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1 Introduction

The nature of Dark Matter (DM) and its interactions remain an open question in our
effort to understand the Universe. Up to now, the only evidence about the existence of
such dark component is via its gravitational effects. It could well be that DM has no other
kind of interaction and, thus, it will be undetectable by current and future particle physics
experiments. Moreover, in such a case the reheating temperature needs to be quite high
(typically > 10'6 GeV for DM mass of 10 TeV) in order to generate the observed DM relic
abundance via a purely gravitational interaction [1-4], given the value of the Planck mass,
mp ~ 10' GeV, which determines its strength.

This is true, however, only if we live in a four-dimensional space-time: in extra-
dimensional scenarios, the gravitational interaction may be enhanced, either because the
fundamental Planck scale in D dimensions is mp < mp (as in the case of Large Extra



Dimensions (LED) [5-9]), or due to a warping of the space-time which induces an effective
Planck scale A in the four-dimensional brane such that A < mp (as in Randall-Sundrum
models (RS) [10, 11]), or by a mixture of the two mechanisms (as it occurs in the more
recent ClockWork/Linear Dilaton (CW/LD) model [12-15]). As it is well known, this
feature of the extra-dimensional scenarios has been advocated as a solution to the so-
called hierarchy problem, i.e., the huge hierarchy between the electroweak scale, Agw ~
250 GeV, and the Planck scale, which would generate corrections of order of the Planck
scale to the Higgs mass. These corrections would destabilize the electroweak scale unless
either an enormous amount of fine-tuning is present or the Standard Model (SM) is the
ultimate theory, which seems unlikely given the questions that are not explained within
this framework (for instance, neutrino masses and baryogenesis, besides DM itself). In the
extra-dimensional models mentioned above, the large hierarchy between the electroweak
scale and the fundamental (or effective) Planck scale is eliminated, since the latter can be
as low as O(TeV).

As a consequence of such lower Planck scale in extra-dimensional models (either fun-
damental or effective), the gravitational interaction is enhanced, and a DM particle with
just such interaction could become a WIMP, that is, a stable or cosmologically long-lived
weakly interactive massive particle, with mass typically in the range 100 - 1000 GeV, and
whose relic abundance is set via the freeze-out mechanism. This possibility has been thor-
oughly studied in the framework of the RS scenario [16-25] and in a series of recent papers
that study generic spin-2 mediators [26-29]. It has also been considered in the context of
the CW /LD model [30].

In this work we again explore the RS framework for DM, yet analyzing a different
scenario in which the relic abundance of DM is set via the so-called DM freeze-in production
mechanism [31-35] (for a recent review see ref. [36]). In this case DM is a feebly interacting
massive particle (FIMP), so that it never reaches thermal equilibrium with the SM thermal
bath, and as a consequence its abundance remains smaller than the equilibrium one along
the history of the Universe. More specifically, here we focus on the sub-case of ultraviolet
(UV) freeze-in [37] for which the temperature of the thermal bath is always lower than the
scale of new physics, which in our model is the effective Planck scale in the 4-dimensional
brane, A, at which the gravitons become strongly interacting.

In our setup we assume that both the SM and the DM particles are localized in the same
4-dimensional brane, and by definiteness we consider real scalar DM, only. We relax the
request for the RS model to solve the hierarchy problem, and allow A to vary in a wide range
(A € [102,10%] GeV) to fully explore the parameter space that could lead to the correct DM
relic abundance via freeze-in from a purely phenomenological perspective. In order to have a
consistent model, we stabilize the size of the extra-dimension by using the Goldberger-Wise
mechanism [38], which generates the required potential for the four-dimensional radion
field. Then, besides the interaction through Kaluza-Klein (KK) gravitons, we also take
into account that the SM and DM species can interact with the radion. We consider both
SM particle annihilation into DM through KK-gravitons and the radion (direct freeze-
in), as well as production of DM from out-of-equilibrium KK-gravitons and the radion
(sequential freeze-in). We solve numerically the relevant Boltzmann equations in all cases
and also provide analytical approximations for the final DM relic abundance in different



ranges of the temperature, useful to understand our main results. We always work within
the sudden decay approximation for the inflaton, and shortly comment on how our findings
would be affected by a non-instantaneous inflaton decay.

We vary the DM mass, radion and KK-graviton masses and the scale A, determining
the reheating temperature 7y, which leads to the correct DM relic abundance in each case,
within the validity range of our effective four-dimensional theory. We find that in this
scenario the observed DM density can be generated even with a reheating temperature
lower than the electroweak scale. Recall that the only constraint on T} is that it has to
be higher than the Big Bang Nucleosynthesis temperature of around a few MeV [39-44].

The outline of the paper is as follows: in section 2 we briefly remind the main features
of the RS scenario; section 3 is devoted to the analysis of DM production via freeze-in
within our model, both via direct and sequential freeze-in; finally, in section 4 we present
our conclusions. Some details on the RS scenario are given in appendices A and B, whereas
the relevant interaction rates used in our calculations are collected in appendix C.

2 Theoretical framework

In this section, we shortly remind some aspects of the Warped Extra-Dimension scenario
(also called Randall-Sundrum model [10]) relevant in the rest of the paper. Some further
details on RS scenarios are given in appendices A and B.

The popular Randall-Sundrum scenario (from now on RS or RS1 [10], to be distin-
guished from the scenario called RS2 [11]) consider a non-factorizable 5-dimensional metric
in the form:

ds? = e~ %7, datdz” — r2 dy?, (2.1)

where o = k7. |y| and the signature of the metric is (+,—, —, —, —). In this scenario, k is
the curvature along the 5'"-dimension and it is O (Mp). The length-scale 7., on the other
hand, is related to the size of the extra-dimension: we only consider a slice of the space-time
between two branes located conventionally at the two fixed-points of an orbifold, y = 0
(the so-called UV-brane) and y = 7 (the IR-brane). The 5-dimensional space-time is a
slice of AdSs5 and the exponential factor that multiplies the M4 Minkowski 4-dimensional
space-time is called the “warp factor”.
The action in 5D is:
S = Sgravity + SR + Suv (2.2)

Syranity = EZ,T / . /0 redy VGO [RO) 245 (2.3)

with Ms the fundamental gravitational scale, G©® and R®) the 5-dimensional metric and

where

Ricci scalar, respectively, and A5 the 5-dimensional cosmological constant. As usual, we
consider capital Latin indices M, N to run over the 5 dimensions and Greek indices p,
v only over 4 dimensions. The reduced Planck mass is related to the fundamental scale
M5 as:
M3
Mp =22 (1-e2mre) (2.4)
where Mp = mp/v/81 ~ 2.435 x 10'® GeV, being mp the Planck mass.



We consider for the two brane actions the following expressions:

S[R = /d4a:\/ —9(4) [—ffLR + £SM + £DM] (2.5)
Suv = /d4x\/ —9(4) [—fév + .. ] s (2.6)

where fir, fuv are the brane tensions for the two branes, Lgy and Lpy the SM and DM

and

Lagrangians densities, respectively. Notice that in 4-dimensions in general 7, is replaced
by g,(f,lj), the 4-dimensional induced metric on the brane. Dots in eq. (2.6) stand for any
possible new physics on the UV brane and, thus, decoupled from us.

