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Within the framework of the extra-dimensional Randall-Sundrum setup, we investigate the freeze-in
production of Standard Model (SM) gauge-singlet scalar, fermionic, and massive vector dark matter (DM).
Assuming that both the DM and SM fields reside on the IR brane and interact solely through the graviton
and radion portal, we demonstrate that the Planck-observed DM relic abundance can be achieved across a
wide range of reheating temperatures, all while naturally addressing the hierarchy problem, satisfying
constraints from collider and early Universe cosmology. We further show that the same setup can
accommodate TeV-scale leptogenesis capable of generating the observed baryon asymmetry of the
Universe. Interestingly, we find that current graviton searches at the Large Hadron Collider already impose
strong constraints on the reheating temperature in this scenario, providing a complementarity between

cosmological and collider probes.
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I. INTRODUCTION

Despite the overwhelming astrophysical and cosmologi-
cal evidence for the existence of dark matter (DM) [1,2], its
particle nature and its interactions with the Standard Model
(SM) remain among the most profound open questions. To
date, the presence of this elusive component has only been
inferred from its gravitational effects. It is conceivable that
DM interacts solely through gravity and remains com-
pletely inaccessible to present or future particle physics
experiments. In such a case, reproducing the observed DM
relic abundance purely through gravitational production
would require a very high reheating temperature [3—10]
because the strength of gravity is set by the large Planck
mass. This inference, however, applies only if the Universe
is strictly four dimensional. In the presence of extra
dimensions, gravitational interactions can be significantly
enhanced at short distance either because the fundamental
Planck scale in D dimensions is much lower than Mp as in
the case of large extra dimensions (LED) [11-14] or due to
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a warped geometry that induces a much smaller effective
coupling on our four-dimensional brane, as in the Randall-
Sundrum (RS) models [15,16]. These features have long
been invoked as possible solutions to the hierarchy prob-
lem, which refers to the puzzling gap between the electro-
weak scale and the Planck scale, whose large value would
otherwise induce Planck-scale corrections to the Higgs
mass. Without an enormous amount of fine-tuning or the
unlikely assumption that the SM is the ultimate theory,
these corrections would destabilize the observed Higgs
mass. In such models, either lowering the effective Planck
scale or via a direct warping of the bare mass parameters on
the (3 + 1) dimensional brane, the Higgs mass hierarchy
problem can be resolved. Furthermore, in these models, the
effective coupling of the matter fields with the higher
excited Kaluza-Klein modes of graviton acquire an
enhancement with respect to the massless graviton. This,
in turn, reinforces observational prominence of these
models in the ongoing collider experiments. As a result,
a DM nparticle interacting only through gravity could
behave like a weakly interacting massive particle
(WIMP) with a typical mass in the 100-1000 GeV range
and a relic abundance set by thermal freeze-out. This
possibility has been extensively studied within the RS
models [17-26] as well as in several recent works inves-
tigating generic spin-2 mediators [27-30]." However,

"For completeness, let us also mention the recent studies on
DM freeze-out in the context of RS model with 3-branes,
performed in, for example, Refs. [31,32].
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recent advances in WIMP search experiments have placed
severe constraints on the WIMP paradigm [33,34], thereby
motivating alternative mechanisms for DM production.
One well-studied alternative is the feebly interacting
massive particle (FIMP) framework, in which DM is pro-
duced from the decay or annihilation of visible-sector
particles in the early Universe. As the temperature of the
SM plasma (the radiation bath) drops below the relevant
interaction scale, DM production becomes Boltzmann sup-
pressed, leading to a constant comoving number density.
This process is known as freeze-in [35-38]. The FIMP
framework requires extremely suppressed interactions
between the dark and visible sectors to ensure nonthermal
production. Such interactions can originate from either small
infrared couplings or higher-dimensional nonrenormalizable
operators suppressed by a large new-physics scale, as in the
ultraviolet (UV) freeze-in mechanism [37,39].

On the other hand, observations from two independent
cosmological probes, the cosmic microwave background
(CMB) [40] and big bang nucleosynthesis (BBN) [41-43],
confirm that the visible (baryonic) matter in the Universe is
asymmetric. Explaining this baryon asymmetry poses a
fundamental challenge in particle physics. According to
Sakharov’s conditions [44], three key ingredients are
required for the dynamical generation of such an asymmetry:
(i) baryon number violation, (ii) violation of C and CP
symmetries, and (iii) departure from thermal equilibrium.
Although the SM contains these elements in principle, they
are insufficient to account for the observed magnitude of the
asymmetry, motivating the need for new physics beyond the
SM. A particularly compelling explanation is leptogenesis
[45], which generates the baryon asymmetry of the Universe
(BAU) via the asymmetry generated in the lepton sector. In
this framework, a lepton asymmetry is first produced and
subsequently converted into a baryon asymmetry through
(B + L)-violating electroweak sphaleron transitions [46].
When implemented in the Type-I seesaw mechanism—
originally proposed to explain the origin of neutrino
masses [47-51]—the complex Yukawa couplings of heavy
right-handed neutrinos (RHNs) with SM leptons and Higgs
doublets provide the required CP violation. The expansion of
the Universe (quantified by the Hubble rate) drives the RHN
decays out of thermal equilibrium, while their Majorana
masses violate the lepton number. In the standard thermal
leptogenesis scenario (for a review, see Ref. [52]), RHNs are
thermally produced from the SM plasma. A lower bound on
their masses, known as the Davidson-Ibarra bound, imposes
a constraint on the reheating temperature, requiring
Ty = 10° GeV [53]. Once produced, their out-of-equilib-
rium decays can successfully generate the observed matter—
antimatter asymmetry of the Universe.

Motivated from these, in this work, we explore a
framework where both DM and the BAU are generated
in the context of a warped RS geometry (Fig. 1 shows a
schematic). To ensure that the hierarchy problem remains

5D bulk TeV
brane
N SM+DM+RHN
gravity sl

¢=m

FIG. 1. Schematic diagram showing our scenario. Only grav-
iton is capable of accessing the bulk. This figure is generated
using online math editor mathcha. io.

$=0

addressed, we restrict the DM mass to the TeV scale and
consider three possible spin assignments for the DM
candidate: a scalar, a Majorana fermion, or a massive
gauge boson. Depending on the DM mass, the observed
relic abundance can be achieved for reheating temperatures
as low as Ty, < 10° GeV, while remaining consistent with
existing cosmological and collider constraints. In the same
framework, the production of right-handed neutrinos
(RHNSs) via scatterings of thermal bath particles (via radion
and graviton mediation) can generate the required matter—
antimatter asymmetry through their CP-violating out of
equilibrium decay. Remarkably, the warping-induced cor-
rections to their Majorana masses naturally enable lepto-
genesis to occur at the TeV scale. Overall, this framework
provides a TeV-scale leptogenesis scenario that simulta-
neously explains observed DM abundance and points
toward the existence of warped extra dimensions. We
would like to highlight that the present study differs from
earlier works in several ways. For instance, in [54], the
resolution of the hierarchy problem plays a comparatively
secondary role, while the authors mostly focus on DM
production mechanisms. In contrast, we treat the hierarchy
issue as central and delineate the region of parameter space
where both the hierarchy problem and either the correct
DM relic density or successful baryogenesis are simulta-
neously addressed. Moreover, Ref. [54] does not examine
the implications for leptogenesis, which we incorporate in
our analysis. Freeze-in production of DM via Kaluza-Klein
(KK) graviton [in the context of both LED and warped
extra dimensions in the RS model] decay has been studied
in Ref. [55], where the focus lies on generating warm DM
from the decay of heavy, long-lived KK modes. In contrast,
in our framework, the KK-gravitons act primarily as portals
mediating interactions between the SM and the DM sector.

The paper is organized as follows. We present the model
setup in Sec. II. The dynamics of DM production is
elaborated in Sec. III, followed by the discussion on
baryogenesis via leptogenesis in Sec. V. Finally, we
conclude in Sec. VL.

II. THE SETUP

We consider the minimal RS setup following [15,16].
This involves S'/Z, orbifolding with two 3-branes at
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¢ =0 and ¢ = n. The bulk cosmological constant and
brane tensions generate a nonfactorizable metric,

ds? = e‘zkrc“/"nﬂydx"dx” — r2d¢?, (1)

where k ~ M, and r, sets the size of the fifth dimension.
The effective four-dimensional Planck scale is

3

My =" (1 - e, @)
where M is the fundamental Planck scale. For kr,. ~ 11-12,
this generates the weak scale dynamically from a funda-
mental Planckian scale via the warp factor e *"<*, A generic
prediction of the model is TeV-scale Kaluza-Klein excita-
tions of bulk fields, including the graviton, with couplings
suppressed at the TeV scale.

A. Introducing the radion

In this section, we briefly review the origin of the radion
in the RS framework. In the original RS setup, a massless
scalar degree of freedom naturally appears in the four-
dimensional effective theory. This scalar, known as the
radion, corresponds to fluctuations of the compactification
radius r,. in Eq. (1) and couples to matter with TeV-scale
strength. Allowing the size of the extra dimension to
fluctuate, the RS metric can be written as

ds? = e 2K Welg (x)dx'dx’ — T*(x)d¢?,  (3)

where the fixed radius r, is promoted to a dynamical field
T(x), with vacuum expectation value (T) =r. [56].
Defining

24M3
p=fexp(-kal). =\ @

it was shown in Ref. [56] that the original RS model does
not naturally generate a stabilizing potential for this
modulus field. To stabilize the extra dimensional radius,
Goldberger and Wise introduced a massive bulk scalar field
® with mass m, along with localized potentials on the
hidden and visible branes characterized by boundary values
Vhiq and v, respectively [57]. This mechanism generates
an effective potential for the four-dimensional radion field,

K m?

V(9) = st = i@/ NP e=ga<l (9)
where terms of order O(e) have been neglected [56]. For a
detailed discussion of the stabilization mechanism, we refer
the reader to Ref. [57].

A few comments are useful here regarding the low-
energy scalar spectrum. In a generic five-dimensional
Kaluza-Klein (KK) theory, the metric decomposes into a

four-dimensional graviton gfi), a graviphoton A,(,4), and a

graviscalar ¢, corresponding, respectively, to the tensor,
vector, and scalar components of the higher-dimensional
metric. In the stabilized RS framework, the Goldberger-
Wise scalar @ mixes with the graviscalar mode gg?.
However, the KK graviphoton modes become massive
by absorbing the graviscalar KK tower, removing these
scalar KK excitations from the low-energy spectrum.
Meanwhile, the KK excitations of the stabilizing field ®
are typically much heavier and therefore phenomenologi-
cally irrelevant at low energies. As a result, the low-energy
theory contains a single light scalar state arising from the
combination of the zeroth modes of @ and the graviscalar.
Expanding the radion field around its vacuum expectation
value,

¢ = (p) +op=A, +r(x), (6)

one identifies r(x) as the physical radion field, while A, =
(@) sets the scale of radion interactions. The radion mass is
then obtained from Eq. (5),

2626_2”]““
m% = k2 U%is (W) . (7)

An important feature is that the radion can naturally be
much lighter than the first KK graviton excitation. We also
note that both the bulk scalar field ® and the brane
parameter v.;, carry mass dimension 3/2.

B. Radion interactions with the SM

We assume that the SM fields are located on the 4D
brane. Therefore, to start with, we consider the five-
dimensional gravitational action together with the
(3 4+ 1) dimensional brane action in the RS scenario. We
derive the corresponding effective four-dimensional action,
allowing up to the first order of the perturbative expansion
of ¢ as follows:

Shadsm D / d4x\/—_g<\/g\r> {—;(D”H)T(D”H)

+ lquTH - A(HTHV - my/l/_/l//
Yy (- _
-2 et ®)

In the above, H = (0 h/+/2)" is the SM Higgs field in the
unitary gauge, and y’s are the SM fermions, with L(R)
representing their left (right) chirality. The covariant deriva-
tive is defined as D, = 0, — (ig2/2)c*W§ — (ig1/2)B,,
where g, (1) are the gauge couplings along with the gauge
bosons W(B),’s corresponding to SU(2);, and U(1)y,
respectively, and ¢’s are the Pauli spin matrices. Further,
the induced metric on the visible and hidden brane can be
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written as g\ (x*) = e *TW7g and ghid(x*) = g,,, respec-

tively. On the visible brane,
Ar = Mpe_kr”ﬂ7 (9)
with the redefined Higgs mass as

= poe ™, (10)

to ensure that the kinetic term remains canonical. For pg ~
O(Mp) and kr. ~ O(10), the physical mass y is of the order
of weak scale, thereby solving the issue of gauge hierarchy
problem, which refers to the vast disparity between the weak
scale and the Planck scale. This also implies, for kr,. ~ 10,
A, ~ 10 TeV. The kinetic sector of the gauge field has no
interaction with radion. One can write the action in Eq. (8) in
a more compact form [58-60],

,
Srad-sm D / d4x\/ -9 (\/6/\) T3

where T%| gy denotes the trace of the energy momentum
tensor for all the SM fields.?

. (11)

SM

C. Radion interactions with bosonic DM

In order to explain the DM abundance, we extend the SM
particle content by first adding a singlet scalar S, odd under
some ad hoc Z, symmetry that ensures its stability. We
consider, for now, the DM fields are located on the 4D
brane, similar to the SM fields. Thus, the interaction
Lagrangian can be written as follows:

1 1 A A

L5350,50'S - 5m§52 - 3"32|H|2 - Zss“, (12)
where the term proportional to 4, corresponds to the Higgs
portal interaction, while the last term gives rise to DM
self-interaction. In the following analysis, we consider
the Higgs portal interaction term S?|H|? and the self-
interactions S* terms are absent by construction. Under
such conditions and starting from the action of the singlet S
on the (3+ 1) dimensional brane, we find the action
corresponding to the interaction of the DM S and the
radion as below,

Shaas D / d*x, /——g\fTrA[—aﬂsaﬂs +omis?.  (13)

It is worth noting that while the radion field couples to both
SM and DM particles through the trace of the energy-momentum
tensor, photons and gluons are an exception, as being massless
they do not contribute to the trace at tree level. Nevertheless,
effective couplings to the radion can arise via quark and W-boson
loops as well as through the trace anomaly [25,58,61].

Note that, even in the absence of the Higgs portal, the DM
can still interact with the visible sector, thanks to the radion
mediation.

