annihilation processes χ̄χ → SMþ SM, are easily avoided
as the messenger radion is very weakly coupled with the
TeV brane, where the SM is localized. We have found that
bounds from radion cosmology and BBN, after imposing
that their lifetime is smaller than 10 sec, and the constraint
that radions do not perturb the DM relic density lead to the
bound mr ≳ 1 MeV on the radion masses. Moreover,
for mr < 1 MeV the theory is excluded by the BBN
conditions, unless mr ≲ 10 keV, in which case radions
decay with a lifetime greater than the age of the Universe,
thus behave as stable particles, and could be considered as
a DM ingredient. This case, where radions are relativistic
at the BBN time, is constrained by Planck bounds on
ΔNeff which, in turn, depends on the temperature Tr;FO at
which radions freeze-out and decouple from the SM
plasma.
For the same reason, bounds from accelerator searches

are easily avoided. Notice here that many of these searches
are based on the mediator decaying invisibly. In our case
the radion with a mass mr < mχ cannot decay into χ̄χ
as this channel is kinematically forbidden. However,
it can decay into SM fields with a decay width such that
Γr=mr ≪ 1 and a macroscopic lifetime τr. Depending on

the values of ρ̃1 and mχ , the radion can decay inside the
detector, or outside it, in which case the bounds for
invisible decay should apply.
As it was pointed out in the Introduction, the work of

Ref. [21] is also considering a three-brane RS model
putting the (scalar) DM on the dark GeV brane. Even
though this is a very similar setup to our own, we share
some important and crucial differences worth being
extensively mentioned here. In particular, some relevant
differences between our scenario and that in Ref. [21] are
as follows: (i) Unlike our construction, Ref. [21] considers
the case where mr > mS so that the relic density through
radion production is via the mechanism of forbidden DM,
which requires some degree of tuning between the radion
and DM masses. (ii) In our model, the SM fermions are in
the TeV brane, so that the flavor problem is the same as in
the SM, while in Ref. [21] only the Higgs and tR are in the
TeV brane, while the rest of fermions, including the ðt; bÞL
doublet, are (elementary) in the Planck brane, making it
difficult to reproduce the top mass. Moreover, in our
model, as light quarks are in the TeV brane their coupling
to the mediator radion is moderate, leaving a window for
direct detection in the future outside the neutrino floor.
(iii) Last, for values of the DMmass much smaller than the
dark brane scale, there should appear some little hierarchy
problem, similar to what would appear in RS theories for
an extremely light Higgs.
Finally, in this paper we have considered the simplest

case where only DM, a Dirac fermion, is living in the IR
brane. Other scenarios are worth exploring, such as, e.g.,
assuming that DM is a real scalar, a Majorana fermion, or a
vector boson. On the other hand, a more complicated dark
sector can be localized in the IR brane, including dark
photons and a dark Higgs, while the DM can get its mass
from some spontaneous breaking mechanism where the
dark Higgs gets a VEV and gives a mass to the dark
photons. Finally, our 5D model has a holographic dual
interpretation, which can be understood as a conformal 4D
theory with some mechanism of spontaneous conformal
symmetry breaking, which can be clearly exploited in
forthcoming analyses.
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