In RS scenarios, in order to achieve the metric in eq. (2.1) as a classical solution of the
Einstein equations, the brane-tension terms in Syy and Sig are chosen such as to cancel
the 5-dimensional cosmological constant, fflR = — fév = \/—24M§’ As. Throughout this
paper, we consider all the SM and DM fields localized on the IR-brane, whereas on the
UV-brane we could have any other physics that is Planck-suppressed. We assume that DM
particles only interact with the SM particles gravitationally.!

Alternative DM spectra (with particles of spin higher than zero or with several parti-
cles) will not be studied here. Notice that, in 4-dimensions, the gravitational interactions
would be enormously suppressed by powers of the Planck mass. However, in an extra-
dimensional scenario, the gravitational interaction is actually enhanced: on the IR-brane,
in fact, the effective gravitational coupling is A = Mp exp (—kmr.), due to the rescaling
factor VG®) /v —gW. Tt is easy to see that A < Mp even for moderate choices of . In
particular, for 0 = kr. >~ 10 the RS scenario can address the hierarchy problem. From a
purely phenomenological perspective, here we will work with A = [102, 10'6] GeV, relaxing
the requirement that the RS model should provide a solution to the hierarchy problem.

The Kaluza-Klein decomposition of 5-dimensional fields in a RS scenario is shortly
reviewed in appendix A. The coupling between KK-gravitons and brane matter (being
harnv the 5D graviton field and hy,, its 4D component) is:

1 1 x"
L=— TH (z)hyy(z,y =) = — THY () E e
3/2 PR 3/2 pv ’
el el o SRV
1 1
= —— T ()R — =N T (z)h" 2.
Ay (z)h,, (T) 2 (z)h () (2.7)

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

Stabilizing the size of the extra-dimension to be y = mr. is not easy. Long ago it was
shown that bosonic quantum loops have a net effect on the border of the extra-dimension
such that the extra-dimension itself should shrink to a point [45-47]. This feature, in a flat
extra-dimension, can only be compensated by fermionic quantum loops and, usually, some
supersymmetric framework is invoked to stabilize the radius of the extra-dimension (see,

'If the DM particle is a scalar singlet under the SM gauge group, it will also interact with the SM
through its mixing with the Higgs boson.



e.g., ref. [48]). A popular mechanism implemented in RS models to stabilize the size of the
extra~-dimension was proposed in refs. [38, 49] and can be summarized as follows: if we add
a bulk scalar field S with a scalar potential V'(,S) and some ad hoc localized potential terms,
d(y = 0)Vuv(S) and §(y = mr.)Vir(S), it is possible to generate an effective potential Vip)
for the four-dimensional field ¢ = f exp (—k7 T) (with f = \/24M2/k and (T') = 7). The
minimum of this potential can yield the desired value of kr. Wlthout extreme fine-tuning
of the parameters.

The S field will generically mix with the graviscalar Gé“? (notice that the KK-tower of
the graviscalar is absent from the low-energy spectrum, as they are eaten by the KK-tower
of graviphotons to get a mass due to the spontaneous breaking of translational invariance
caused by the presence of one or more branes). On the other hand, the KK-tower of the
field S is present, but heavy (see ref. [50]). The only light field present in the spectrum
is, then, a combination of the graviscalar zero-mode and the S zero-mode. This field is
usually called the radion, r. Its mass can be obtained from the effective potential V() and
is given by m?a = k202 /3M3 €% exp(—27 kr.), where v, is the value of S at the visible brane
and € = m?/4k? (with m the mass of the field S). Quite generally ¢ < 1 and, therefore,
the mass of the radion can be much smaller than the first KK-graviton mass.

The radion, as for the KK-graviton case, interacts with both the DM and SM particles.
It couples with matter through the trace of the energy-momentum tensor 7' [16]. Massless
gauge fields do not contribute to the trace of the energy-momentum tensor, but effective
couplings are generated from two different sources: quarks and W boson loops and the
trace anomaly [51]. Thus the radion Lagrangian takes the following form [50, 52]:

1 1 1 agM Cem
L, = =(9,7)(0"r) — —m2r? + rT + rEF,, F* Fi F (2.8
2( H )( ) 2 \/61\ 871'\/61\ M 87“[ Z )

where F),,, F}j, are the Maxwell and SU(3). Yang-Mills tensors, respectively. Further
details on the radion lagrangian can be found in appendix B.

Possible couplings between KK-modes of the bulk scalar field S, the DM and SM fields
are usually allowed, in the absence of some ad hoc bulk symmetry to forbid them. In the
rest of the paper we will not include them, since we want to focus on just gravitational
mediators (radion and KK-gravitons) between the SM and the dark particles.

Finally, we want to comment about the AdS/CFT correspondence, which suggests a
duality between strongly coupled conformal field theories in 4D and weakly coupled gravity
in 5D (see, for example, ref. [53] and refs. therein), also called holography. Within this
framework, the extra-dimensional model described above can be interpreted as a strongly
interacting theory in which the particles localized at the IR-brane are bound states, while
the presence of gravity mediators (KK-gravitons and radion) is a consequence of the con-
formal symmetry of the composite sector, spontaneously broken by the strong dynamics.
The radion is thought to be the Goldstone boson of dilatation symmetry in 4D, i.e., the
dilaton, although the dual interpretation of the massive gravitons is not so well under-
stood [16]. The scale A in the holographic dual corresponds to the scale of conformal
symmetry breaking in 4D.



3 Dark matter production in the early universe

In refs. [24, 30] some of us have studied how to reach the observed DM relic abundance in
the freeze-out scenario. Freeze-out occurs if the interactions between DM and SM particles
are strong enough to bring them into chemical equilibrium. However, if the interaction
rates between the visible and the dark sectors were never strong enough, the observed
DM relic abundance could still have been produced in the early Universe by non-thermal
processes. This is what occurs in the so-called freeze-in mechanism.

The evolution of the DM, radion and KK-gravitons number densities (n, n, and ng
respectively) is given by a system of coupled Boltzmann equations:

dn n \2 nK n \2
@Jran = _'YDM—>SM[<neq> —1] +’YKK%DM|: nca (neq) ], (3.1)

dn n, \2 n n \2
o=l (5) o ()]

Ny
_’Yr%SM |: - 1:| ) (32)
dng nK 2 nK n \2
g +3Hng = —YKK—-SM ned — 1| — ¥tk DM w3 ~\ pea
ng
VK sM [ 1] ; (3.3)
n

where H corresponds to the Hubble expansion rate, and n?q are the number densities at
equilibrium of the species i. Interactions that only involve bulk particles, namely KK-
gravitons and radions, both in the initial and final states are subdominant due to a strong
suppression of 1/A8. The quantity vs s\ is the interaction rate density for the 2-to-2
annihilations of a field ® (either DM, KK-graviton or radion) into SM particles. Similarly,
fy% _pym and 'yfIl, _,gu are the interaction rate densities for the 2-body decay of a field ® into
DM and SM particles, respectively. Let us notice that in this extra-dimensional picture we
need a Boltzmann equation like eq. (3.6) for every KK-mode.