Similar to the case of scalar DM, one can imagine a
massive spin-1 DM X, with the following Lagrangian:

LxD— %XWX"” + %m% X, X", (14)
where the first term is the usual gauge boson kinetic term,
while the second is a bare mass term. Here, we assume a
Stueckelberg mass® term for the new gauge boson X . We
also assume the presence of an unbroken Z, symmetry
under which the DM is odd while all the SM fields are even,
thus ensuring the stability of the DM by forbidding the
kinetic mixing term. With this, one can write down the
action encoding interaction between X, and radion,

2
o — T my »
Srad—X,, D /d Xy g\/g . ( 2 XﬂX ) (15)

Both mg and my are scaled by the RS warp factor, similar to
the Higgs mass in Eq. (10). It is worth mentioning that we
consider each DM is present one at a time and not together.
Once again, we have redefined the masses of § and X, as

mg — mY e krem, my — mYy e~krem, (16)

which shows, addressing the gauge hierarchy issue, in the
present framework, one can realize DM in the ballpark of
100 GeV to 1 TeV for kr, ~ O(10) and m) ~ O(Mp).

D. Radion interactions with fermionic DM

We next consider a singlet fermionic Majorana DM
candidate W, protected by an ad hoc Z, symmetry, with the
following interaction Lagrangian:

_ 1 _
E B} ITVT—EmWTCT-f—HC, (17)

where my is the Majorana mass.

In the case of a fermion, the covariant derivative is
defined as V,¥ = 9,¥ + L w,""0,,,'¥, where w,"" are the
antisymmetric coefficients of the spinor connection
and Omn = % (7m7n - yn)’m)‘

We write, w,"" = e]'T’;,e”" — (d,e}')e*", where e} =
TN gm and et = e ¥ T()sv | are called vierbeins (see
Appendix of [66] for a detailed derivation). With the
Lagrangian in Eq. (17), we can write the subsequent
action as

*In Abelian gauge theories, the Stueckelberg mechanism can
be taken as the limit of the Higgs mechanism where the mass of
the real scalar is sent to infinity, and only the pseudoscalar is
present [62-65].
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Spaaw D —2my / d4x< \/gA)(‘P—C)‘P. (18)

It is worth noting that here we have rescaled the mass as

my — mO\Ij e—krl,.n'

(19)

E. Graviton-matter interactions

In this section, we study fluctuations of the graviton field
by h,,(x.¢), treated as the perturbation around the flat-
brane metric 7, such as, g,; = e‘z"(r/,w +«*h,,), where
o(¢p) = kr.|¢|. Here, k* represents the expansion param-
eter. In terms of the KK mode decomposition, 7, (x, ¢) can
be written as follows [67]:

(. ) = hf,ﬁ)xw, 20
(X, @) Z ()\/ﬁ (20)

where h,(,',i) (x) can be interpreted as the K -excitations of the

four-dimensional graviton, and y")(¢) are the wave func-
tions of the KK gravitons along the extra dimension. To
extract the KK graviton mass modes, we rewrite the four-
dimensional Einstein’s equation with respect to the per-
turbed metric §,43. Allowing up to the linear order of x* and
imposing the gauge conditions 0*h,; = hg = 0, we obtain
the equation of motion for A, as follows:

(19,0, + m¥; )y (x) = 0. 1)
corresponding to states with masses mg > 0. Employing
the KK expansion in the metric j,4, Einstein’s equation
together with the above relation yields a differential
equation for the profile ") (¢),

where J, and Y, denote Bessel functions of order 2,
Z,(p) = mGne"("§> /k, N, is the normalization constant,
and «, are fixed coefficients. The KK graviton masses
are then

mg, = kx,e e, (25)

The normalization factors can be computed demanding

2 / " dp 2D () ()2 = 1. (26)

Note that there is a net ¢>*(?) sitting inside the integral,
which makes the normalization factors >O(10!%). For
x, < ek where x, =z,(¢ =x), one finds a, <1,
allowing the Y,(z,) term in Eq. (23) to be neglected.
Further, the requirement that the first order derivative of
7" be continuous at the orbifold fixed points yields

_Jl(mGn/k)

Timg ey 1) =0

(27)

a, =

The normalization constants are then

kr.m

Vkr,

and the zero mode is normalized as Ny = 1/+/kr,. We note
that Ref. [25] obtains the zero-mode normalization constant
N, with an overall negative sign. This is consistent with
Eq. (26), which fixes only N3, giving

N, ~ n >0,

J2(xn)7 (28)

1— e—Zerﬂ

1
~ 4+ ;
kr. Vkr.

Ny =+ (krem>1).

_ iz d <e—4o' d)((n)) = m2 ey, (22) These two choices are physically eq.u.ivalent, since they
rede do " differ only by an overall sign redefinition of the graviton
zero-mode wave function (or equivalently the correspond-
The solution for y") reads [67,68] ing four-dimensional graviton field), which leaves meas-
X urable quantities such as decay widths and scattering cross
) (4 — e’ J Y 23 sections unchanged. In Table I, we have listed KK graviton
2"(¢) Nn[ 2(2n) + @ Y2(20)): (23) masses for n=1,...,10, considering kr. =11 and
) ) N k = Mp. It is worth noting that the spectrum of graviton
along with the orthonormality condition, masses is highly sensitive to the value of k. Here, we have
fixed k to be at the Planck scale. However, if k is taken to be
/n dp =20 }((m)((p))((n)((p) =6, (24) slightly below the Planck scale, the mass of the first
- graviton KK mode can be as low as ~2 TeV, placing it
TABLE 1. Graviton masses corresponding to a few KK modes (n =1,...,10) for kr, =11 and k = Mp,
calculated using Eq. (25).
n 1 2 3 4 5 6 7 8 9 10
mg, [TeV] 9.15 16.76 24.31 31.84 39.36 46.87 54.39 61.90 69.41 76.92
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within the reach of collider experiments, as we discuss in
Sec. IVA. For now, however, our focus is not on collider
search prospects but rather on the potential cosmological
implications for DM production, and hence, we choose the
graviton mass spectrum well beyond the collider bounds.

At large values of n, the roots of the Bessel function
become approximately x, ~z(n+ 1/4) + O(n~'). With
the solutions for ;((") in hand, the interaction of h,(,'i) with
brane-localized matter fields can now be derived. Starting
from the 5D action and restricting to the brane at ¢ = 7,
one obtains

L= P (g =n). (29

where T#“(x) is the conserved 4D energy-momentum
tensor of matter fields. Expanding £, in KK modes and
using Eq. (28) for normalization, one finds

1 (0) (n)
,C———TMD)CI/IV TMU ]’ll, ,
Mp ()”< Zl H

where the zero mode couples with the usual 4D gravita-
tional strength M7p!.

Now, the total energy-momentum tensor appearing in
Eq. (30) can be expressed as

T = T8+ Th (1)
where the SM contribution is given by
T =Thw + Ty + T (32)

Explicitly, the individual components corresponding to the
SM fermions, Higgs scalar, and gauge bosons take the
forms

. _ i _ _
T =ilpr, 0y — (0,0)y,w] - M 07 a = (0 )],
TH,=(D,H)"(D,H)+(D,H)"(D,H)

— 1, [(DH) (D*H)+p*H'H - A(H H)?],

1
M VGVOD, (a=123). (33)

TV _ (zﬂv( )V/(wt) +4

The canonical energy—momentum tensors corresponding to

the DM fields with spins i = 0,3 5.1 are given by

1
T{;I/ — HS S — ,7/41/ |:§ 0%S aaS - V(S):| s (34)
T = é [@yﬂqul + @7”3“1’}

— E Pyeg, W — ?‘P_T] , (35)

TI“/ — _1 X X 4 X VX _1 ;an[)’X
X — 2 a a 277 af

+ Y my X X* — 2m3 X1 XY |, (36)

each of which contributes to 7%,,, one at a time.

III. FROZEN-IN DARK MATTER IN WARPED
EXTRA DIMENSIONS

The DM candidate under consideration is a feebly
interacting massive particle, produced through the freeze-
in process. Consequently, it never attains thermal equilib-
rium with the SM bath, and its abundance remains con-
sistently below the equilibrium value throughout cosmic
history. The central premise of freeze-in is the assumption of
an initially empty dark sector in the early Universe. As time
progresses, DM 1is gradually populated via interactions
between the visible sector and the dark sector, enabled by
feeble DM-SM couplings. In our analysis, we focus on DM
production through scattering processes among SM par-
ticles, mediated by the radion and gravitons. We investigate
three possible DM spin assignments: spin-0 scalar, spin-1/2
(Majorana) fermion, and spin-1 massive vector boson,
considering each case independently. In the entire analysis,
we focus on direct freeze-in from the thermal bath, mediated
by radion and graviton in the s channel, as shown in Fig. 2.

A. Dark matter genesis

In order to follow the evolution of the DM number
density npy; with cosmic time, we begin with the
Boltzmann equation (BEQ),4

fipm + 3Hnpm = 7222, (37)

where, for a 2 — 2 scattering process, the reaction density
takes the form [69]

_Tga9s
Vo = ) ds Gg,quM,DM(s)
327" Jmax [(mgtmy)? 4mg ]
[(s —m2 —m})?

Vs S ]K(Q G8)

with a, b denoting the incoming states and g,, their
respective internal degrees of freedom. In a standard

4Including both inverse decays and scattering via KK gravitons
leads to double counting of the on-shell contribution, since
resonant 2 — 2 scattering through a KK mode is equivalent to
its production via inverse decay followed by its subsequent decay
in the narrow-width limit. In this limit, the Breit-Wigner
propagator reduces to a delta function, and the total rate factorizes
as I'y_gm X BR(¢Y — DM). Therefore, one may consistently
include either the inverse-decay channel or the full resonant
scattering term, but not both, as pointed out in [55].
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M DM sM DM

DM SM DM
SM

FIG. 2. Freeze-in production of DM from scattering of the bath
particles via radion portal (left) or graviton portal (right). The DM
can be spin-0, spin-1/2, or spin-1 field. Similar processes also
produce RHNS that participate in baryogenesis via leptogenesis.

radiation-dominated epoch, where the entropy per comov-
ing volume is conserved, it is convenient to recast the above
equation in terms of the DM yield Ypy = npy/s,

Hs
x dx

= 72—>2(T)7 (39)

where x = mpy/T is a dimensionless variable with T the
bath temperature, and

Y2—2 = Z yl2—>2 (40)

iery

is the total reaction density for all graviton and radion-
mediated processes. For a radiation-dominated Universe,
the entropy density 8(7) and the Hubble rate H(T) are
given by

27° N x [g.(T) T?
3(T) = 4_5.9*S(T)T ; H(T) = 3V 10 ay

(41)

where g,(T) and g¢,(T) denote the effective relativistic
degrees of freedom associated with entropy and energy
density, respectively, and Mp is the reduced Planck mass.
The DM yield at temperature 7 can then be obtained by
integrating Eq. (39),

vou(1) =My "o @)

with C(T) = [(222/45)g,s(T) /72, (T)/90]". Here, T,
is the reheating temperature defined under the sudden
inflaton-decay approximation, as the maximum temperature
of the thermal bath. In deriving Eq. (42), a vanishing initial
DM abundance at T = T, has been assumed, as appropriate
for freeze-in scenarios. To account for the observed relic
abundance, the present-day DM yield must satisfy

1
Yompy — thf% ~43x10710 GeV,  (43)

So

where Y, = Ypy(Ty) is DM yield at present epoch,
pe~1.05x 107> h?>GeV/cm?® the critical energy density,

5o~ 2.69 x 103 cm™ the present entropy density [70], and
Qh? ~0.12 the measured DM relic density [40].

To analytically understand the aspects of freeze-in, we
work in the limit where the initial and final states have
negligible masses with respect to the center of mass energy
\/s. This is a legitimate approximation for early times when
T > m, typically above the electroweak (EW) symmetry
breaking where all SM fields are massless. For the detailed
analysis, we however solve the BEQ full numerically
taking all masses and decay rates into account. In the
massless limit, the total DM production cross section via
graviton and radion portal simplifies to

$3 1
5122 A¥ (s —m?)? +T2m?

10733 Z 1 2 (44)
- (s—m%;n)—l—iFHmC;” ’

G(S)total =

518407 A*

considering scalar DM scenario and using the cross
sections listed in Appendixes B and D. Note that, in the
above expression, we have considered contribution from
the radion and only from higher KK graviton modes. In this
limit, the reaction rate density in Eq. (38) also simplifies to

T Cd 3 \/E
~ _ /2 v°
Y22 = 94 9b 307 Am%m ds s*%o(s)K, ( T > (45)

It is worth mentioning that while for radion mediation the
only available DM production channel above electroweak
symmetry breaking (EWSB) is 1k — DMDM, for graviton
meditation we have all possible (massless) SM initial states.
Near the resonance, one can further apply the narrow width
approximation that results in

1 V3

- S(s —m?2 ), (46)
(s — m?ned)z + F?nedmxzned Mumedl 'med med

where “med” implies both radion and graviton mediator.
Away from the resonance, the propagator becomes
1/(s —m?.4)? ignoring the mediator decay rate. With
the approximations and assumptions furnished, we obtain
an approximate analytical expression for the DM yield via

2-to-2 scattering as

%,25 T<m,/2,
sw%z;r,XKl(mr/T) T~m,/2,

Y22 ZALL} 752%5 - m,[2<T <mg, /2,
s < Ki(mg, /T) T=mg, /2,
T 75 m, /2.

(47)
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where K(z) is the modified Bessel function of the first
kind. In the last line, we have approximated the KK tower
as a continuum and replace »., — [dm,/Am in the
propagator [55,71], where Am ~mg /x;, with x; ~3.8

|

7
STy

[cf. Eq. (25)]. Utilizing Eq. (47), it is then possible to solve
Eq. (39) analytically and compute the final DM yield via
radion mediation as

T me Ty < m,./2,
2;;;%% (4m% + 10mrTrh + 15Tr2h) Ty =~ mr/2,
YogM};C % m, /2 < Ty < mGl/2, (48)
A 899¢7"G1 /Tih 9/
Tessmorr (4G, + 10mG T+ 15TH) - Ty = mg, /2,
95 " T T 2,

737287 T

where we have used the asymptotic approximation:
K, (x) ~x~'/2¢7*, which holds for x — co or, in other
words, T — 0 for any v. Note that, typically for T=m.q/2,
the DM yield has a strong dependence on T'y; i.e., bulk of
the DM is produced at 7'~ T, a quintessential feature of
UV freeze-in. Note that in deriving Eq. (48) we have
considered C(T) = C; i.e., the relativistic DoFs do not
evolve with temperature. We emphasize that although
Eq. (48) has been calculated for scalar DM, the same
expressions also hold true for spin-1 or spin-1/2 DM, with
only modification in the numerical prefactors. It is essential
for freeze-in that the DM production rate remains below the
Hubble rate during production. Since in the present

[16 \/ﬁ(”ﬁﬂ 1/3

2mg, 2 [IA}
=2 (W= (e
G

25762%9)> /T, A2
925x, Mp mg,

where A = 1.6 X 107/,/gy, B~2.1 x 107*/, /g5, and W
is the Lambert W function. This is rather a conservative
bound since we have considered an equilibrium number
density for the DM. We solve Eq. (39) numerically by
taking into account all possible channels above and below
the EWSB temperature 7 = Tgw =~ 160 GeV, properly
tracking the relativistic d.o.f.s via g, (g4,)(T). As stated
before, all SM states are considered to be absolutely
massless for T > Ty, while for T < Tgy they become

Ty <

2m, 2 [ 1m2A8 \ /7]
-7 (W[_7<M§.m§A2)

)"

scenario the bulk of the DM is produced around
T ~T,, we need to ensure

7252
I’lDM < H ( Trh ) 5
eq IT=Ty

(49)

where n2M(T) = £L md\ K (™2Y) is the equilibrium num-

ber density, with g being the internal degrees of freedom
(d.o.f.) of the concerned species. With this, one can obtain
an upper bound on the reheating temperature, below which
out of equilibrium freeze-in production can be ensured,

T < m,/2,
Ty~m,/2,

m,/2 < Ty, < mg, /2, (50)
T =mg, /2,

Trh > mGI/Z,

|
massive. Before moving on let us clarify that following are
the independent parameters in the present framework:
{mDM7mr’Ar’Trh}’ (51)
while the graviton mass is fixed by Eq. (25).
The left panel of Fig. 3 displays the DM production cross

section as a function of the center-of-mass energy /s,
including both radion- and graviton-mediated channels for

115029-8



BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM ...

PHYS. REV. D 113, 115029 (2026)

5 o =
| | (e}
— — |
w — ©

a(s) [GeV?]
S

10717}

10719}

10°  10%

108
s[GeV?]

10°

FIG. 3.

1011

10 S T
§ g ------
T o A e
)
N
& k
10—19» <
&~
1073 ‘ i - L .
1 10 100 1000 10*  10°
T [GeV]

Left: DM production cross section as function of s, taking into account both radion and graviton exchange. Right: reaction

density as a function of temperature 7. We fix A, = 100 TeV, mpy = 1 GeV, m, = 1 TeV, kr, = 11 (corresponding graviton mass
can be derived from Table I), and consider scalar DM. The shaded regions violate the effective theory condition.

spin-0 DM. The first resonance originates from radion
exchange, while the subsequent peaks correspond to KK
graviton modes. The characteristic ~s* growth for graviton
mediation is evident. Our benchmark parameters are
chosen such that the hierarchy problem is consistently
addressed. The radion peak is sharper than the graviton
ones owing to its narrower width, though the distinct
graviton resonances are still discernible. At energies
/s> my, these resonant features fade, and the cross
section transitions into a continuum primarily governed
by graviton exchange. The right panel shows the temper-
ature dependence of the 2 — 2 reaction density. Four
regimes are visible: (i) for T < m,/2, mediators are too
heavy to participate, yielding y « T'? (green dotted line),
(ii) near T ~ m, /2, radion exchange dominates, producing
y « TK{(m,/T) (brown dotted line), corresponding to the
first bump, (iii) at 7'~ mg, /2, the first KK graviton mode
takes over, with y & TK (mg, /T), giving the second bump
(black dotted line), and (iv) for 7' > mg, /2, the mediator
mass becomes negligible, leading to y & T7 (red dotted
line). With m, =1TeV and mg ~9 TeV (fixed by
kr. = 11), the two bumps lie close together, so the
intermediate 7% scaling is not distinctly visible. The
maximum contribution to the reaction density due to
gravitons comes from the first KK mode. Altogether, the
analytic behavior of Eq. (47) closely reproduces the
numerical scaling of the reaction density. The shaded
region in both plots is beyond the effective field theory
(EFT) approach, as the center-of-mass energy of the
process (in the left panel) or the temperature of the radiation
bath (in the right panel) is larger than the effective scale of
the theory.

Contours corresponding to the observed DM abundance
for fixed DM masses are shown in Fig. 4, in the bi-
dimensional plane of [Ty, — A,]. For each case, we display
all three possible DM spins. In the upper panel, we set

kr. =11 and fix the DM mass by taking m) = Mp.
The implications of varying the DM mass are discussed
shortly. Irrespective of the DM spin, the parameter
spaces exhibit a broadly similar pattern. This behavior
can be understood from the approximate analytical expres-
sion in Eq. (48), which shows that the DM relic abundance

scales as Qpyh? ~ mpyT5 /AL, where & > 0 depends on
the specific temperature regime under consideration.
Consequently, for a fixed DM mass, an increase in A,
leads to an underabundance, which can be compensated by
a larger reheating temperature 7;,. However, excessively
large T, values may lead to thermalization of the
SM—-SM <> DM-DM processes (shown in dark gray),
thereby violating the freeze-in assumption. Since we
assume instantaneous reheating, the SM plasma cannot
produce DM heavier than the reheating temperature. This
excludes the pink-shaded regions in the upper panel. It is
however worth noting that DM production can proceed
even if mpy > Ty, which relies on the Boltzmann tail of
the SM particle distribution that enables the generation
of the DM relic at low temperature [72-74]. For
mpy = 1 MeV, shown in the lower panel, this constraint
is absent because the BBN bound Tggy =~ 4 MeV > mpy
is always satisfied. For heavier DM, one observes that as A,
increases, the required T, also rises, although more slowly
than for lighter DM, as seen by comparing the upper and
lower panels. This difference arises because for lighter DM,
phase-space suppression is negligible, and the yield grows
rapidly as Ypy o T, following the first line of Eq. (48).
As a result, for the same 7', lighter DM requires a larger
A, to avoid overproduction, an effect mitigated by increas-
ing the scale A,. For the mpy; = 1 MeV case, one can still
take kr, = 11 with m? ~ 10'> GeV. It is worth emphasiz-
ing that, for a given A, and kr,, the reheating temperature
cannot be arbitrarily large without invalidating the 4D
effective theory. The corresponding exclusion region,
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FIG. 4. Contours of right relic abundance for a DM of mass mpy ~ 2300 GeV, with corresponding kr. = 11, shown in the left panel,
considering different DM spins. The red solid, green dashed, and blue dot-dashed contours correspond to spin-0, spin-1, and spin-1/2
DM, respectively. The right panel shows the same, but for a DM of mass 1 MeV. In all cases, we have fixed m, = 1 TeV and follow
Table I for the graviton mass. We show regions excluded from DM thermalization condition (in lighter gray), BBN bound on the
reheating temperature (in darker gray), instantaneous reheating condition (in pink, in the top panel), and violation of effective theory (in

cyan and in darker red). Within the green shaded region, the hierarchy problem can be addressed.

where the effective description is expected to fail, is shown
in cyan. Nevertheless, as evident from the figure, thermal-
ization typically imposes a stronger constraint. The green-
shaded region corresponds to kr. < 10, which can be
translated into A, <5.5 x 10* GeV. Consequently, for
heavier DM, the simultaneous realization of the correct
relic abundance and resolution of the hierarchy problem is
ruled out under the assumption of instantaneous reheating,
that forbids T, < mpy. In contrast, for lighter DM, as
illustrated in the lower panel, a consistent solution address-
ing both the hierarchy problem and the observed DM

103

Thermalization

10%
10'F

1+

Tin [GeV]

107t}

1072}

-3

10
1073 107! 1 10! 102 103

mpwm [GeV]

1072

FIG. 5.

abundance remains viable. As mentioned earlier, a modest
variation in the bulk curvature k (as well as kr,) can lower
the graviton mass scale to values accessible at colliders.
However, since our focus is not on collider phenomenol-
ogy, we choose the model parameters such that the
corresponding masses remain well above the current
collider bounds (see Sec. IVA for a discussion on con-
straints). It is worth noting that varying the mediator masses
within this range does not qualitatively affect our results.

We choose two benchmark A, values while fixing
m, =1 TeV and obtain the allowed parameter space in

Thermalization

10%
_ 10
= 2
(i 10 »
= 10!
&

Tin < mpym

107! 1 102 103

mpym [GeV]

1072

Contours of right DM abundance for different DM spins, considering m, = 1 TeV, A, = 10 TeV in the left panel, and

A, = 10° TeV in the right panel. The red solid, green dashed, and blue dot-dashed contours correspond to spin-0, spin-1, and spin-1/2
DM, respectively. Different shaded regions are excluded from the DM thermalization condition (in lighter gray), the BBN bound on the
reheating temperature (in darker gray), and the instantaneous reheating condition (in lighter red). In the right panel inset, we have
zoomed into the relic density contours corresponding to different spins to show them more clearly.
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[T, — mpu| plane, as shown in Fig. 5. Once again, part of
the relic density allowed region is forbidden from the
thermalization condition, typically for larger T;. As the
DM mass keeps increasing, in order to satisfy the correct
abundance, T, decreases until the DM becomes heavy
enough where it can no longer produced from the thermal
bath. Note that a larger A, requires higher 7'y, for the same
DM mass, since in that case the DM production is sup-
pressed and could only be overcome by considering a
higher T,. As we argue later, a larger 7', is compatible with
the generation of baryon asymmetry. It is interesting to note
that for A, = 10 TeV one can still have kr. ~ O(10), while
keeping 10'" < mY < 10'7 GeV to obtain DM over MeV-
TeV mass range on the brane [cf. Eq. (16)], thereby
providing a consistent resolution to both the hierarchy
problem and the right DM abundance via freeze-in. Before
concluding this section, it is useful to highlight an impor-
tant aspect of the RS framework. As discussed earlier, the
extra dimensional modulus in the RS model can be
stabilized at a value close to the inverse Planck scale by
introducing a massive scalar field in the bulk. In the original
stabilization mechanism, however, the backreaction of this
bulk scalar on the background geometry is neglected. This
framework was later extended to a more general warped
geometry setup by consistently including the backreaction
of the stabilizing scalar field on the background metric (see,
for example, Refs. [60,75-77]). Following Ref. [60], one
finds that the condition m, /A, < 1 is naturally satisfied in
the limit of small backreaction. In our analysis, the radion
mass is fixed at m, = 1 TeV throughout, while the values
of A, within the viable parameter space of both Fig. 4 and
Fig. 5 that yield the correct relic abundance always satisfy
m, /A, < 1. Therefore, all benchmark points considered in
this work consistently lie within the small backreaction
regime.

IV. MINIMAL GRAVITATIONAL FREEZE-IN

It is noteworthy that the DM is inevitably produced via
exchange of the massless gravitons, due to the first term in
Eq. (30) which leads to irreducible DM-graviton inter-
actions via minimal gravity. The interaction rate density for
such a process reads [4,7-9,78]

T8

r(T) =k M (52)

with k~2.9 x 107 (spin-0), k=~ 1.7 x 107> (spin-1/2
Majorana), or k ~ 7.3 x 1072 (spin-1). In the sudden decay
approximation for the inflaton, one can analytically obtain
the DM asymptotic yield as [78]

45k 10/ Ty\3
Y, ~ — , 53
0 2 g g*<Mp> (53)

which leads to

9.4 x 10'° GeV, spin-0,
103 GeV\ 1/3 .
Y R 5.2x 10" GeV, spin-1/2, (54)
M 32 % 10'5 GeV, spin-1,

in order to satisfy the right DM abundance. Consequently,
DM production via massless graviton mediation becomes
important at a very high T, because of the large hierarchy
A, < Mp. Thus, for T, < 10" GeV, the contribution
from massless graviton mediation to the DM yield can
be safely ignored.

A. Theoretical and observational constraints

1. From collider

From theoretical analyses, Ref. [79] reported a
radion mass range of 0.8 GeV <m, <260 GeV with
1.4 <A, <1.5TeV. This parameter space corresponds
to a radion lighter than the first KK graviton mode and
is compatible with the warp factor required to reproduce the
electroweak scale. Collider searches, however, impose far
stronger bounds, as examined in [80-88]. For instance,
using h—>ZZ, h—-W*W~, and h - yy searches,
Ref. [87] demonstrated that at m, ~ 200 GeV the effective
scale must satisfy A, 2 5 TeV, while for m, = 1 TeV the
lower limit reduces to about 2 TeV. As emphasized
in [60,89,90], the radion can also mix with the SM
Higgs boson, with important phenomenological implica-
tions. Without such mixing, the only means of suppressing
radion couplings is to raise its scale, which pushes (Large
Hadron Collider) LHC bounds on A, to multi-TeV
values [85,91,92]. Including Higgs—radion mixing, how-
ever, enriches the phenomenology, enabling consistency
with Higgs data and even evading exclusion limits without
requiring a large new-physics scale [93-96]. The mass
bound on the lightest graviton excitation in this framework
has already surpassed 2 TeV at /s = 8 TeV [97,98]. The
second theoretical aspect involves ensuring the consistency
of the EFT framework. In the RS model, energies above A,
lead to strong coupling among KK gravitons, signaling the
breakdown of the five-dimensional description. We thus
require at least the first KK graviton to remain lighter
than the cutoff, mg < A, [25], shown by the red shaded
area in Fig. 4. The ATLAS data corresponding to high-
mass diphoton final states, corresponding to an integrated
luminosity of 36.7 fb=! at a center-of-mass energy of
/s =13 TeV, has excluded graviton mass below
4.1 TeV for k/Mp = 0.1 [99]. A more recent analysis
from CMS collaboration for the same signal event at /s =
13 TeV for an integrated luminosity of 138 fb~! excludes
masses below 2.2 to 5.6 TeV at 95% confidence level, for
0.01 < k/Mp < 0.2 [100]. The DM can, in principle,
scatter off the SM nucleons via the #-channel exchange
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FIG. 6. Production cross section in high-mass diphoton (pp — yy) events from proton-proton collisions is shown (gray dashed line),
as a function of the lightest KK-graviton mass. The black solid curve corresponds to result obtained from CMS [100] at /s = 13 TeV,
corresponding to an integrated luminosity of 138 fb~!. Different colored points represent T, values required to satisfy the observed DM
abundance for a DM of mass 1 MeV. In the left (right) panel, we fix k= 0.01(0.1), m, =1 TeV.

of the radion or graviton, leading to the possibilities of
direct detection. However, the resulting constraints on A,,
from experiments such as LUX-ZEPLIN [101] and
DARWIN [102], are many orders of magnitude weaker
than those derived from freeze-in.