A standard way to rewrite the Boltzmann equations is using the dimensionless yield
Y =n/s, with s the SM entropy density (not to be confused with the Mandelstam variable

s). The SM entropy density is defined, as a function of the temperature, as s(7") =

2 2

o5

Equations (3.1) to (3.3) can therefore be rewritten as
dY _ pM-ssMm

2
_ 1|+ Vickoom [ Y (Y (3.4)
ar “HsT qu HsT |V 2 Yea ’

dr C HsT Yr HsT qu Yed HsT qu ’ '

Gxs(T) T3 (where g,s(T) is the effective number of relativistic degrees of freedom [54]).

dYk _ _OKK—SM
T HsT

2
. 71d<K—>DM Yk . L

qu HsT Yf(q Yea

Yk

i - }

7KK->SM

TaT (3.6)



In the freeze-in paradigm DM never gets in thermal equilibrium with the rest of the SM
particles of the primordial plasma. It is usually assumed that after inflation the abundance
of DM was negligible, and slowly produced via interaction between the SM particles. Along
the evolution of the Universe, the DM abundance was generated via two main processes:

1. Direct freeze-in. The DM abundance is generated directly by the annihilation of SM
particles via an s-channel exchange of KK-gravitons or a radion.

2. Sequential freeze-in or freeze-in from the dark sector. The DM abundance is generated
by decays of KK-gravitons or radions, previously produced by annihilations or inverse
decays of SM particles via direct freeze-in. This scenario has been doubted “sequential
freeze-in” [55].

Another production channel corresponds to the case in which the DM abundance is set
entirely in the hidden sector by 4-to-2 interactions [56-58]. However, such a possibility is
sub-dominant due to a strong suppression by higher orders of the scale A. It has been
also shown that, independently of the nature of DM, it is possible to populate the relic
abundance through a freeze-in mechanism via the exchange of a massless spin-2 graviton [1-
4]. However, for this mechanism to be dominant, reheating temperatures Ty}, of the order
of 103 GeV for a DM mass of 1 MeV are required. We will see in the following that, in
this warped extra-dimensional setup (with KK-gravitons and the radion as additional fields
playing the freeze-in mechanism) a much wider range of T}y is indeed possible.

These two main mechanisms previously mentioned, i.e. the direct and the sequential
freeze-in, will be described in detail in the following subsections.

3.1 Direct freeze-in

As it was briefly sketched above, in the case of direct freeze-in the DM abundance n is
generated by the annihilation of SM particles via an s-channel exchange of KK-gravitons
or a radion.? If the production cross-section is small enough to keep DM out of chemical
equilibrium with the SM bath, and the evolution of the DM abundance n (or of the yield Y')
is largely dominated by the interaction rate density ypm—sm, egs. (3.4) to (3.6) can be
simplified to:

dy Y\
dY  ypM-sM [ < > 3 1] ~ _ IDM—SM (37)

dl" HsT Yea HsT

In a Universe dominated by SM radiation the Hubble expansion rate is H? = ;STMQ, where
P

the SM energy density is psm(7) = g—;g*(T) T4 and g¢.(T) is the effective numbers of
relativistic degrees of freedom for the SM radiation [54]. Then, eq. (3.7) becomes:

1
Y/(T) ~2335 ,/ / VDMﬁSM yorosml(T) (3.8)
Q g*ﬁ rh

2 Another possibility corresponds to the interactions mediated by Higgs bosons. However, we focus here

on the extra-dimensional portal ignoring the Higgs one. This can be reached by assuming a quartic coupling
Any between the Higgs and the DM such as An, < 1070 [59, 60].
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Figure 1. Black solid lines represent the DM annihilation cross section (left panel) and interaction
rate density (right panel) for m, = 10® GeV, m; = 107 GeV and A = 10? GeV. Colored lines depict
the analytical approximations of eq. (3.13), where red and blue stand for interactions dominated
by the exchange of a radion or a KK-gravitons, respectively. The red-shaded regions on the right
of both panels are beyond our EFT approach.

where T}y, is the reheating temperature which, in the approximation of a sudden decay of
the inflaton, corresponds to the maximal temperature reached by the SM thermal bath. In
order to get eq. (3.8) a vanishing initial DM abundance at T' = T}, was assumed and the
temperature dependence of g,(T') and g«(T") has been neglected. The asymptotic values
gx and g.s correspond to the SM values for T' > my, g = gxs = 106.75 (which take into
account all SM degrees of freedom). Since this approximation is reliable for temperatures
above the QCD phase transition, we explore the range Ty, 2 1 GeV.

The interaction rate density ypy—sm can be computed from the total DM annihilation
cross-section into SM states opy_ssm Which, in the limit where the DM and SM particle
masses are negligible, can be expressed as:®

49 i 1 N 3 1
- 1440m At = s —m +im Ty 2887A% (s —m2)2 +m2T2’

n—

UDM—>SM(3) (3.9)
where the two terms correspond to the exchange of KK-gravitons and the radion, respec-
tively. Left panel of figure 1 shows with a solid black line an example of the DM annihila-
tion cross section opn_,qm for a particular point in the parameter space, m, = 10% GeV,
myp = 107 GeV and A = 10° GeV. Notice that this cross-section is largely independent
of the DM mass, m,, as long as mi < s. Then, also the interaction rate density be-
comes independent of m, provided m, < T'. Therefore, in the following we will consider
as a benchmark point m, = 1MeV to illustrate our results, but keeping in mind that

they can be extended to a wide range of DM masses, typically between the keV and PeV

2

scale. The first peak at s = mZ

corresponds to the resonant exchange of a radion, whereas
the following well-separated peaks correspond to the lightest KK-graviton modes. The
non-trivial behavior for s > m? is due to the sum over poles and interferences of many
different KK mediators. For very large values of the KK-number n, the widths of the KK-

graviton resonances become comparable to their mass gap, I';,(v/s) ~ Am. This happens

3The details of the individual cross-sections are reported in appendix C.1.
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as at large n the KK-modes separation is a constant, Am ~ m;j/z1, see eq. (A.6). In this
regime the resonances overlap and become individually indistinguishable. They eventually
merge into one single contribution to the cross-section, as it can be seen in the rightmost
region of figure 1 (left). Finally, the red-shaded region corresponding to s > A? is beyond
our EFT approach, being the center-of-mass energy of the process larger than the effective
scale of the theory.