In Fig. 6, we illustrate how the cross section into
photonic final states varies with the graviton mass. For
comparison with experimental data, we use the recent CMS
result [100] from the search for new physics in high-mass
diphoton events in proton-proton collisions at a center-of-
mass energy of 13 TeV. The dataset was collected during
2016-2018 with the CMS detector at the LHC and
corresponds to an integrated luminosity of 138 fb=!. The
gray dashed curve represents the prediction of our model,
obtained using the relation
k mg,

k = .
MP XlAr

(55)

By fixing k, one can vary both mg, and A, over a suitable
range and compare the resulting graviton-mediated pp — yy
cross section with the CMS measurement (shown in black).
The parton-level events are generated using CalcHEP [103],
using the CTEQ6L distribution function. For each allowed
pair [mg, , A,], one can identify values of T, that yield the
correct relic abundance for a 1 MeV DM candidate; these
values of T, are indicated by the color scale. Interestingly,
fork = 0.01 (left panel), the present data exclude the region
with Ty, <26 GeV and mg, <2230 GeV, for a scalar DM

of mass 1 MeV. Increasing k = 0.1, as shown in the right
panel, the constraints becomes more stringent, forbidding
mg, < 4630 GeV and corresponding Ty, < 15.8 GeV. This

figure highlights a striking complementarity between col-
lider searches and early Universe cosmology. The key

message is that collider measurements can impose stringent
constraints not only on the mass scale and coupling of new
physics but also on the cosmological history of the early
Universe.

2. From reheating

Away from the sudden decay approximation for reheat-
ing, the bath temperature may rise to a temperature
Trax > Ty, [104-106]. It is plausible that the DM relic
density may be established during this reheating period, in
which case its abundance will significantly differ from
freeze-in calculations assuming radiation domination. In
particular, it has been observed that if the DM is produced
during the transition from matter to radiation domination via
an interaction rate that scales like y (7)) « T", for n > 12 the
DM abundance is enhanced by a boost factor proportional to
(Tmax/Tn)""'? [107], whereas for n < 12 the difference
between the standard freeze-in calculation differ only by an
O(1) factor from calculations taking into account non-
instantaneous reheating. It has also been highlighted that the
critical mass dimension of the operator at which the
instantaneous decay approximation breaks down depends
on the equation of state w, or equivalently, to the shape of the
inflationary potential at the reheating epoch [108-112].
Therefore, the exponent of the boost factor becomes
(Tinax/Te)" ™" with n. =6 +2(352), showing a strong
dependence on the equation of state [108]. However, as
the precise determination of such boost factors depends on
the details of the reheating mechanism, in particular, the
shape of the inflationary potential during reheating, it is
beyond the scope of the present study. Given an inflationary
model, a measurement (upper limit) on the tensor-to-scalar
ratio can be translated into an upper bound on 7'y, thereby
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constraining the scale of inflation. Precision measurements
of primordial element abundances from big bang nucleo-
synthesis (BBN) suggest that the reheating temperature, 7',
must be at least afew MeV [93,113—117]. On the other hand,
typical inflationary models predict an upper bound on 7'y,
around 10'® GeV (see, e.g., Ref. [118]). However, a high
reheating temperature can potentially lead to issues with
long-lived exotic relics that risk overclosing the Universe. A
well-known example of this is the cosmological gravitino
problem in supergravity scenarios [119]. As a result, super-
gravity models usually impose an upper limit on the
reheating temperature of around 10'© GeV, with even
stricter constraints if the gravitino is light. For the graviton
and radion of masses [ZO(1 TeV)], both particles decay
before the onset of BBN (approximately before one second),
provided A, < 10'° GeV.

A comprehensive analysis of inflation and the sub-
sequent production of new physics after inflation lies
beyond the scope of this work. Nevertheless, we note that
a recent study [120] investigated inflation within extra-
dimensional frameworks from two complementary per-
spectives. The first is the so-called dark dimension sce-
nario, which consists of a single flat extra dimension of size
L =2xr,., where r, denotes the compactification radius,
with a brane located at y = 0. The second framework is the
Randall-Sundrum (RS) model, based on a five-dimensional
anti—de Sitter geometry. Within this setup, both RS1 and
RS2 realizations were examined: RS1 includes two branes
at y =0 and y = zr, (with the latter identified as the IR
brane), while RS2 contains a brane at y = 0 and a second
brane effectively pushed to infinity. The authors have also
confirmed a previous result, showing that 5D evolution
leads to a correction of the Hubble parameter on the brane
H? « p? [121-123] (p being matter density on the brane),
which is different from the 4D case where H> « p. In these
constructions, the inflaton field ¢, together with all SM
fields, was assumed to be localized on a brane (specifically
the IR brane in RS1). Two representative inflationary
scenarios were then explored: monomial inflation and
the simplest a-attractor model. The authors showed that the
monomial inflation scenario is disfavored by current
Atacama Cosmology Telescope (ACT) observations
[124,125], whereas the a-attractor framework remains in
good agreement with the data. In the RS1 setup, they also
noted an important tension: matching cosmological obser-
vations requires an effective scale A, > 10'3 GeV, which is
vastly larger than the TeV scale typically needed to address
the hierarchy problem. This suggests that, if the inflaton is
confined to the IR brane, the RS1 framework may struggle
to simultaneously explain both inflationary data and the
hierarchy problem.

3. From AN

For BBN to proceed successfully, the Universe must not
contain a substantial abundance of additional relativistic

degrees of freedom beyond those in the SM. Any such extra
radiation energy density is conventionally parametrized
through AN, and its presence during the BBN epoch can
modify the expansion rate, thereby impacting the formation
of light elements. Consequently, both current and future
constraints on AN from CMB, BBN, and their combi-
nation place stringent limits on scenarios that predict excess
radiation prior to or during BBN. Here, we consider a
scenario where the decay of massive graviton (apart from
the SM fields) produces massless dark radiation (DR) with
spin-0, spin-1/2, and spin-1.

The effective number of neutrino species N is defined
through the total radiation energy density in the late
Universe (at a photon temperature Ty ) via

Prad(Tan,,) = Py + Py + Por

7 (T,\*
= |:1 +§ <T_y> Neff:|p7(TANen‘)’ (56)

where p,, p,, and ppr denote the photon, SM neutrino, and
dark radiation energy densities, respectively, and T, /T, =
(4/11)1/3. The temperature T,y specifies the epoch at
which N is evaluated. Experimental bounds on AN are
typically quoted at T'yy . = Tgpn and Tay, = Tcmp, With
T cump corresponding to photon decoupling. Within the SM,
accounting for noninstantaneous neutrino decoupling
yields N3M = 3.044 [126-134]. In the presence of addi-
tional dark radiation, one finds

8 (11\*/3 ppr(Tan,,)
ANy = Ny — N3N = 7 (Z) T =
p]/( ANeff)

S0 ) @

where B denotes the branching fraction of the graviton into
DR of different spins. In deriving Eq. (57), entropy
conservation has been applied from decoupling temper-
ature T, until T»y_, and we have used g, ~ g, around
Tsn,,- The decoupling temperature of the decaying grav-
iton satisfies

ar, [ 10 1z
T,= |24 | — M,
T 9*(Td)

me \3/2 /10 TeV
~52x 108 GeV|-—2— 58
) © <1T6V> ( A, > (58)

where mg is the mass of the decaying graviton. Using the
expressions for graviton decay rates in Appendix C, we find
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0.01 x (1/1%) for spin-0,
AN~ < 0.03 x (3/1%) for spin-1/2,  (59)

013 x (15/7) ~for spin-1,

ignoring masses of the SM particles and considering
9« (T4) = 106. This shows spin-1 DR contributes maxi-
mally to ANeff.

Within the standard ACDM cosmological framework,
the Planck legacy data yield Ny = 2.99 £ 0.34 at 95%
CL [40]. Incorporating baryon acoustic oscillation mea-
surements significantly sharpens this determination to
Ngp =2.99+0.17 at the lo level. Upcoming CMB
surveys, such as SPT-3G [135] and the Simons
Observatory [136], are expected to improve upon
Planck’s sensitivity. In particular, CMB-S4 [137] and
CMB-HD [138] aim for remarkable precision, targeting
sensitivities of AN ~ 0.06 and AN ~ 0.027 (95% CL),
respectively. A joint analysis combining BBN and CMB
constraints yields N ; = 2.880 £0.144 [139]. Looking
ahead, next-generation satellite missions such as
COrE [140] and Euclid [141] are projected to set limits
at the level of AN < 0.013 (26). In the right panel of
Fig. 7, we present the contribution to AN arising from the
decay of a decoupled massive graviton into DR species
with different spins. It is worth noting that current Planck
constraints already exclude mg < 0.02 GeV when spin-1
or spin-1/2 DR contributes to AN.g, whereas the corre-
sponding bound for spin-0 is much weaker, excluding only
mg < 0.02 MeV. Heavier gravitons remain unconstrained
by existing Planck limits but may be probed by the
improved sensitivities of future experiments such as
CMB-S4 and CMB-HD, particularly in the spin-1 and

— A, =10*GeV
| ----- A, =10° GeV
-------- A, =10° GeV

T, [GeV]
3,

10t

0.001

spin-1/2 cases. Spin-0 scenario, however, remains safe.
Notably, the present CMS analysis offers complemen-
tary coverage to CMB observations by ruling out
mg < 2.2 TeV, in the context of the RS model.

It is worth stressing that, although Eq. (57) appears
independent of A,, as it depends solely on the branching
fraction B, a dependence on A, nonetheless enters through
Eq. (58), as one can see from the left panel. For a fixed
graviton mass, increasing A, suppresses the graviton decay
width, thereby extending its lifetime. As a result, the
graviton decays later, when the Hubble expansion rate
has decreased to H(T,) ~ Ty, corresponding to a cooler
Universe. This is also evident from the left panel of Fig. 7.
The behavior of ANy at small graviton masses can be
directly understood from its dependence on the entropy
degrees of freedom at the decoupling temperature, as seen
in Eq. (57). For fixed A,, the decoupling temperature scales
as Ty « m?;/ 2, implying that lighter gravitons decouple at
later times when the temperature of the thermal bath is
lower. Since the effective entropy degrees of freedom g, (T')
decrease significantly as the Universe cools (notably across
the QCD and electron-positron annihilation epochs), a
smaller T,; corresponds to a smaller value of g, (7).
Consequently, the dilution of the DR component due to
subsequent entropy injection into the SM plasma is
reduced. This is reflected in Eq. (57) through the factor
9+ (T4)~'/3, leading to an enhanced contribution to AN
for lighter gravitons. In contrast, heavier gravitons decouple
earlier, when g, (T,) is large, resulting in stronger entropy
dilution and hence a suppressed AN . This explains the
rise of AN toward smaller graviton masses observed in.
In summary, a massive graviton with mg 2 2 TeV remains
safe from current AN limits from Planck, considering its
decays into dark radiation having intrinsic different spins.

5r= -
%-1
~ ~N
0.500 N Planck
BBN+CMB spin-1
g
Z
< 0.050f
L Core/Euclid ]
! spin—-0
0.005} o b
=
1072 10° 102 10* 10°
mg [GeV]

FIG. 7. Left: decoupling temperature 7'y, as a function of graviton mass [cf. Eq. (5§8)] for spin-1 DR. Different curves correspond to
different choices of A,. Right: contribution to dark radiation from graviton decay, considering different spins, shown via different black
curves, as a function of graviton mass, following Eq. (57). The shaded region is discarded from present (Planck) and future predictions
of AN from different experiments. The vertical dashed line shows lower bound from CMS on first KK-graviton mass in RS model (see

text for details).
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V. IMPLICATIONS FOR BARYOGENESIS VIA
LEPTOGENESIS

As advocated in the beginning, the goal of the present
study is to address not only the DM abundance but also the
asymmetry in the brayonic sector. In order to achieve the
latter, we adopt the leptogenesis route to baryogenesis.
Following the standard leptogenesis scenario [142,143], we
introduce three SM gauge singlet RHNs N; (with i=1, 2, 3)
with the SM fields that leads to an interaction Lagrangian,

1 — .
£ ) _EMNNCN —yNNHTl[/L =+ H.C., (60)

where RHNs are assumed to be mass diagonal, and all the
generational indices are suppressed. The first term is the
lepton number violating Majorana mass term for RHN.
The second piece corresponding to the interaction
Lagrangian is important since it is responsible for the
generation of active neutrino mass, as well as the lepton
asymmetry via CP-violating decay of the RHNs, which
eventually gets converted into the observed baryon asym-
metry via sphalerons. Here, H= ioc,H*, where o, is the
Pauli spin matrix. With the Lagrangian in Eq. (60), we can
write the subsequent action as

4r 1 —
Srad 3—/d4x< >[—M NN
d—N \/EA’, ) N

+ywNH Ty, + Hc] (61)

Once again, we rescale the RHN mass My — MY, e7*e”.
Consequently, for kr. ~ O(10), we have TeV-scale RHN
for M%, ~ O(M5p).

A. Neutrino mass and CP asymmetry

Once the neutral component of H acquires a nonzero
VEYV, the neutrino Dirac mass term can be written as

mp = IN (62)

\/E ’
following Eq. (60). Together with the bare Majorana mass

of the RHNS, this generates light neutrino masses through
the Type-I seesaw mechanism [49,144],

m, =~ —mpMy'mb, (63)

assuming mp << M. Diagonalization yields
m, = U ml", (64)
where m¢ = diag(m,, m,,ms), and U is the PMNS

matrix [70], with the charged lepton mass matrix taken
diagonal. To generate the complex Yukawa structure

required for CP-violating RHN decays, we employ the
Casas-Ibarra (CI) parametrization [145],

= 210 fuf s, (65)

where M¢, is the diagonal RHN mass matrix, R is a
complex orthogonal matrix, R’R = I, chosen as

0 cosa sina
R=|0 -sina cosa |, (66)
1 0 0

with @ = a + ib a complex angle, and we have considered
the RHNs to be mass diagonal. The mass matrix m¢ is
determined from the latest oscillation data [70,146]. Note
that, in writing the above rotation matrix, we have considered
Nj to be extremely heavy and decoupled, consequently only
N, take part in leptogenesis. Consequently, the lightest
active neutrino mass can be set to zero. The CP asymmetry
parameter is defined as

_ ZjF<Ni - fjH) - er(Ni
TS TN = £;H) + 5 TN,

- Z H)

———. (67)
- ¢;H )

As the present setup naturally forbids high-scale lepto-
genesis (to consistently address the hierarchy problem) and
gives rise to TeV-scale RHNSs, in order to satisfy the observed
baryon asymmetry, we would require to resonantly enhance
the CP asymmetry leading to resonant leptogenesis. A
resonant enhancement of the CP asymmetry in N; decay
occurs when the mass difference between N and N, is of the
order of the decay widths. The CP asymmetry due to N;
decay then reads [52,147-149]

reso __ Im[(Y}VYN)%Z] . (M% —M%>M1F2
1 - I s
(YY) 1 (YRY,)y (M7= M3)? + M3T3

(68)

where we have neglected the flavor effects. This result is only
applicable to the case of two nearly degenerate heavy
Majorana neutrinos. It is worth remarking that two
Majorana neutrinos are sufficient for generating the light
neutrino masses and explaining the baryon number
asymmetry.

B. Generation of baryon asymmetry

To track the evolution of N, along with the B-L charge
with temperature of the SM bath, we solve the following set
of coupled Boltzmann equations:
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[ilyzr = _ZLH (Trosmsm) (Y, = Y7Y)
- ZLH <JU>SMSM—>rr(Y% - Y%,eq)’

dd—YZg = _ZLH (Cgosmsm) (Yg — YZq)
- ZLH <GU>SMSM—>QQ(Y5 - Yé,eq)’

d:;—;vl = ZLH (Tgonn,)Yg + “H (Cronn, )Y
ZH (o) smsm—n v, (YR, = YR, eq)s
_ZLH<FN1>(YN1 — ¥,

o o) oy, i)

_%WEZKI(Z)YB_L, (69)

where z = M, /T. Here, i, = (mpymp)y,/M; = m?2, /M,
and and m, ~1073 eV is the equilibrium neutrino
mass [150]. The thermally averaged decay width reads

r) = K(M;/T)

K"

(70)

i—jj»

where i and j are the decaying particle and the decay
products, respectively. The first and second lines of
Eq. (69) correspond to the yield of frozen-in radions and
KK gravitons, respectively, that are created (on shell) either
from the inverse decays (2-to-1 process) or from the
scattering (2-to-2 process) of the bath particles, where

10f e ¥ e Y, e Yy, —— Yoo |

10—4» .3\

st 1070 3

10714 § \

10719} B
1073 1072 107! 10° 10 102

z=M,/T
FIG. 8.

the latter is suppressed by 1/A# and hence subdominant in
presence of decay. The third line takes care of the evolution
of RHN yield, where we include RHN production from
graviton and radion decays, as well as graviton- and radion-
mediated scattering (included in (6v) gy sp— ., v, )> ON top of
usual production via inverse decay of the bath particles
(¢H — Ny). The last line of equation determines the net
asymmetry produced. Sphaleron interactions are in equi-
librium in the temperature range between ~100 GeV and
10'2 GeV, and they convert a fraction of a nonzero B-L
asymmetry into a baryon asymmetry via

8Ny + 4Ny

Yp~apnYp | = 22N, + 13N,

YB—L ’ (7 1 )
where N is the number of fermion generations, and N is
the number of Higgs doublets, which in our case are
Np =3,Ny = 1, and ag, ~28/79. In leptogenesis, where
purely a lepton asymmetry is generated, B — L = —L. This
is converted into the baryon asymmetry via sphaleron
transition [150]. Finally, the observed baryon asymmetry
of the Universe is given by Y9 ~8.75 x 1071,

We present the numerical solution to Eq. (69) in Fig. 8,
which shows the evolution of the radion, graviton, RHN,
and the absolute value of the asymmetry as functions of z.
The RHN mass is fixed to be 500 GeV, considering
kr. = 10 such that the hierarchy problem is once again
addressed. The radion mass is fixed to 2 TeV, satisfying the
collider limit, and we consider the contribution from

the lowest KK-graviton mass mode, following Table I.

As the effective scale A, decreases, the yields of the radion

and graviton increasingly approach their equilibrium dis-

tributions, as evident from the comparison between the left
and right panels. This behavior is expected, since a smaller

e Y, e Y, Yoo
107}
S [
1071 i
10719
1073 1072 107! 10° 10 102
z=M,/T

Evolution of radion, graviton, RHN, and B-L yield, shown via red-dashed, green-dotted, blue-dotdashed and black solid

curves, respectively. In the left panel, we have chosen A, = 3 x 10!° GeV, while A, = 10° GeV in the right panel. In the left panel, we
also show the thermal RHN yield via black dashed curve (on top of the blue dot-dashed cuve). In all cases, we have fixed m, = 2 TeV
and M| = 500 GeV, and the graviton mass follows from Table I. The vertical dashed gray line corresponds to the temperature of
sphaleron transition. The horizontal gray line represents the value of the observed baryon asymmetry Y9 ~8.75 x 1071,
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TABLE II. Three-legged vertices for the radion-matter inter-
actions in unitary gauge. Here, m;, y » corresponds to the Higgs,
massive gauge boson, and the SM fermion masses, respectively.

Vertices

(i/A)(2pi - py +4m})
(_ZZm%//Ar)r]uﬂ

Interactions
rH(p\)H(p)
rV(p)V(p2)
rf(p1)f(p2)

A, enhances the interaction rate, allowing it to compete
effectively with the Hubble expansion rate. The RHN yield
gradually builds up from a negligible initial value, and its
subsequent decay generates the final B-L asymmetry,
represented by the solid black curve. The CI parameters
are chosen such that the resulting asymmetry reproduces
the observed value while maintaining perturbativity of the
Yukawa coupling. For TeV-scale leptogenesis, it is essential
to account for flavor effects [52], where the dynamics of
individual lepton flavors play a significant role in generat-
ing the final asymmetry. Since the framework of flavored
leptogenesis is extensively developed in the literature and
applies to our scenario without modification, we do not
elaborate on it here. Instead, we highlight that the present
setup naturally accommodates low-scale leptogenesis,
placing it within the potential reach of collider experiments
(see, for example, Refs. [151-154]).

1. Baryon-dark matter coincidence

We conclude by reflecting on the viability of explaining
the baryon-DM coincidence within this framework. Since
the baryon asymmetry is predominantly generated by
RHNs originating from the thermal bath, their efficient
production in the early Universe requires the reheating
temperature to satisfy Ty, = M. Consequently, a successful
realization of leptogenesis driven by the CP-violating
decays of a 500 GeV RHN necessitates Ty, = 500 GeV.
As demonstrated in the right panel of Fig. 5, the observed
dark matter relic abundance can be consistently reproduced
for Ty, = 500 GeV by appropriately adjusting the effective
scale A,. Hence, for a moderately high reheating temper-
ature, our setup naturally accommodates the baryon-DM
coincidence while simultaneously offering a coherent
resolution to the hierarchy problem.

VI. CONCLUSIONS

Within the framework of the RS setup, we have explored
the production of new-physics states. In our scenario,
all SM fields are confined to the IR brane, while only
the spin-2 graviton propagates in the bulk. The RS con-
struction additionally predicts a scalar degree of freedom,
the radion. Building on this setup, we extend the SM by
introducing gauge-singlet fields that can either serve as dark
matter (DM) candidates or generate the baryon asymmetry
through standard leptogenesis. Even without direct

couplings between DM and the SM, the DM production
is inevitably facilitated by their gravitational interactions
mediated by the graviton and the radion. Interestingly,
satisfying all collider constraints from LHC and cosmo-
logical bounds, e.g., from reheating and from AN, the
observed DM relic abundance can be fully explained while
simultaneously addressing the hierarchy problem. We show
that the reheat temperature is sufficient enough to produce
the RHNs abundantly. These RHNs subsequently undergo
CP-violating, out-of-equilibrium decays, yielding the
observed matter-antimatter asymmetry of the Universe.
Since the RHN mass is constrained to be at the TeV scale
in order to solve the hierarchy problem, achieving a
sufficient CP asymmetry necessitates resonant enhance-
ment. We further examine the impact of collider constraints
within this framework, with particular emphasis on their
implications for early Universe cosmology. In particular,
existing bounds from LHC searches for gravitons in di-
photon final states impose significant restrictions on the
reheating temperature, depending on the graviton mass and
size of the effective scale. In summary, the RS framework,
together with a simple extension of the SM particle content,
offers a unified and coherent resolution to the coincidence
problem while consistently addressing the hierarchy issue.

ACKNOWLEDGMENTS

B. B. would like to acknowledge the hospitality at IIT,
Hyderabad, during the Phoenix-2025 conference, during
which this work was initiated. P. K. P. acknowledges the
Ministry of Education, Government of India, for providing
financial support for his research via the Prime Minister’s
Research Fellowship (PMRF) scheme. We would like to
thank the anonymous referee for many useful suggestions.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: RADION DECAY RATES

To obtain relevant radion-matter vertices, we imple-
mented the model in LanHEP [155] and extracted the decay
widths as well as cross sections utilizing CalcHEP [103]. In
Table II we have tabulated the relevant radion-SM-SM
vertices.

1. To Standard Model
a. Before EWSB
Before EWSB, the only decay mode that is accessible to
the radion is the SM Higgs, with a decay rate

m3

Ty = ———. Al
r—hh 7687[/\% ( )
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b. After EWSB

After the EWSB, the radion can decay to SM fermions, Gauge bosons, and Higgs in the SM. The decay widths of these

modes are given as follows:

V1 —xw<1 —xw+%x%v),
m(l —xz+§x§),
\/1 — Xy,

ZNCXf(l —Xf)3/2,

m;

TrosMsM = 2113
MSM™ 384712

SIE S

where x; = 4m?/m?, N. = 3(1) represents the color factor for quarks (leptons), and m ¢ 18 the mass of the SM fermions.

2. To dark matter

(1 = xpm)*/? spin-0,
8xpy (1 — xpy)*/? spin-1/2,
A/ 1 - xDM(l - 4XDM + IZX%M) Spin—],

m;

r._ =M
r—DM DM 7687[/\%
where xpy = 4mdy,/m?.

APPENDIX B: RADION-MEDIATED SCATTERING CROSS SECTIONS
1. Before EWSB

In this case, only the hh — DM DM channel survives with the following production cross sections:

(o= ) spin-0 DM,

(s=m7)*+T7m; °

2
s 4dm 2 _gom? 4
o _ DM sc—4s mpy+ 1 ZmDM .
Onh—~DMDM = Tea35 13 \/1 g o spin-1 DM,
r

M spin-1/2 DM,

(s=m?)*+Tim; °

2. After EWSB

(A3)

Once the EW symmetry is broken, all the SM states becomes massive. Below we report all the production cross sections

for different DM spins. In the following, we consider x = 2mpp/ /s, ¥ = 2mgy/+/s-
a. Spin-0 DM

1 S3y2

o= 1= x2)5/2(1 = y2)1/2,
=SS = 368647 A} [(s—m%)2+r%m%]( ¥R =)

B 1 $3y?

4455 = 1105922A% [(5 — m2)? + [2m]
_ 1 53 (4 — 4y% 4 3yY)

02255 = 6635520A [(s — m2)? + D2m?]
- 1 s3(4 — 4y? + 3y%)

TWW=SS = 66355272 [(5s — m2)? + [2m?]

(1 _x2)5/2(1 _y2)1/2’

(1 _x2)5/2(1 _yz)—1/27

(1 _ x2)5/2(1 _ yZ)—l/2’

1 s3
TMh=55 = 184322N [(s — m2)? + [2m?]

(1 _x2)5/2(1 _y2)—]/2'
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b. Spin-1 DM

1 $3(4 — 4x? + 3x4)y?

1 = x2)12(] = y2)12, B7
14745622 [(s — m2)? + [2m?] (=) 51 =57) (B7)

Opr—-xx —

1 534 — 4x? + 3x4)y?

. —_ 1_21/21_21/2’ BS
C0~XX = 102368 A8 (s =P 3 2m] 7 F) (170 (B8)

1 s34 — 4x? +3x) (4 — 4y? + 3yh)

22=XX = 96542087A (s — m2)? + 2] (=R =y, (B9)
OCWW—xx = 265421087r/\‘,‘ 4 - ?Z:jnfg;z)il;;:;] 3 (1 =x2)12(1 = y?)~1/2, (B10)
Chx = 737218ﬂ o o ([?S__%; f;;m?ﬁ) (1—x2)72(1 = y2)7 /2, (B11)

c. Spin-1/2 DM
00NN = 46051;:1\;‘ = n:j;fyj e 1~ LY =)V, (B12)
44NN = 1382147;1\;* o= njj;zyj o CP=, (B13)
SIS ETLES P o
OWW—NN = 8294147r1\‘,‘ s[z;cz_(4m—%;yi—;%3nz;) (1=x2)P/2(1 = y7)71/2, (B15)
! (=PRI =y (B16

OHh=NN = 2304773 [(s — m2)? + [2mil]

APPENDIX C: GRAVITON DECAY RATES

The propagator of the nth KK graviton mode, characterized by mass m , decay width I',,, and four-momentum k, can be
written in the unitary gauge as

iP (k, mg )
Ag k) = uvap n , Cl1
1 ﬂl/aﬂ( ) k2 _ m2Gn 4 imGnrn ( )

where P,,,; denotes the polarization sum of the graviton, expressed in terms of the polarization tensors €}, (k) for spin s,

1 2
Pﬂvaﬁ(k’ mG,,) = Ze/iv(k)ezcﬁ(k) = 5 (gﬂagvﬂ + gvagﬂﬂ - ggm/g{xﬂ>' (Cz)

s
Here, the tensor G,, is defined as

k,k,
g/w =N — n:—z . (C3)

Gn
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TABLE IIl. Three-legged vertices for the graviton-matter interactions in unitary gauge. Here, H is the SM Higgs
field, V € W*, Z corresponds to the massive gauge bosons, f corresponds to SM fermions, and G is the SM gluon

field.

Interactions Vertices

YH(p2)H(p3) (ic/2)(P1uP2 + P1oP2u = NP1 - P2 = MuwMy)
gv(pl)_‘/(pZ) _(lK/z)m%/ (’70{;4’7,61/ + NowMpy — ’705/3’7;”,) + (iK/2)C;w,aﬂ
Gf(p1)f(p2) (ic/8)[ru(p1 = P2)y +1u(P1 = P2)y = 20 (P1 = B2) + 4mpny,)
gA(Pl)A(Pz) _(iK/z)[C/w,aﬁ(pl’pZ) - (Pl : Pz)D;w,a/i]
4G(p1)G(p2) (ix/2)8"“[Cpp ap(P1s P2) = (P1* P2)Dy.ap

For an on-shell graviton, the polarization tensor P, satisfies
NP sk, mg ) = 1" Pep(k, mg, ) =0, (C4)
and
K*Pyop(k,mg ) = kPP o5(k.mg,) = K Pp(k.mg,) = K“Pap(k.mg ) = 0. (Cs)

For extracting relevant graviton-matter vertices, we have utilized FeynRules [156]. In Table III, we have tabulated the
graviton-SM-SM vertices extracted from FeynRules. In all cases, all the momenta p; ; are incoming (toward the vertex),
following the FeynRules convention. We have defined

C/w,a/f = {naﬁ(piupju + piupju) - nyu(piapj/}) + NoauPivPjp + NawPiuD jp + MpuPial ju + nﬁupiapjy]’
along with

D;w.a/j = Noplpy + Mgy — NapMluv-

1. To Standard Model
a. Before EWSB

1, Higgs,
6N,., fermions, (Co6)

949  massless gauge bosons,

mg
Iy smsm = 960712

where in the last line we have added decay into all massless gauge bosons, i.e., B, WL, and gluons.

b. After EWSB

(1 —4x2)>/2, Higgs,
Cycarony = mg | 6N.(1—4r)32(3 +8r2), fermions, ©)
- 9607A7 | §(1 —4r2)'/2(13 + 56/2 + 48r%), massive gauge bosons,
14 photons,

where r = m/mg, is the ratio of SM to graviton mass, and § = 1(2) for Z(W=) final states.
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2. To dark matter

2)5/2 :
. (1 —4r2)>2, spin-0,

Cy_pMDM = 0GOn N2 (1 —=4r2)32(3 + 8r%), spin-1/2,
" (1= 42)2(13 4 562 + 4874)  spin-1,

where r = mpy/mg, .