In order to solve eq. (3.8), we need to compute the interaction rate density ypm—sm
as a function of the temperature. In general, for the process where two particles (7, j)
annihilate into two states (k, [), the interaction rate density i + j — k + [ is defined as:

V(T) = L /OO dsv/5on(s) Ko (‘/5> (3.11)

= 6ant T

Smin

where sy, = max [(mZ + mj)Q, (my + ml)Q], o R is the reduced cross-section summed over
all the degrees of freedom of the initial and final states, and K; is the modified Bessel
function. op corresponds to the total cross-section o(s) without the flux factor, and can

be written as:

S — \my m'2 S — mi—m'2
on(s) =2 it mi) ] [s = ] ). (3.12)

S

Several useful approximations can be implemented for different ranges of T, such that
the interaction rate density vpm_sm for the DM annihilation into SM states becomes:

( 1 12
<A/\4mé) T fOTT<< mT,
8
o (L my .
10 <A4FT> TK1<T> for T' ~ 5
1
AoMosm(T) =~ 4 3 x 1074 <A4> T8 for % <T< % (3.13)
8
5 (mid m .
10 (A4F1) TK1<T> for T ~ 5
2
—4 (Y 7 mi
7 x 10 <A4F1>T for T > 5 "

The right panel of figure 1 shows the DM interaction rate density for m, = 10%GeV,
myp = 107 GeV and A = 10° GeV with a black solid line, whose behavior as a function of
the temperature can be easily understood using the approximations in eq. (3.13):

o At low temperatures (T' < m,/2) all the mediators are very heavy and decouple from
the low-energy theory; the rate presents a strong temperature dependence, v o< T2,
represented by a red-dotted straight line in the plot.



e When T ~ m, /2, the resonant exchange of a radion dominates and y o< T K1(m,./T).
This corresponds to the first bump in the plot, again coinciding with a red-dotted
(curved) line.

e In the intermediate regime, m,/2 < T' < m1/2, the temperature is higher than the
radion mass but still smaller than all KK states. The interaction is, thus, driven by
the exchange of the light radion, with v oc 7®. This is shown by the second straight
red-dotted line in the plot, with a slope smaller than the first one (as it is proportional
to T®, compared to T'2 in the first region).

e We reach then the region in which the KK-gravitons dominance takes over: first, at
the peak of the first KK-graviton mode (7" ~ m;/2) for which v o T K1 (m1/T),
corresponding to the second bump in the plot.

e Eventually, when the increase of the temperature makes heavier KK-graviton states
to have a sizable contributions to the rate, with a constructive interference giving a
v o< T behavior.

We can see that all the different regimes in 7' follow extremely well the curved and

straight blue- and red-dotted lines, corresponding to the approximate behaviors depicted

in eq. (3.13). As for the left panel, the red-shaded region corresponding to 7' > A is beyond

our EFT approach.

Notice that a big hierarchy between m, and m; was chosen in order to avoid an overlap

between the two bumps, such that the five regimes in eq. (3.13) can be clearly seen in the

plot. For generic choices in the parameter space, overlap between regions may occur.

Using the approximated expressions of ypy—sy from eq. (3.13), the Boltzmann equa-

tion (3.8) can be analytically solved, finding for the different regions in 7"

3x107Y [10 / Mp .
Vo (W) T, for Ty, < my /2,
6.7x 1077 10 ( Mpmy/*\ (4m? + 10m, Ty + 1573, e
1 5/2
Gxs Gx AT, Ty
for Ty, ~m, /2,
2x107* [10 (M
Yy ~ Y e (f) T3, for m, /2 < Ty <m1/2, (3.14)
Jxs g« \ A
6.7x 1076 /10 ( Mpm(*\ (4m} + 10my Ty + 1573, e
1 5/2
Gxs 9% AT Trh
for Ty, ~mq/2,
8x 107 [10 [ Mpm3\ , 5
S = T, for T; 2
Gxs Gx ( At I th or fmn > ml/ ’

where Yy corresponds to the asymptotic value of Y (7') for T' < T;y,. The final DM yield
in eq. (3.14) has a strong dependence on Ty, characteristic of the UV freeze-in production

mechanism.

~10 -
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Figure 2. Direct freeze-in: reheating temperature required to reproduce the experimentally
observed DM abundance, QXhQ, for m, = 1MeV. Left panel: T, as a function of m; for
A = 10" GeV; right panel: T}y, as a function of A for m; = 10° GeV. In both panels, the ra-
dion mass is m, = m;/10%. The gray-shaded areas are the regions where chemical equilibrium with
the SM is reached (and freeze-in does not occur), whereas the red-shaded areas are the regions
where m; > A and the EFT approach breaks down. Eventually, the two black-dotted lines give a
visual understanding of the different regions in eq. (3.14).

Finally, let us emphasize that for the previous analysis to be valid, the DM has to be
out of chemical equilibrium with the SM bath. One needs to guarantee, therefore, that the
interaction rate density be ypm_sm < n°? H, which translates into:

( 1/14 4 4N 1/7
9x A my
T = for T, r/2,
07(10> < Ay > or Trp, < my./
2 [g. AT, 27
_Z =7 Zz for Ty, =~ m, /2,
7m1/W1[ 78< 10m$Mp> or h m/
g 1/6 A4 1/3
T <752 - for m, /2 < Ty, < m1/2, (3.15)
10 Mp
2/7
2 g« A4F1
S 4 | —4. = for Ty, ~ 2,
7m1/W1[ 3< 10 mT Mp or iy ~my/
1/4 2
9% 'y A
135( 55 ) 4/ — for Tz 2
35<10> Mp or Ty, > my/

where W_j[x] corresponds to the —1 branch of the Lambert W function computed at z.
Figure 2 shows the reheating temperature T,y required to reproduce the experimentally
observed DM abundance, QXhQ, for a fixed value of the DM mass, m, = 1MeV. In
the left panel, we show T, as a function of the first KK-graviton mass, mi, for fixed
A = 10 GeV; in the right panel, we show T}, as a function of A for fixed m; = 10° GeV.
The radion mass has been chosen as m, = mj/10% (therefore, it is a variable parameter
in the left panel, whereas it is a fixed one in the right panel). In order to compute Ty,
the DM yield has been held fixed so that m, Yy = Q,h? % Z—g ~ 4.3 x 10719 GeV, where
pe =~ 1.1x1075 h2 GeV /cm? is the critical energy density, so =~ 2.9 x10% em ™3 is the entropy
density at present and Qxh2 ~ (.12 [61]. The gray-shaded areas are the regions where
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chemical equilibrium with the SM is reached and, therefore, where the freeze-in cannot
occur and the analysis performed here is not valid. The black-dotted lines, representing
Tin = my1/2 and Ty, = m, /2, have been added for reference. Eventually, the red-shaded
areas (my > A) represent the regions for which the EFT approach breaks down.

For the sake of completeness, notice that the s-channel exchange of a (massless) gravi-
ton gives an irreducible contribution to the total DM relic abundance [1-4]. However,
due to the large hierarchy A < Mp, the contribution of the massless graviton is typi-
cally subdominant and can be disregarded. The corresponding interaction rate density is

given by:
8

- 3.16

YDM—SM =2 1.9 x ].0_4

and, therefore, its contribution to the DM yield is:

oo LA 1074 /10 (T’ (3.17)
0= Gxs Gx Mp ‘ ‘

We stress that this expression is a function of Ty, only, being naturally independent from A

and the masses of the KK-gravitons and the radion. This contribution, indeed, comes from
4-dimensional gravitons or, in the case considered here, from the long distance (low-energy)
limit of 5-dimensional gravitons (corresponding to the KK-graviton zero-mode). For ex-
ample, for a DM mass m, = 10TeV it would only be relevant for reheating temperatures
T > 1016 GeV, i.e. well above the range of T}, depicted in figure 2.

3.2 Sequential freeze-in

In this case the DM abundance comes from decays of KK-gravitons or radions, previously
produced via the freeze-in mechanism. Such states are mainly generated by 2-to-2 anni-
hilations or inverse decays (2-to-1) of SM particles. We will now review one by one the
two possibilities.

3.2.1 Via annihilations

KK-gravitons and radions with masses below the reheating temperature can be created on-
shell in the early Universe via annihilations of two SM particles by the freeze-in mechanism.
Once created, their decay products may contribute to the total DM relic abundance. In
fact, if the production cross-section is small enough to keep KK-gravitons and radions out
of chemical equilibrium with the SM bath, and the evolution of the DM yield is largely
dominated by their decays, egs. (3.4) to (3.6) can be simplified to:

2 2
dY | Jxrosu [ (YK > - 1} BR(KK—DM) + L=5M [( Y ) - 1] BR(r—DM)

dr — HsT [\Y2 HsT | \Y™M
1
~ — o 7 [TkKosm BR(KK—DM) + %gm BR(r—DM)] , (3.18)
where the rates are:
TlG
YK —sM(T) ~ 4.8 x 10* AT (for the n'" KK-graviton), (3.19)
m
4T8
Yeosm(T) = 2.2 x 1074 (3.20)
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Notice that the m,, 8 factor in VKK — sM (and, hence, the strong temperature dependence)
comes from the polarization tensor of the KK-gravitons (as it was shown in refs. [16, 24]
for spin-2 massive particles). Such a suppression is not present in the case of radions (that
have spin 0). The branching ratios into DM particles are:

Zn

BR(KK—DM) ~ ——— 3.21
(KK-DM) = " (3:21)
z
BR DM) ~ 3.22
(r-DM) = =, (3:22)
where
9 5/2
_ my
2
m2 m?

=y 1—-4—214+2—2] . (3.24)

The explicit expressions for annihilation rates and decay widths for KK-gravitons and the
radion can be found in appendix C.

Using a similar procedure to the one used in eq. (3.8) and (3.18), it is possible to find
the following analytical solution:

95 X 103 10 MP 21 11 16 X 10*4 10 MP P 5
Yo= e T, —— | /== ) T;n- (3.25
’ Gxs \/;A‘lm% <Zl + 256> rh + Gxs Jx A4 2437 rh ( )

Notice that in eq. (3.25) only the lightest KK-graviton is taken into account. This is

a consequence of the strong suppression with the KK-graviton mass m, in eq. (3.19).
Even if all of the KK-gravitons do contribute to the total DM density, the only relevant
contribution is given by the lightest state. For the previous analysis to be valid, the KK-
gravitons and the radion must be out of chemical equilibrium with the SM bath, which
corresponds to the conditions ykx—sm < n;‘?H and v,,sm < nyt H. The reheating
temperature in this limit satisfies the tightest of the following conditions (depending on
the mass of the lightest KK-graviton, my):

/11 411/3
~ [« Ami] g« A
Tin < min <0.3 [ 10 My ; 8.3 10 3y . (3.26)

Figure 3 shows the reheating temperature Ty, required to reproduce the observed DM

abundance for a fixed value of the DM mass, m, = 1MeV. As in figure 2, in the left panel
we show T}y, as a function of the first KK-graviton mass, mq, for fixed A = 10! GeV; in the
right panel, we show T}, as a function of A for fixed m; = 10°> GeV. The relation between
the radion mass m, and the lightest KK-graviton mass, mj is, again, m, = m;/103. The
black-dotted lines indicate Ty, = m; and Ty, = m,. Eventually, the gray- and red-shaded
areas are the regions where chemical equilibrium with the SM is reached, and where the
EFT approach breaks down (as mj > A), respectively.

For T, < m,, on-shell KK gravitons and radions are not produced in the early Uni-
verse, and therefore this mechanism can not account for the DM relic abundance. If
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Figure 3. Sequential freeze-in via annihilations: Reheating temperature required to reproduce the
experimentally observed DM abundance, Qxhz, for m, = 1MeV. Left panel: T}, as a function of
my for A = 10! GeV; right panel: T}y, as a function of A for m; = 10° GeV. In both panels, the
radion mass is m, = m1/103. The gray-shaded areas are the regions where chemical equilibrium
with the SM is reached (and freeze-in does not occur), whereas the red-shaded areas are the regions
where m; > A and the EFT approach breaks down. Eventually, the two black-dotted lines give a
visual understanding of the different regions in eq. (3.25).

m, < Ty, < mq, only radions are created. In this region T3y is independent on m; (and
therefore on m,) due to the fact that the interaction rate in eq. (3.20) does not depend on
m,, as it can be seen in the left panel of figure 3. Now, if T}, > m the KK-gravitons are
also produced and their decay dominate the DM production. The reheating temperature
needed to reproduce the observed value of {2, h? in this region is very near to the border of
the gray-shaded area for which the DM is in equilibrium with SM particles and freeze-in
does not occurs (remember, though, the log-log scale of the plots).

3.2.2 Via inverse decays

Alternatively, frozen-in KK-gravitons and radions are also created on-shell via inverse
decays of SM particles (a 2-to-1 process), and subsequently they can decay into DM par-
ticles. Within the same approximations as in the previous subsection, i.e., assuming that
KK-gravitons and radions are produced out of chemical equilibrium from the SM bath via
inverse-decays, and the evolution of the DM yield is largely dominated by their decays,
egs. (3.4) to (3.6) can be simplified to:

Y d Y; d Y,
dY | Jikossu { K 1] BR(KK—DM) + L:=SM [ 1} BR(r—DM)

dT ~ T HsT |V~ HsT |V9
1
~ o itk su BROSKDM) + 5L BR(r—DM) (3.27)

where the interaction rate densities for decays are defined by:

~UT) = merKl (m) r, (3.28)
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with T" the decay width obtained by summing (rather than averaging) over the degrees of
freedom of the decaying particle. Using egs. (C.19) and (C.21) we get, then:

73 mdT m
VKM 18073 7/;12 Ky (Tn>7 (3.29)
37 m>T m
d T T
~ ———— K| — ). .
Mr—SM = 3003 A2 1( T > (3.30)

Eq. (3.27) admits the following approximate analytical solution:

-2 _9
Yo:ZM 10MPmn< Zn ) 3.5 x 10 10Mme< z >

Gxs a A? Zn + 256 Gxs 97* A? z+ 37
(3.31)

In this case, most of the DM production happens at T' ~ m,, /2.5 and T ~ m,. /2.5 for KK-
gravitons and radions, respectively. However, the sum over KK-modes should be performed

up to KK-graviton states with mass below the reheating temperature, m,, < Ty,. For this
reason, the total contribution due to the decay of KK-gravitons explicitly depends on T}y,
(whereas the second term in eq. (3.31) does not depend on it):

(3.32)

v 22x107* [I0MpT2 3.5 x 1072 10Mpm7~< z )
° Gxs g 1 A? Gxs gx A2 z2+37)°

Again, for the KK-gravitons and the radions to be out of chemical equilibrium with the
SM bath one needs to guarantee that ’yf‘éK Loy K nd H and 'yf " s < nit H. The reheating
temperature in this limit satisfies the tightest of the following conditions (depending on
the mass of the lightest KK-graviton, my):

0 Mpmi]'/? 10 Mpmi]"?
Ty < min (0.34 [,/g i;”l] ; 0.29 [,/g i;n] . (3.33)

Figure 4 shows the reheating temperature 7,y required to reproduce the observed DM

abundance, Q,h?, for a fixed value of the DM mass, m, = 1 MeV. Again, in the left panel
we show T}y, as a function of the first KK-graviton mass, mq, for fixed A = 10! GeV; in
the right panel, we show T}y, as a function of A for fixed m; = 10° GeV. The radion mass
has been chosen as m, = m;/ 103. The black-dotted lines indicate T}, = m; and Ty, = m,..
The gray- and red-shaded areas are the regions where chemical equilibrium with the SM is
reached,* and where the EFT approach breaks down (as mj > A), respectively.