APPENDIX D: GRAVITON-MEDIATED SCATTERING CROSS SECTIONS
In the following we consider, x = 2mpy/+/s and y = 2mgy/+/s, implying y = 0 before EWSB.

1. Before EWSB
a. Spin-0 DM

§3 (1 _x2)5/2

Opp_, = )
70755 T 7680nAY (s — m% )7 + Tamy,

S3 (1 _ x2)5/2
Ou0— - 5
9755 230407A} (s — m3, )2+ T2m2,

13s3 (1—-x2)%?
o - - )
VY85 T 518407A7 (s — mg )* +Tamg,
§3 (1- x2)5/2
(/N — )
M3 57607AY (s — m2, )2+ T2md,
7s3 (1 _ x2)5/2

O gg— - 5
W75 92160mAY (s — m, )2 + Tom2,

7s3 (1 _ x2)5/2
0, 8§ — .
" 115207A} (s = mg, )* + Tam;,

b. Spin-1 DM

s (3x* + 14x% +13) m’

0N T 7680mAE (s — m2, ) + omd,

3

5 (3x* + 14x* + 13)

Ogq—XX — 4 2 \2 ) 1—X2,
230407zA% (s —mg, )* + Tamg,

3

s (3x* + 14x% + 13) m’

Oyy_xx =
YV T 25920mA8 (s — mg )* + Tamg,

3

s (3x* + 14x% +13) JIZ2,

TM=XX = 57602N (s — m3, )2 + [2m,

753 (3x* 4 14x2 + 13)
Coimxx =
99=XX 921607 A (s — m%;n)2 + Fﬁmé"

7s3 (3x* + 14x% +13)
O, xy =
P 115207A8 (s — mg )P+ Tamy,
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¢. Spin-1/2 DM

$3 2x* 43
Crp NN =
NN T T6802AF (s — m )+ Tom?,

(1 _ x2)3/27

53 2x* 43

04q—NN = (1=x%)2,
“ 23040zA7 (s — mg, )* + Tamg

1353 2¢% +3
oyy_ =
VRN 518407AF (s — m3, )2+ T2m2,

(1 _ x2)3/2’

s? 2x° 43
oy = 1 — X232,
NN 5760zA; (s — mg, )* + Thmg (=)

753 3—2xt—x?
OCooNN =
9NN 92160nAY (s — mP, )2 +Tomy,

(1-x2)12,

753 3—2x*—x?
CpyoNN = (1=x2)1/2,
e 11520mAY (s — m2, 2+ 2m,

2. After EWSB
a. Spin-0 DM

3 (1 =x2)2(2y* +3) 5
Orp—s8 = P 2 \2 2 2 L=y,
23040zA% (s — mg )* + Tamg;

S3 (1 _x2)5/2(2y2 4 3)
Opmss =
9755 691207A} (s — m3, )2 + Tam?,

s Byt + 142 +13)(1 =) [1-42
Oyy—ss = )
VRS T S18400AY (s —m2 P+ D2md 1—y?
s3 (1 _ x2)5/2(1 _ y2)3/2
=SS = 57602A3 (s — m2, )P + omd,

1_2

3

b. Spin-1 DM

s (Bx* 4+ 14x2 +13)(2y? +3)
Crpoxxy =
XX 230400A) (s —m} )2 +Tamd,

(1=x%)(1=y?).

s (Bx* 4+ 14x2 +13)(2y? + 3)
Cpomxx =
W 69120mAF (s —m2 2+ Dmd

s (Bxt 14+ 13)(3y* + 14y +13) 1 =2
9 - = ’
Ve 259207 (s —m¢ )? +Tame, 1—y?

53 (3x* + 14x% + 13)
5760zA} (s — mg, )* +Thmg,

(1=x)(1 =y,

(1-2)(1 = )2,

Oph—XX —

115029-22

(D13)

(D14)

(D15)

(D16)

(D17)

(D18)

(D19)

(D20)

(D21)

(D22)

(D23)

(D24)

(D25)

(D26)



BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM ...

PHYS. REV. D 113, 115029 (2026)

¢. Spin-1/2 DM

O¢f—-NN —

OVV=NN = 5184072

3 2 2
s (2x* 4+ 3)(2y* + 3) /i _ (1 = )2, (D27)
23040z} (s — m )2 + Tam,
s (22 +3) (2 +3)
- 1 —y2(1 — x2)32, D28
04q—NN 691207A% (S—mzcn)z‘FF;sz%;n yi( x*) ( )
s (222 +3)(13 + 14y2 4+ 3y*) (1 = #2)32 (D29)
(s—mg P +Tomg =y
$3 2x> +3 2\3/2 2\3/2
(1_x)/(1—y)/. (D30)

M=NN = 5760 AE (5 — m ) + [2mZ,

[1] G. Bertone and D. Hooper, History of dark matter, Rev.
Mod. Phys. 90, 045002 (2018).

[2] J. de Swart, G. Bertone, and J. van Dongen, How dark
matter came to matter, Nat. Astron. 1, 0059 (2017).

[31 Y. Ema, R. Jinno, K. Mukaida, and K. Nakayama,
Gravitational effects on inflaton decay, J. Cosmol. Astro-
part. Phys. 05 (2015) 038.

[4] M. Garny, M. Sandora, and M. S. Sloth, Planckian inter-
acting massive particles as dark matter, Phys. Rev. Lett.
116, 101302 (2016).

[5] Y. Tang and Y.-L. Wu, Pure gravitational dark matter, its
mass and signatures, Phys. Lett. B 758, 402 (2016).

[6] Y. Ema, R. Jinno, K. Mukaida, and K. Nakayama,
Gravitational particle production in oscillating back-
grounds and its cosmological implications, Phys. Rev. D
94, 063517 (2016).

[7] M. Garny, A. Palessandro, M. Sandora, and M. S. Sloth,
Theory and phenomenology of Planckian interacting
massive particles as dark matter, J. Cosmol. Astropart.
Phys. 02 (2018) 027.

[8] Y. Tang and Y.-L. Wu, On thermal gravitational contribu-
tion to particle production and dark matter, Phys. Lett. B
774, 676 (2017).

[9] N. Bernal, M. Dutra, Y. Mambrini, K. Olive, M. Peloso,
and M. Pierre, Spin-2 portal dark matter, Phys. Rev. D 97,
115020 (2018).

[10] E.W. Kolb and A.J. Long, Cosmological gravitational
particle production and its implications for cosmological
relics, Rev. Mod. Phys. 96, 045005 (2024).

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

[12] I. Antoniadis, S. Dimopoulos, and G. R. Dvali, Millimeter
range forces in superstring theories with weak scale
compactification, Nucl. Phys. B516, 70 (1998).

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

[14] 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, 257 (1998).

[15] L. Randall and R. Sundrum, A large mass hierarchy from a
small extra dimension, Phys. Rev. Lett. 83, 3370 (1999).

[16] L. Randall and R. Sundrum, An alternative to compacti-
fication, Phys. Rev. Lett. 83, 4690 (1999).

[17] H.M. Lee, M. Park, and V. Sanz, Gravity-mediated (or
composite) dark matter, Eur. Phys. J. C 74, 2715 (2014).

[18] H. M. Lee, M. Park, and V. Sanz, Gravity-mediated (or
composite) dark matter confronts astrophysical data,
J. High Energy Phys. 05 (2014) 063.

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

[20] T.D. Rueter, T.G. Rizzo, and J.L. Hewett, Gravity-
mediated dark matter annihilation in the Randall-Sundrum
model, J. High Energy Phys. 10 (2017) 094.

[21] T. G. Rizzo, Kinetic mixing, dark photons and an extra
dimension. Part I, J. High Energy Phys. 07 (2018) 118.

[22] 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, J. High
Energy Phys. 06 (2018) 037.

[23] T.G. Rizzo, Kinetic mixing, dark photons and extra
dimensions. Part II: Fermionic dark matter, J. High Energy
Phys. 10 (2018) 069.

[24] P. Brax, S. Fichet, and P. Tanedo, The warped dark sector,
Phys. Lett. B 798, 135012 (2019).

[25] M. G. Folgado, A. Donini, and N. Rius, Gravity-mediated
scalar dark matter in warped extra-dimensions, J. High
Energy Phys. 02 (2022) 129.

[26] R. S. Chivukula, J. A. Gill, K. S. Goh, K. A. Mohan, G.
Sanamyan, D. Sengupta et al., Radion portal freeze-out
dark-matter, arXiv:2507.21218.

[27] Y.-J. Kang and H. M. Lee, Lightening gravity-mediated
dark matter, Eur. Phys. J. C 80, 602 (2020).

115029-23


https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1038/s41550-017-0059
https://doi.org/10.1088/1475-7516/2015/05/038
https://doi.org/10.1088/1475-7516/2015/05/038
https://doi.org/10.1103/PhysRevLett.116.101302
https://doi.org/10.1103/PhysRevLett.116.101302
https://doi.org/10.1016/j.physletb.2016.05.045
https://doi.org/10.1103/PhysRevD.94.063517
https://doi.org/10.1103/PhysRevD.94.063517
https://doi.org/10.1088/1475-7516/2018/02/027
https://doi.org/10.1088/1475-7516/2018/02/027
https://doi.org/10.1016/j.physletb.2017.10.034
https://doi.org/10.1016/j.physletb.2017.10.034
https://doi.org/10.1103/PhysRevD.97.115020
https://doi.org/10.1103/PhysRevD.97.115020
https://doi.org/10.1103/RevModPhys.96.045005
https://doi.org/10.1016/0370-2693(90)90617-F
https://doi.org/10.1016/S0550-3213(97)00808-0
https://doi.org/10.1016/S0370-2693(98)00466-3
https://doi.org/10.1016/S0370-2693(98)00860-0
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.4690
https://doi.org/10.1140/epjc/s10052-014-2715-8
https://doi.org/10.1007/JHEP05(2014)063
https://doi.org/10.1016/j.physletb.2016.02.040
https://doi.org/10.1016/j.physletb.2016.02.040
https://doi.org/10.1007/JHEP10(2017)094
https://doi.org/10.1007/JHEP07(2018)118
https://doi.org/10.1007/JHEP06(2018)037
https://doi.org/10.1007/JHEP06(2018)037
https://doi.org/10.1007/JHEP10(2018)069
https://doi.org/10.1007/JHEP10(2018)069
https://doi.org/10.1016/j.physletb.2019.135012
https://doi.org/10.1007/JHEP02(2022)129
https://doi.org/10.1007/JHEP02(2022)129
https://arXiv.org/abs/2507.21218
https://doi.org/10.1140/epjc/s10052-020-8153-x

BARMAN, DAS, PAUL, SAHU, and SIVAKUMAR

PHYS. REV. D 113, 115029 (2026)

[28] R. S. Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and
E. H. Simmons, Massive spin-2 scattering amplitudes in
extra-dimensional theories, Phys. Rev. D 101, 075013
(2020).

[29] Y.-J. Kang and H. M. Lee, Dark matter self-interactions
from spin-2 mediators, Eur. Phys. J. C 81, 868 (2021).

[30] Y.-J. Kang and H.M. Lee, Effective theory for self-
interacting dark matter and massive spin-2 mediators,
J. Phys. G 48, 045002 (2021).

[31] F. Koutroulis, E. Megias, S. Pokorski, and M. Quiros,
Dark branes for dark matter, Phys. Rev. D 110, 055015
(2024).

[32] A. Donini, M. G. Folgado, J. Herrero-Garcia, G. Landini,
A. Muifioz-Ovalle, and N. Rius, Dark matter in an
evanescent three-brane Randall-Sundrum scenario, J. High
Energy Phys. 11 (2025) 037.

[33] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini,
M. Pierre, S.Profumo, and F. S. Queiroz, The waning of the
WIMP? A review of models, searches, and constraints,
Eur. Phys. J. C 78, 203 (2018).

[34] L. Roszkowski, E. M. Sessolo, and S. Trojanowski, WIMP
dark matter candidates and searches—current status and
future prospects, Rep. Prog. Phys. 81, 066201 (2018).

[35] J. McDonald, Thermally generated gauge singlet scalars as
selfinteracting dark matter, Phys. Rev. Lett. 88, 091304
(2002).

[36] J. McDonald and N. Sahu, keV warm dark matter via the
supersymmetric Higgs portal, Phys. Rev. D 79, 103523
(2009).

[37] L.J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,
Freeze-in production of FIMP dark matter, J. High Energy
Phys. 03 (2010) 080.

[38] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen,
and V. Vaskonen, The dawn of FIMP dark matter: A review
of models and constraints, Int. J. Mod. Phys. A 32,
1730023 (2017).

[39] F. Elahi, C. Kolda, and J. Unwin, UltraViolet freeze-in,
J. High Energy Phys. 03 (2015) 048.

[40] Planck Collaboration, Planck 2018 results. VI. Cosmo-
logical parameters, Astron. Astrophys. 641, A6 (2020).

[41] E. W. Kolb and M. S. Turner, The early universe, Front.
Phys. 69, 1 (1990).

[42] G. Steigman, Primordial nucleosynthesis: Successes and
challenges, Int. J. Mod. Phys. E 15, 1 (2006).

[43] Particle Data Group, Review of particle physics, J. Phys. G
33, 1 (2000).

[44] A.D. Sakharov, Violation of CP invariance, C asymmetry,
and baryon asymmetry of the universe, Pis’'ma Zh. Eksp.
Teor. Fiz. 5, 32 (1967).

[45] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. B 174, 45 (1986).

[46] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov,
On the anomalous electroweak baryon number noncon-
servation in the early universe, Phys. Lett. 155B, 36
(1985).

[47] P. Minkowski, 4 — ey at a rate of one out of 10° muon
decays?, Phys. Lett. 67B, 421 (1977).

[48] M. Gell-Mann, P. Ramond, and R. Slansky, Complex
spinors and unified theories, Conf. Proc. C 790927, 315
(1979).

[49] R.N. Mohapatra and G. Senjanovic, Neutrino mass and
spontaneous parity violation, Phys. Rev. Lett. 44, 912
(1980).

[50] J. Schechter and J. W.F. Valle, Neutrino masses in
SU(2) x U(1) theories, Phys. Rev. D 22, 2227 (1980).

[51] J. Schechter and J. W.F. Valle, Neutrino decay and
spontaneous violation of lepton number, Phys. Rev. D
25, 774 (1982).

[52] S. Davidson, E. Nardi, and Y. Nir, Leptogenesis, Phys.
Rep. 466, 105 (2008).

[53] S. Davidson and A. Ibarra, A lower bound on the right-
handed neutrino mass from leptogenesis, Phys. Lett. B
535, 25 (2002).

[54] N. Bernal, A. Donini, M. G. Folgado, and N. Rius, Kaluza-
Klein FIMP dark matter in warped extra-dimensions,
J. High Energy Phys. 09 (2020) 142.

[55] A. de Giorgi and S. Vogl, Warm dark matter from a
gravitational freeze-in in extra dimensions, J. High Energy
Phys. 04 (2023) 032.

[56] W.D. Goldberger and M. B. Wise, Phenomenology of a
stabilized modulus, Phys. Lett. B 475, 275 (2000).

[57] W.D. Goldberger and M. B. Wise, Modulus stabilization
with bulk fields, Phys. Rev. Lett. 83, 4922 (1999).

[58] C. Csaki, M. Graesser, L. Randall, and J. Terning,
Cosmology of brane models with radion stabilization,
Phys. Rev. D 62, 045015 (2000).

[59] G.D. Kribs, Physics of the radion in the Randall-Sundrum
scenario, eConf C010630, P317 (2001).

[60] C. Csaki, M. L. Graesser, and G.D. Kribs, Radion dy-
namics and electroweak physics, Phys. Rev. D 63, 065002
(2001).

[61] K. Blum, M. Cliche, C. Csaki, and S.J. Lee, WIMP dark
matter through the dilaton portal, J. High Energy Phys. 03
(2015) 099.

[62] E. C. G. Stueckelberg, Interaction energy in electrodynam-
ics and in the field theory of nuclear forces, Helv. Phys.
Acta 11, 225 (1938).

[63] H. Ruegg and M. Ruiz-Altaba, The Stueckelberg field, Int.
J. Mod. Phys. A 19, 3265 (2004).

[64] B. Kors and P. Nath, A Stueckelberg extension of the
standard model, Phys. Lett. B 586, 366 (2004).

[65] B. Kors and P. Nath, Aspects of the Stueckelberg exten-
sion, J. High Energy Phys. 07 (2005) 069.

[66] B. Barman, N. Bernal, A. Das, and R. Roshan, Non-
minimally coupled vector boson dark matter, J. Cosmol.
Astropart. Phys. 01 (2022) 047.

[67] H. Davoudiasl, J. L. Hewett, and T.G. Rizzo, Phenom-
enology of the Randall-Sundrum gauge hierarchy model,
Phys. Rev. Lett. 84, 2080 (2000).

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

[69] M. Duch, B. Grzadkowski, and D. Huang, Strongly self-
interacting vector dark matter via freeze-in, J. High Energy
Phys. 01 (2018) 020.

[70] Particle Data Group, Review of particle physics, Prog.
Theor. Exp. Phys. 2022, 083C01 (2022).

[71] T. Han, J. D. Lykken, and R.-J. Zhang, On Kaluza-Klein
states from large extra dimensions, Phys. Rev. D 59,
105006 (1999).

115029-24


https://doi.org/10.1103/PhysRevD.101.075013
https://doi.org/10.1103/PhysRevD.101.075013
https://doi.org/10.1140/epjc/s10052-021-09610-x
https://doi.org/10.1088/1361-6471/abe529
https://doi.org/10.1103/PhysRevD.110.055015
https://doi.org/10.1103/PhysRevD.110.055015
https://doi.org/10.1007/JHEP11(2025)037
https://doi.org/10.1007/JHEP11(2025)037
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.1103/PhysRevLett.88.091304
https://doi.org/10.1103/PhysRevLett.88.091304
https://doi.org/10.1103/PhysRevD.79.103523
https://doi.org/10.1103/PhysRevD.79.103523
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1007/JHEP03(2015)048
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1201/9780429492860
https://doi.org/10.1201/9780429492860
https://doi.org/10.1142/S0218301306004028
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/S0370-2693(02)01735-5
https://doi.org/10.1016/S0370-2693(02)01735-5
https://doi.org/10.1007/JHEP09(2020)142
https://doi.org/10.1007/JHEP04(2023)032
https://doi.org/10.1007/JHEP04(2023)032
https://doi.org/10.1016/S0370-2693(00)00099-X
https://doi.org/10.1103/PhysRevLett.83.4922
https://doi.org/10.1103/PhysRevD.62.045015
https://doi.org/10.1103/PhysRevD.63.065002
https://doi.org/10.1103/PhysRevD.63.065002
https://doi.org/10.1007/JHEP03(2015)099
https://doi.org/10.1007/JHEP03(2015)099
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1142/S0217751X04019755
https://doi.org/10.1016/j.physletb.2004.02.051
https://doi.org/10.1088/1126-6708/2005/07/069
https://doi.org/10.1088/1475-7516/2022/01/047
https://doi.org/10.1088/1475-7516/2022/01/047
https://doi.org/10.1103/PhysRevLett.84.2080
https://doi.org/10.1103/PhysRevD.60.107505
https://doi.org/10.1103/PhysRevD.60.107505
https://doi.org/10.1007/JHEP01(2018)020
https://doi.org/10.1007/JHEP01(2018)020
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.59.105006
https://doi.org/10.1103/PhysRevD.59.105006

BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM ...

PHYS. REV. D 113, 115029 (2026)

[72] H. M. Lee, M. Park, and V. Sanz, Gravity-mediated dark
matter at a low reheating temperature, J. High Energy
Phys. 05 (2025) 126.

[73] C. Cosme, F. Costa, and O. Lebedev, Freeze-in at stronger
coupling, Phys. Rev. D 109, 075038 (2024).

[74] N. Bernal, S. Mukherjee, and J. Unwin, Boltzmann sup-
pressed ultraviolet freeze-in, J. Cosmol. Astropart. Phys.
02 (2026) 010.

[75] B. Grzadkowski and J. F. Gunion, Bulk scalar stabilization
of the radion without metric back reaction in the Randall-
Sundrum model, Phys. Rev. D 68, 055002 (2003).

[76] A. Das and S. SenGupta, Lightest Kaluza—Klein graviton
mode in a back-reacted Randall-Sundrum scenario, Eur.
Phys. J. C 76, 423 (2016).

[77] R. S. Chivukula, J. A. Gill, K. A. Mohan, G. Sanamyan, D.
Sengupta, E. H. Simmons, and X.Wang, Limits on Kaluza-
Klein portal dark matter models, Phys. Rev. D 111, 075030
(2025).

[78] B. Barman and N. Bernal, Gravitational SIMPs, J. Cosmol.
Astropart. Phys. 06 (2021) O11.

[79] S. Bae and H. S. Lee, Bounds on the mass and coupling
constant of radion in the Randall-Sundrum theory, Phys.
Lett. B 506, 147 (2001).

[80] S. Bae, P. Ko, H. S. Lee, and J. Lee, Phenomenology of the
radion in Randall-Sundrum scenario at colliders, Phys.
Lett. B 487, 299 (2000).

[81] U. Mahanta and A. Datta, Production of light stabilized
radion at high-energy hadron collider, Phys. Lett. B 483,
196 (2000).

[82] K. Cheung, C.S. Kim, and J.-h. Song, A probe of the
radion Higgs mixing in the Randall-Sundrum model at
ete™ colliders, Phys. Rev. D 67, 075017 (2003).

[83] K. Cheung, C.S. Kim, and J.-h. Song, Probing the radion—
Higgs mixing at hadronic colliders, Phys. Rev. D 69, 075011
(2004).

[84] K. Cheung, C.S. Kim, and J. Song, Probing the radion-
Higgs mixing at photon colliders, Phys. Rev. D 72, 115015
(2005).

[85] H. de Sandes and R. Rosenfeld, Radion-Higgs mixing
effects on bounds from LHC Higgs Searches, Phys. Rev. D
85, 053003 (2012).

[86] Y. Ohno and G.-C. Cho, Production and decay of a heavy
radion in Rundall-Sundrum model at the LHC, EPJ Web
Conf. 49, 18003 (2013).

[87] G.-C. Cho, D. Nomura, and Y. Ohno, Constraints on radion
in a warped extra dimension model from Higgs boson
searches at the LHC, Mod. Phys. Lett. A 28, 1350148 (2013).

[88] H. Kubota and M. Nojiri, Prospect for a study of Randall-
Sundrum models from Higgs bosons decay at future
colliders, Phys. Rev. D 90, 035006 (2014).

[89] G.F. Giudice, R. Rattazzi, and J. D. Wells, Graviscalars
from higher dimensional metrics and curvature Higgs
mixing, Nucl. Phys. B595, 250 (2001).

[90] D. Dominici, B. Grzadkowski, J.F. Gunion, and M.
Toharia, The scalar sector of the Randall-Sundrum model,
Nucl. Phys. B671, 243 (2003).

[91] M. Frank, B. Korutlu, and M. Toharia, Radion phenom-
enology with 3 and 4 generations, Phys. Rev. D 84, 115020
(2011).

[92] V. Barger and M. Ishida, Randall-Sundrum reality at the
LHC, Phys. Lett. B 709, 185 (2012).

[93] P. de Salas, M. Lattanzi, G. Mangano, G. Miele, S. Pastor,
and O. Pisanti, Bounds on very low reheating scenarios
after Planck, Phys. Rev. D 92, 123534 (2015).

[94] N. Desai, U. Maitra, and B. Mukhopadhyaya, An updated
analysis of radion-Higgs mixing in the light of LHC data,
J. High Energy Phys. 10 (2013) 093.

[95] A. Chakraborty, U. Maitra, S. Raychaudhuri, and T. Samui,
Mixed Higgs-radion states at the LHC—a detailed study,
Nucl. Phys. B922, 41 (2017).

[96] D. Sachdeva and S. Sadhukhan, Discussing 125 GeV and
95 GeV excess in light radion model, Phys. Rev. D 101,
055045 (2020).

[97] CMS Collaboration, Search for narrow resonances using
the dijet mass spectrum in pp collisions at /s = 8 TeV,
Phys. Rev. D 87, 114015 (2013).

[98] ATLAS Collaboration, Search for high-mass dilepton
resonances in pp collisions at /s =8 TeV with the
ATLAS detector, Phys. Rev. D 90, 052005 (2014).

[99] ATLAS Collaboration, Search for new phenomena in high-
mass diphoton final states using 37 fb~! of proton—proton
collisions collected at /s = 13 TeV with the ATLAS
detector, Phys. Lett. B 775, 105 (2017).

[100] CMS Collaboration, Search for new physics in high-mass
diphoton events from proton-proton collisions at
/s =13 TeV, J. High Energy Phys. 08 (2024) 215.

[101] LZ Collaboration, Dark matter search results from
4.2 tonne-years of exposure of the LUX-ZEPLIN (LZ)
experiment, Phys. Rev. Lett. 135, 011802 (2025).

[102] DARWIN Collaboration, DARWIN: Towards the ultimate
dark matter detector, J. Cosmol. Astropart. Phys. 11 (2016)
017.

[103] A. Pukhov, E. Boos, M. Dubinin, V. Edneral, V. Ilyin, D.
Kovalenko et al., compHEP: A package for evaluation of
Feynman diagrams and integration over multiparticle
phase space, arXiv:hep-ph/9908288.

[104] G.F. Giudice, E. W. Kolb, and A. Riotto, Largest temper-
ature of the radiation era and its cosmological implications,
Phys. Rev. D 64, 023508 (2001).

[105] E. W. Kolb, A. Notari, and A. Riotto, On the reheat-
ing stage after inflation, Phys. Rev. D 68, 123505
(2003).

[106] R. Rangarajan and N. Sahu, Perturbative reheating and
gravitino production in inflationary models, Phys. Rev. D
79, 103534 (2009).

[107] M. A. G. Garcia, Y. Mambrini, K. A. Olive, and M. Peloso,
Enhancement of the dark matter abundance before reheat-
ing: Applications to gravitino dark matter, Phys. Rev. D 96,
103510 (2017).

[108] N. Bernal, F. Elahi, C. Maldonado, and J. Unwin, Ultra-
violet freeze-in and non-standard cosmologies, J. Cosmol.
Astropart. Phys. 11 (2019) 026.

[109] M. A. G. Garcia, K. Kaneta, Y. Mambrini, and K. A. Olive,
Reheating and post-inflationary production of dark matter,
Phys. Rev. D 101, 123507 (2020).

[110] R.T. Co, E. Gonzalez, and K. Harigaya, Increasing temper-
ature toward the completion of reheating, J. Cosmol.
Astropart. Phys. 11 (2020) 038.