As in the case of sequential freeze-in via annihilation, for T, < m, on-shell KK-
gravitons and radions are not produced in the early Universe and, therefore, this mechanism
can not account for the DM relic abundance below the T, = m, black-dotted line. In
the region m, < Ty, < mj, only radions are created and, in this case, the DM yield is
independent on Ty}, (as the second term in eq. (3.32) does not depend on Tyy). This can
be clearly seen in figure 4. For T, > mj, the KK-graviton states are also produced.
Their decay eventually dominate the DM production and the reheating temperature is
proportional to \/m; (left panel) or A (right panel).

4Notice that in the left panel the gray-shaded area is absent as the region for which the DM is in
equilibrium with SM particles is outside of the considered range.
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Figure 4. Sequential freeze-in via inverse decays: Reheating temperature required to reproduce
the experimentally observed DM abundance, Qxhz, for m, = 1 MeV. Left panel: T};, as a function
of my for A = 10 GeV; right panel: T}y, as a function of A for m; = 10° GeV. In both panels, the
radion mass is m, = m1/103. The gray-shaded areas are the regions where chemical equilibrium
with the SM is reached (and freeze-in does not occur), whereas the red-shaded areas are the regions
where m; > A and the EFT approach breaks down. Eventually, the two black-dotted lines give a
visual understanding of the different regions in eq. (3.14).

So far, each individual production channel has been studied separately. Figure 5 depicts
the parameter space favored by the observed DM abundance for m, = 1MeV and A =
10'* GeV as a function of m; (upper left panel), or m; = 103 GeV as a function of A (upper
right panel), taking into account all of the three DM production mechanisms described
previously (i.e. direct production, sequential production via annihilation and sequential
production via inverse decay). The thin blue lines correspond to the partial contributions of
each of the mechanisms, whereas the black thick line to the total abundance. Eventually, in
the lower panel we show the correlation between A and m; at a fixed value of the reheating
temperature required to achieve the observed DM abundance, Ty, = 10° GeV. In all panels,
the radion mass is related to the first KK-graviton mass as m, = m1/103. As always, the
gray- and red-shaded areas represent the regions where chemical equilibrium between DM
and the SM particles is reached and where the EFT breaks down since m1 > A, respectively.

Finally, in figure 6 we show the correlation between A and mj required to reproduce
the observed DM abundance for m, = 1MeV and m, = m;/10% for several representative
values of the reheating temperature, T, = 1, 10, 105, 108 and 10'° GeV (notice that the
range of A plotted in figure 6 differs from that in the lower panel of figure 5). Let us
note that the lines corresponding to T}, = 1 and 10 GeV overlap when m; ~ 10% GeV and
A ~ 10° GeV. This can be understood seeing that in that region, the DM relic abundance
is mainly generated by sequential freeze-in via inverse decays of the radion and is there-
fore independent of Ty, see eq. (3.31). The red-shaded area, as always, represents the
region where the EFT approach breaks down. On the other hand, the upper left green
corner corresponds to radion lifetimes higher than 1 s, potentially problematic for BBN
(all the KK-graviton states are heavier than the radion and therefore will naturally have
shorter lifetimes). Eventually, the blue-shaded regions depict present and future experi-
mental bound coming from resonance searches at the LHC. The proton-proton collision
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Figure 5. Reheating temperature required to reproduce the experimentally observed DM abun-
dance, Q,h?, for m, = 1 MeV, taking into account all possible DM production mechanisms (thick
black lines). Upper left panel: T}y, as a function of m; for A = 10** GeV; upper right panel: T}, as
a function of A for m; = 102 GeV; Lower panel: correlation between A and mq for Ty, = 10° GeV.
In all panels, m, = m;/103, whereas as always the gray- and red-shaded areas are the regions
where chemical equilibrium with the SM is reached and where the EFT approach breaks down,
respectively. The two black-dotted lines represent the conditions T, = m; and T, = m,. The
light blue solid, dashed and dotted lines represent the contributions from direct freeze-in, sequential
freeze-in via annihilation and sequential freeze-in via inverse decay, respectively (as explained in
the legend).

can generate resonant KK-gravitons that later decay into SM particles. ATLAS and CMS
put bounds over these processes in v and lepton-lepton channels as a function of the mass
of the resonance (the lightest KK-graviton). These bounds can be translated into limits
over A as a function of the mass of the first graviton my. The present bounds (dark blue)
come from the resonant searches at LHC with 36 fb~! [62] and [63], whereas future bounds
are estimated assuming 300fb~! (medium blue) and 3000 fb~! (light blue) for the LHC
Run-IIT and High-Luminosity LHC, respectively. Notice that in this plot we do not show
the gray-shaded region for which DM is in equilibrium with SM particles (where freeze-in
does not occur), as we should draw a different region for each value of Tjy,.

3.3 Beyond the sudden decay approximation of the inflaton

While reheating is commonly approximated as an instantaneous event, the decay of the
inflaton into SM radiation is a continuous process [64]. Away from this approximation
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Figure 6. Parameter space required to reproduce the observed DM abundance for m, = 1 MeV and
m. =my/ 103, for several values of T,,. The blue areas are excluded by resonant searches at LHC
and represent the current bound and our prospects for the LHC Run-3 and the High-Luminosity
LHC in the v+ channel [62, 63], see text. The green corner corresponds to radion lifetimes longer
than 1 s. In the red area (m; > A) the EFT approach breaks down.

for reheating, the bath temperature may rise to a value Tiyax which exceeds Ty, [65]. 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 dur-
ing the transition from matter to radiation domination via an interaction rate that scales
like y(T") oc T™, for n > 12 the DM abundance is enhanced by a boost factor propor-
tional to (Tinax/Tin)" 2 [66], whereas for n < 12 the difference between the standard UV
freeze-in calculation differ only by an O(1) factor from calculations taking into account
non-instantaneous reheating. More recently, it has been highlighted that the critical mass
dimension of the operator at which the instantaneous decay approximation breaks down
depend on the equation of state w, or equivalently, to the shape of the inflationary poten-
tial at the reheating epoch [67-69]. Therefore, the exponent of the boost factor becomes
(Timax/Trn)" " with n, = 6 4+ 2 (‘rfjr—z), showing a strong dependence on the equation of
state [67]. Subsequent papers have explored the impact of this boost factor in specific
models [4, 70-80]. Finally, another way for enhancing the DM abundance occurs in cos-
mologies where inflation is followed by an epoch dominated by a fluid stiffer than radiation.
In such scenarios, even a small radiation abundance, produced for instance by instanta-
neous preheating effects, will eventually dominate the total energy density of the Universe
without the need for a complete inflaton decay. In particular, a strong enhancement if
DM production happens via interaction rates with temperature dependence higher that
n. = 6 [81].

The present model of KK FIMP DM in warped extra-dimensions features processes
where the interaction rate has a particularly strong temperature dependence, the most
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relevant ones being: ) the DM annihilation into SM states for reheating temperatures much
lower than the radion mass ypy — sm(77) T2 i1) the same process near the resonances
Tin ~ m,/2 and Ty, ~ mq /2, where ypm — sm(T) o< T K1(m;/T) (with m; being the radion
or the lightest KK-graviton mass, respectively); and iii) the KK-graviton annihilation into
SM particles vk —s sm(T) o< T16. In these regimes, the non-instantaneous decay of the
inflaton is expected to generate a strong boost factor to the DM yield, which translates
into a reduction of the reheating temperature required to match the observed DM relic
abundance. As the precise determination of such boost factors depends on the details of
the inflationary model (in particular on the energy density carried by the inflaton and its
equation of state parameter previous to its decay), it is beyond the scope of this study.

4 Conclusions

Dark Matter (DM) is typically assumed to be made of weakly interacting massive particles
(WIMPs), produced in the early Universe via the freeze-out mechanism. Freeze-out occurs
if the interactions between DM and SM particles are strong enough to bring them into
chemical equilibrium. However, if these interaction rates were never strong enough, the
observed DM relic abundance could still have been produced by non-thermal processes,
like the freeze-in mechanism. In that case, DM is called a feebly interacting massive
particle (FIMP).

In a warped extra-dimensional scenario, DM could naturally be a FIMP, if the effec-
tive gravitational scale A is much higher than the electroweak scale. In this case, DM is
produced in two main ways: 7) promptly by annihilations of SM states via the s-channel
exchange of KK-gravitons and radions, i.e. the so called direct freeze-in, and ii) by decays
of KK-gravitons or radions, previously produced by annihilations or inverse decays of SM
particles via direct freeze-in. This scenario has been doubted sequential freeze-in.

In this paper we have systematically studied the different regions of the parameter
space that generate the observed DM abundance in the early Universe, within a warped
extra-dimensional model . We assume that both the SM and the DM particles are localized
in the IR-brane, where the effective four-dimensional Planck scale is given by A, which is
allowed to vary in a wide phenomenological range, [102, 10'6] GeV, relaxing the requirement
for the RS model to solve the hierarchy problem. We also include the radion, using the
Goldberger-Wise mechanism [38] to generate the required potential to stabilize the size of
the extra dimension. For definiteness, we consider scalar DM and focus on its interactions
with gravitational mediators, i.e., the radion, the graviton and the KK-gravitons.

As the interaction rates between the visible and the dark sectors have a strong tem-
perature dependence, the bulk of the DM density is typically produced at the highest
temperatures reached by the SM thermal bath, which in the approximation of a sudden
decay of the inflaton corresponds to the reheating temperature, T;,. This is a characteris-
tic of the so-called UV freeze-in. We found however a case where the DM abundance was
mainly produced at much lower temperatures, corresponding to the sequential freeze-in
where the radion was generated via inverse decays. In that case the peak of the production
happens when the temperature approaches the radion mass, 7' ~ m, /2.5.
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The possibility of generating the DM relic density within the RS scenario via the
usual freeze-out mechanism was analyzed in refs. [16-22, 25]. After including the DM
annihilation channel into KK-gravitons previously disregarded, it was found that even
when both SM and DM particles live in the IR-brane there is a region compatible with the
experimental and theoretical constraints where it is possible to reach the correct DM relic
abundance [24]. The allowed region corresponds to m, € [1, 15] TeV and A € [10, 10%] TeV.
The upper limit on the DM mass comes from unitarity, while the lower limit is an indirect
one, derived from searches at LHC of KK-graviton resonant production, which constrains
the scale A as a function of the first KK-graviton mass. This bound is very relevant, since
it determines the minimum value of the DM mass for which the annihilation channel into
the first KK-graviton mode is kinematically open, leading to the observed DM relic density.
In the freeze-out scenario, the LHC prospects for the near future exclude most part of the
allowed region.

In the present work we find that it is also possible to obtain the correct DM relic
abundance in the same RS model via the freeze-in mechanism, for DM masses in a much
wider range spanning typically from the keV to the PeV scale, and larger values of the scale
A than in the freeze-out scenario. This implies that the LHC bounds on the parameter space
of the model are weaker than in the freeze-out case. This can be seen in figure 6, where
we summarize our results in the (mq, A) plane for the benchmark DM mass m, = 1MeV,
finding that only the lower-left corner will be probed by HL-LHC. On the other hand,
other constraints are relevant, such as the life-time of the radion, which we require to be
larger than 1 s to avoid problems with BBN, and excludes the upper-left corner. The
results are not strongly dependent of the radion mass: for this reason we fix m,. = m; /103,
in agreement with the expectation within the Goldberger-Wise mechanism. We find that
the observed DM relic density can be obtained in a wide range of reheating temperatures,
T € [1,10'9) GeV. Notice that we find some region of the parameter space for which the
observed DM relic abundance is achieved with A as low as a few TeV (with lower values
excluded by LHC data). In this region, the hierarchy problem is mostly solved, leaving
only a remnant little hierarchy to be explained.

Finally, we argued that a more detailed analysis of the present model will require to go
beyond the usual approximation where the inflaton decays instantaneously, and therefore
the reheat temperature is the maximal temperature reached by the SM thermal bath. This
is due to the strong temperature dependence of some interaction rate densities that enter in
the determination of the DM relic abundance. A complete analysis must take into account
the details of the inflationary model (in particular on the energy density carried by the
inflaton and its equation of state parameter previous to its decay), and is therefore beyond
the scope of this study.
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A Kaluza-Klein decomposition in the Randall-Sundrum scenario

Any 5-dimensional field ¢,,, can be written as a KK tower of 4-dimensional fields as follows:

b () = 3 1 () X;%) , (A1)

being x"(y) the wave-functions of the KK-modes along the extra-dimension.
The equation of motion for the n'" KK-mode is given by:

(" 0,0, + mi) (@) =0, (A.2)

where m,, is its mass. Using the Einstein equations we obtain [85]:

Ld ([ _sdx" 2 ,—2
_ -z Lot S, T/ A.
Tidy(e dy) M€ X (4-3)
from which:
. e20(y)
X"(y) = N [J2(2n) + anYa(zn)] , (A.4)

being Jo and Y3 Bessel functions of order 2 and z,(y) = my,/ ke?®). The N,, factor is the
n'" KK-mode wave-function normalization. In the limit m,/k < 1 and ¥ > 1, the
coefficient «,, becomes a,, ~ x% exp (—2k wr.), where x,, are the are the roots of the Bessel
function, Ji(x,) = 0, and the masses of the KK-modes are given by:

my, = kx,e BT, (A.5)