115029-25


https://doi.org/10.1007/JHEP05(2025)126
https://doi.org/10.1007/JHEP05(2025)126
https://doi.org/10.1103/PhysRevD.109.075038
https://doi.org/10.1088/1475-7516/2026/02/010
https://doi.org/10.1088/1475-7516/2026/02/010
https://doi.org/10.1103/PhysRevD.68.055002
https://doi.org/10.1140/epjc/s10052-016-4264-9
https://doi.org/10.1140/epjc/s10052-016-4264-9
https://doi.org/10.1103/PhysRevD.111.075030
https://doi.org/10.1103/PhysRevD.111.075030
https://doi.org/10.1088/1475-7516/2021/06/011
https://doi.org/10.1088/1475-7516/2021/06/011
https://doi.org/10.1016/S0370-2693(01)00415-4
https://doi.org/10.1016/S0370-2693(01)00415-4
https://doi.org/10.1016/S0370-2693(00)00819-4
https://doi.org/10.1016/S0370-2693(00)00819-4
https://doi.org/10.1016/S0370-2693(00)00560-8
https://doi.org/10.1016/S0370-2693(00)00560-8
https://doi.org/10.1103/PhysRevD.67.075017
https://doi.org/10.1103/PhysRevD.69.075011
https://doi.org/10.1103/PhysRevD.69.075011
https://doi.org/10.1103/PhysRevD.72.115015
https://doi.org/10.1103/PhysRevD.72.115015
https://doi.org/10.1103/PhysRevD.85.053003
https://doi.org/10.1103/PhysRevD.85.053003
https://doi.org/10.1051/epjconf/20134918003
https://doi.org/10.1051/epjconf/20134918003
https://doi.org/10.1142/S0217732313501484
https://doi.org/10.1103/PhysRevD.90.035006
https://doi.org/10.1016/S0550-3213(00)00686-6
https://doi.org/10.1016/j.nuclphysb.2003.08.020
https://doi.org/10.1103/PhysRevD.84.115020
https://doi.org/10.1103/PhysRevD.84.115020
https://doi.org/10.1016/j.physletb.2012.01.073
https://doi.org/10.1103/PhysRevD.92.123534
https://doi.org/10.1007/JHEP10(2013)093
https://doi.org/10.1016/j.nuclphysb.2017.06.006
https://doi.org/10.1103/PhysRevD.101.055045
https://doi.org/10.1103/PhysRevD.101.055045
https://doi.org/10.1103/PhysRevD.87.114015
https://doi.org/10.1103/PhysRevD.90.052005
https://doi.org/10.1016/j.physletb.2017.10.039
https://doi.org/10.1007/JHEP08(2024)215
https://doi.org/10.1103/4dyc-z8zf
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1088/1475-7516/2016/11/017
https://arXiv.org/abs/hep-ph/9908288
https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.68.123505
https://doi.org/10.1103/PhysRevD.68.123505
https://doi.org/10.1103/PhysRevD.79.103534
https://doi.org/10.1103/PhysRevD.79.103534
https://doi.org/10.1103/PhysRevD.96.103510
https://doi.org/10.1103/PhysRevD.96.103510
https://doi.org/10.1088/1475-7516/2019/11/026
https://doi.org/10.1088/1475-7516/2019/11/026
https://doi.org/10.1103/PhysRevD.101.123507
https://doi.org/10.1088/1475-7516/2020/11/038
https://doi.org/10.1088/1475-7516/2020/11/038

BARMAN, DAS, PAUL, SAHU, and SIVAKUMAR

PHYS. REV. D 113, 115029 (2026)

[111] A. Ahmed, B. Grzadkowski, and A. Socha, Implications of
time-dependent inflaton decay on reheating and dark
matter production, Phys. Lett. B 831, 137201 (2022).

[112] B. Barman, N. Bernal, Y. Xu, and 0. Zapata, Ultraviolet
freeze-in with a time-dependent inflaton decay, J. Cosmol.
Astropart. Phys. 07 (2022) 019.

[113] S. Sarkar, Big bang nucleosynthesis and physics beyond
the standard model, Rep. Prog. Phys. 59, 1493 (1996).

[114] M. Kawasaki, K. Kohri, and N. Sugiyama, MeV scale
reheating temperature and thermalization of neutrino back-
ground, Phys. Rev. D 62, 023506 (2000).

[115] S. Hannestad, What is the lowest possible reheating
temperature?, Phys. Rev. D 70, 043506 (2004).

[116] F. De Bernardis, L. Pagano, and A. Melchiorri, New
constraints on the reheating temperature of the universe
after WMAP-5, Astropart. Phys. 30, 192 (2008).

[117] T. Hasegawa, N. Hiroshima, K. Kohri, R. S. L. Hansen, T.
Tram, and S. Hannestad, MeV-scale reheating temperature
and thermalization of oscillating neutrinos by radiative and
hadronic decays of massive particles, J. Cosmol. Astropart.
Phys. 12 (2019) 012.

[118] A.D. Linde, Particle physics and inflationary cosmology,
Contemp. Concepts Phys. 5, 1 (1990).

[119] T. Moroi, H. Murayama, and M. Yamaguchi, Cosmologi-
cal constraints on the light stable gravitino, Phys. Lett. B
303, 289 (1993).

[120] N. Bernal, C. Cosme, A. Donini, and N. Rius, Inflation
in Extra-Dimensions with one or two branes,
arXiv:2601.02982.

[121] P. Binetruy, C. Deffayet, and D. Langlois, Nonconven-
tional cosmology from a brane universe, Nucl. Phys. B565,
269 (2000).

[122] P. Kanti, I.I. Kogan, K. A. Olive, and M. Pospelov,
Cosmological three-brane solutions, Phys. Lett. B 468,
31 (1999).

[123] P. Kraus, Dynamics of anti-de Sitter domain walls, J. High
Energy Phys. 12 (1999) 011.

[124] Atacama Cosmology Telescope Collaboration, The Ata-
cama Cosmology Telescope: DR6 power spectra, like-
lihoods and ACDM parameters, J. Cosmol. Astropart.
Phys. 11 (2025) 062.

[125] Atacama Cosmology Telescope Collaboration, The Ata-
cama Cosmology Telescope: DR6 constraints on extended
cosmological models, J. Cosmol. Astropart. Phys. 11
(2025) 063.

[126] S. Dodelson and M. S. Turner, Nonequilibrium neutrino
statistical mechanics in the expanding universe, Phys. Rev.
D 46, 3372 (1992).

[127] S. Hannestad and J. Madsen, Neutrino decoupling in the
early universe, Phys. Rev. D 52, 1764 (1995).

[128] A.D. Dolgov, S.H. Hansen, and D.V. Semikoz, Non-
equilibrium corrections to the spectra of massless neutrinos
in the early universe, Nucl. Phys. B503, 426 (1997).

[129] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P.D. Serpico, Relic neutrino decoupling including flavor
oscillations, Nucl. Phys. B729, 221 (2005).

[130] P.F. de Salas and S. Pastor, Relic neutrino decoupling with
flavour oscillations revisited, J. Cosmol. Astropart. Phys.
07 (2016) 051.

[131] M. Escudero Abenza, Precision early universe thermody-
namics made simple: N and neutrino decoupling in the
Standard Model and beyond, J. Cosmol. Astropart. Phys.
05 (2020) 048.

[132] K. Akita and M. Yamaguchi, A precision calculation of
relic neutrino decoupling, J. Cosmol. Astropart. Phys. 08
(2020) 012.

[133] J. Froustey, C. Pitrou, and M. C. Volpe, Neutrino decou-
pling including flavour oscillations and primordial nucleo-
synthesis, J. Cosmol. Astropart. Phys. 12 (2020) 015.

[134] J.J. Bennett, G. Buldgen, P. F. De Salas, M. Drewes, S.
Gariazzo, S. Pastor, and Y. Y.Y. Wong, Towards a pre-
cision calculation of N in the standard model II: Neutrino
decoupling in the presence of flavour oscillations and
finite-temperature QED, J. Cosmol. Astropart. Phys. 04
(2021) 073.

[135] SPT-3G Collaboration, SPT-3G: A next-generation cosmic
microwave background polarization experiment on the
south pole telescope, Proc. SPIE Int. Soc. Opt. Eng.
9153, 91531 (2014).

[136] Simons Observatory Collaboration, The Simons Observa-
tory: Science goals and forecasts, J. Cosmol. Astropart.
Phys. 02 (2019) 056.

[137] K. Abazajian et al., CMB-S4 science case, reference
design, and project plan, arXiv:1907.04473.

[138] CMB-HD Collaboration, Snowmass2021 CMB-HD white
paper, arXiv:2203.05728.

[139] T.-H. Yeh, J. Shelton, K. A. Olive, and B. D. Fields, Probing
physics beyond the standard model: Limits from BBN
and the CMB independently and combined, J. Cosmol.
Astropart. Phys. 10 (2022) 046.

[140] COrE Collaboration, COrE (cosmic origins explorer) a
white paper, arXiv:1102.2181.

[141] EUCLID Collaboration, Euclid definition study report,
arXiv:1110.3193.

[142] T. Yanagida, Horizontal symmetry and masses of neutri-
nos, Conf. Proc. C 7902131, 95 (1979).

[143] S. Davidson and S. Sarkar, Thermalization after inflation,
J. High Energy Phys. 11 (2000) 012.

[144] M. Gell-Mann, P. Ramond, and R. Slansky, Complex
spinors and unified theories, Conf. Proc. C 790927, 315
(1979).

[145] J.A. Casas and A. Ibarra, Oscillating neutrinos and
u — e,y, Nucl. Phys. B618, 171 (2001).

[146] Particle Data Group, Review of particle physics, Prog.
Theor. Exp. Phys. 2020, 083C01 (2020).

[147] A. Pilaftsis and T.E.J. Underwood, Electroweak-scale
resonant leptogenesis, Phys. Rev. D 72, 113001 (2005).

[148] A. Pilaftsis and T. E.J. Underwood, Resonant leptogene-
sis, Nucl. Phys. B692, 303 (2004).

[149] A. Anisimov, A. Broncano, and M. Plumacher, The
CP-asymmetry in resonant leptogenesis, Nucl. Phys.
B737, 176 (2006).

[150] W. Buchmuller, P. Di Bari, and M. Plumacher, Lepto-
genesis for pedestrians, Ann. Phys. (Amsterdam) 315, 305
(2005).

[151] A. Atre, T. Han, S. Pascoli, and B. Zhang, The search for
heavy Majorana neutrinos, J. High Energy Phys. 05 (2009)
030.

115029-26


https://doi.org/10.1016/j.physletb.2022.137201
https://doi.org/10.1088/1475-7516/2022/07/019
https://doi.org/10.1088/1475-7516/2022/07/019
https://doi.org/10.1088/0034-4885/59/12/001
https://doi.org/10.1103/PhysRevD.62.023506
https://doi.org/10.1103/PhysRevD.70.043506
https://doi.org/10.1016/j.astropartphys.2008.09.005
https://doi.org/10.1088/1475-7516/2019/12/012
https://doi.org/10.1088/1475-7516/2019/12/012
https://doi.org/10.1016/0370-2693(93)91434-O
https://doi.org/10.1016/0370-2693(93)91434-O
https://arXiv.org/abs/2601.02982
https://doi.org/10.1016/S0550-3213(99)00696-3
https://doi.org/10.1016/S0550-3213(99)00696-3
https://doi.org/10.1016/S0370-2693(99)01218-6
https://doi.org/10.1016/S0370-2693(99)01218-6
https://doi.org/10.1088/1126-6708/1999/12/011
https://doi.org/10.1088/1126-6708/1999/12/011
https://doi.org/10.1088/1475-7516/2025/11/062
https://doi.org/10.1088/1475-7516/2025/11/062
https://doi.org/10.1088/1475-7516/2025/11/063
https://doi.org/10.1088/1475-7516/2025/11/063
https://doi.org/10.1103/PhysRevD.46.3372
https://doi.org/10.1103/PhysRevD.46.3372
https://doi.org/10.1103/PhysRevD.52.1764
https://doi.org/10.1016/S0550-3213(97)00479-3
https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/05/048
https://doi.org/10.1088/1475-7516/2020/05/048
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1117/12.2057305
https://doi.org/10.1117/12.2057305
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1088/1475-7516/2019/02/056
https://arXiv.org/abs/1907.04473
https://arXiv.org/abs/2203.05728
https://doi.org/10.1088/1475-7516/2022/10/046
https://doi.org/10.1088/1475-7516/2022/10/046
https://arXiv.org/abs/1102.2181
https://arXiv.org/abs/1110.3193
https://doi.org/10.1088/1126-6708/2000/11/012
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.72.113001
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.nuclphysb.2006.01.003
https://doi.org/10.1016/j.nuclphysb.2006.01.003
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030

BARYON-DARK MATTER COINCIDENCE IN RANDALL-SUNDRUM ...

PHYS. REV. D 113, 115029 (2026)

[152] M. Drewes, B. Garbrecht, D. Gueter, and J. Klaric, Testing
the low scale seesaw and leptogenesis, J. High Energy
Phys. 08 (2017) 018.

[153] S. Antusch, E. Cazzato, M. Drewes, O. Fischer, B.
Garbrecht, D. Gueter, and J.Klari¢, Probing leptogenesis
at future colliders, J. High Energy Phys. 09 (2018) 124.

[154] 1. Chakraborty, H. Roy, and T. Srivastava, Searches
for heavy neutrinos at multi-TeV muon collider:

A resonant leptogenesis perspective, Eur. Phys. J. C 83,
280 (2023).

[155] A. Semenov, LanHEP: A package for the automatic gen-
eration of Feynman rules in field theory. Version 3.0,
Comput. Phys. Commun. 180, 431 (2009).

[156] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules 2.0—A complete toolbox for tree-level
phenomenology, Comput. Phys. Commun. 185, 2250 (2014).

115029-27


https://doi.org/10.1007/JHEP08(2017)018
https://doi.org/10.1007/JHEP08(2017)018
https://doi.org/10.1007/JHEP09(2018)124
https://doi.org/10.1140/epjc/s10052-023-11406-0
https://doi.org/10.1140/epjc/s10052-023-11406-0
https://doi.org/10.1016/j.cpc.2008.10.012
https://doi.org/10.1016/j.cpc.2014.04.012

	Baryon-dark matter coincidence in Randall-Sundrum model
	I. INTRODUCTION
	II. THE SETUP
	A. Introducing the radion
	B. Radion interactions with the SM
	C. Radion interactions with bosonic DM
	D. Radion interactions with fermionic DM
	E. Graviton-matter interactions

	III. FROZEN-IN DARK MATTER IN WARPED EXTRA DIMENSIONS
	A. Dark matter genesis

	IV. MINIMAL GRAVITATIONAL FREEZE-IN
	A. Theoretical and observational constraints
	1. From collider
	2. From reheating
	3. From &Delta;Neff


	V. IMPLICATIONS FOR BARYOGENESIS VIA LEPTOGENESIS
	A. Neutrino mass and CP asymmetry
	B. Generation of baryon asymmetry
	1. Baryon-dark matter coincidence


	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: RADION DECAY RATES
	1. To Standard Model
	a. Before EWSB
	b. After EWSB
	2. To dark matter

	APPENDIX B: RADION-MEDIATED SCATTERING CROSS SECTIONS
	1. Before EWSB
	2. After EWSB
	a. Spin-0 DM
	b. Spin-1 DM
	c. Spin-1/2 DM

	APPENDIX C: GRAVITON DECAY RATES
	1. To Standard Model
	a. Before EWSB
	b. After EWSB
	2. To dark matter

	APPENDIX D: GRAVITON-MEDIATED SCATTERING CROSS SECTIONS
	1. Before EWSB
	a. Spin-0 DM
	b. Spin-1 DM
	c. Spin-1/2 DM
	2. After EWSB
	a. Spin-0 DM
	b. Spin-1 DM
	c. Spin-1/2 DM

	References