Notice that, for low n, the KK-modes masses are not equally spaced, as they are propor-
tional to the roots of the Bessel function J;. At large values of n, on the other hand,
the roots of the Bessel function become approximately x, = = (n + i) + 0O (nil). In this
limit, the KK-modes masses are approximately equally spaced (as in LED and the CW /LD
scenarios) and proportional to a characteristic length scale R such that:

_ n
My, (]-mre k””) n=—

iR (n>1) (A.6)

where R = 21/m1 = 1/(kr)ef ™7 (with z; = 3.81) is O (TeV™1).
The normalization factors can be computed imposing that:

/dy X =1. (A7)

- 21 —



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

VEkre "

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

Ny = — ke Jo(xy) . (A.8)

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

132
ly=mn)= VEkre (1 - 672]”“) == ]\; ) (A.9)
P

whereas for n > 0:

3/2 3/2
M, M,
X" (y=7)=\kre efmre = froekTre 7513 = /1o —2 (A.10)

B Radion Lagrangian
As it was already reported in the main text, the radion lagrangian is [50, 52]:

1 1 1 agm CEM asCs
L, ==(0 otr)—— + rT + P, FH* 4 F“ F* (B
2( #T)( T) m T \fA 87T\/6A r H W\/A Z )

where Fy,,, I, are the Maxwell and SU(3). Yang-Mills tensors, respectively. On the other

hand, Cy and CEM encode all information about the massless gauge boson contributions
and are given by:

Cg = bIS — b(g) + = ZF1/2 I'q (BQ)
Crnt = b — bW 4+ By (2w ZN Q2Fy jy(zy) s (B.3)

with z, = 4mg/m, and zw = 4m,/m,. The explicit form of Fj , and the values of the
one-loop S-function coefficients b are given by [51]:

Fijp(z) = 22[1 + (1 —2) f(2)], (B-4)
Fi(z) =243z +32(2 — x) f(z), (B.5)
1 2
arcsin | — for z > 1,
flz) = [ <\/§)] (B.6)

1[lo <1+ x—l) ir forx <1
- Ve ) i ’
4 & 1—+Vx—-1

while by =11/3 and b(3) — bg’\), = —11+ 2n/3, where n is the number of quarks
whose mass is smaller than m,. /2.

(EN) _ y(EM) _

C Relevant interaction rates

In this appendix we report the different cross sections and decay widths used in this anal-
ysis, for the case of real scalar DM. All relevant Feynman rules can be found in ref. [24].
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C.1 Dark matter annihilation

In order to analyze the phenomenology of the FIMP DM in the RS model it is necessary
to obtain the interaction rates of DM annihilating into SM particles via the s-channel
exchange of KK-gravitons or a radion.

C.1.1 Through KK-gravitons

Here we show the different annihilation cross sections of DM x into SM particles, mediated
by the exchange of KK-gravitons. In the following expressions we use the notation S, 1,
V and v for SM scalars, fermions, massive vectors and massless vectors, respectively:

o )3 (1 _477?)3, (C.1)

83 2
70 = 55) = 1Sl s7gr g (1 e
2
Y

2
3
2

VY]
VR
w
+
co

-] &,
N——
Q
N

3
_ 9 83 m mi
U(XX_>¢¢):|SKK‘W 1-4 S 1_4T

3 1
3 m2 \ 2 2\ 2
olxx > VV) = |SKK‘278 (1 —4 X) (1 — 4mV)

5760 mA4 S S
56m2 ~ 48m?
x (13 My ZLV> . (C.3)
S
y 8 mi :
U(XX - UU) = |SKK‘ 480 TA4 1—-4 s ) (04)

where Sk corresponds to the sum over all KK-graviton propagators:

[e.9]

s—m2+im, T,

n=1

C.1.2 Through a radion

The KK-gravitons are not the only 5-dimensional fields in the bulk. In fact, in order to
stabilize the size of the extra-dimension it is necessary to introduce a new scalar field that
mixes with the graviscalar. The zero-mode of the KK-tower of this new field receives the
name of radion and can mediate the DM annihilations into SM states. The corresponding
cross sections are given by:

s3 s —4m% mi 2 m% 2
= 1+2—= 1+2—= .
o = 59) 731152 mAt\ s —4m? T < T3 > ’ (C-6)
s2mi m?b 3 m2 2 m2 -3
pi)) = 1-4—"% 142X 1—4—2X )
o(xx = ) = Poge—ig ( . > ( +2— ) < . ) , (C1)
s3 /s — 4m%/ m%/ m%,

2 _1
garcy (o me mi)
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where P = [(s — m2)? + mZ2TZ] ~! is the radion propagator. For the SM massless vectors
the vertex is generated by the trace anomaly and, therefore, the cross sections are propor-
tional to agy and Cgy for the photon case, and to ag and Cj for the gluon case, as given

in egs. (B.2) and (B.3).
C.2 KK-graviton annihilation

For the sequential freeze-in we are interested in processes that involve KK-graviton G,
annihilations into SM particles. The corresponding cross-sections can be approximated by:

1 sP
(GG — D)) ~ ——— 5° (C.11)
604800 ™ A*m$ ’
19 s°
o(GpnGp = VV) ~ o(G,G,, — vv) (C.12)

= 288007 A¥mE

Therefore, the total annihilation cross section for the n'" KK-graviton into SM states
becomes:
§x 1073 §°

T m . (0.13)

OKK—SM(S) >

C.3 Radion annihilation

A second contribution to sequential freeze in comes from the annihilation of a pair of
radions into SM particles, and is given by:

1 s
0'(7“7"—>SS) ~ mﬁ, (014)
2
_ 25 My,
o(rr — o) =~ 647 AL (C.15)
1 S
~ 2 1
o(rr - VV) 11597 A4’ (C.16)
o(rr —vv) = 0. (C.17)
The total annihilation cross section of radions into SM states becomes:
9x 1073 s

where the contribution of SM fermions is highly suppressed by their masses and was there-
fore neglected. Notice that egs. (C.13) and (C.18) do not scale in the same way with the
center-of-mass energy s, due to their different dependence on the masses. In particular, the
m~% factor in eq. (C.13) comes from the polarization tensor of the KK-gravitons (spin-2
massive particles) and is not present in the case of radions (spin-0).
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C.4 KK-graviton decays

KK-gravitons can decay into both SM and DM particles. The corresponding decay

widths are:
73 m3
r ~ -2z 1
KK—SM &~ 70— (C.19)
5/2
m3 m?
r =" _|1-4—2 C.20
KK—DM 960 7TA2 m% ) ( )
where all SM masses were neglected for simplicity.
C.5 Radion decays
Eventually, the decay widths of radions into SM and DM particles are:
37m?
r ~—T 21
r—SM 192 7I'A2 ) (C )
1 2
m3 m2 2 m2
r =—"r_|1-4—2 14+2—% 22

where again all SM masses were neglected for simplicity.
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