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1 Introduction

Despite the undeniable success of the Standard Model (SM) of particle physics, we have
multiple hints pointing to the fact that it cannot be the complete theory of Nature: from
the experimental side there are several observations that the SM does not explain (for
instance, the dark matter and dark energy of the Universe, the generation of the matter-
antimatter asymmetry or the origin of neutrino masses), and also from the theoretical side
the SM seems incomplete, as it contains a large number of arbitrary parameters, lacks of an
explanation for the pattern of lepton and quark masses, and suffers from a hierarchy prob-
lem. In this work we address the dark matter puzzle in the context of a particular solution
to the hierarchy problem, namely the ClockWork/Linear Dilaton (CW/LD) model [1-4].
Unveiling the nature of dark matter (DM) is one of the most intriguing challenges in
fundamental physics at present. Given that all current manifestations of its existence are of
gravitational origin, it is conceivable that these are the only interactions of the DM particles
with the SM ones, in which case all experimental efforts for detecting them by other means
will not succeed. There is however a way out: a well known theoretical solution to the
hierarchy or naturalness problem (i.e., the huge hierarchy between the electroweak scale,
Agw ~ 200GeV, and the Planck mass, Mp ~ 1012 GeV) is to assume that there are extra



spatial dimensions. Depending on the particular extra-dimensional scenario, the problem is
solved because the fundamental gravitational 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 in the four-dimensional brane A < Mp (as in Randall-
Sundrum models (RS) [10, 11]), or by a mixture of the two mechanisms (as it occurs in
the CW/LD model [1-4]). All of these models rephrase the hierarchy problem (namely,
the existence of two very different mass scales in the SM) into a geometrical problem (for
example, in the context of LED, there is no dynamical mechanism that may explain why
the size of the extra-dimensions be so large, or Rextra > 1/Apw). A common feature
of extra-dimensional models is, however, that in any case the gravitational interaction is
enhanced and thus a DM particle with just such interaction could become detectable.

Gravity-mediated DM WIMP’s (i.e., stable or cosmologically long-lived weakly inter-
active massive particle, with mass typically in the range 100-1000 GeV, and whose relic
abundance is set via the freeze-out mechanism) have been studied mainly in the framework
of the RS scenario [12-21], with generic spin-2 mediators [22-25] and in the context of the
CW/LD model [26].

However, the strength of the DM gravitational interaction could be tiny enough that
DM particles are feebly interacting massive particles (FIMP’s) and, thus, the relic abun-
dance of DM is set via the DM freeze-in production mechanism [27-32], instead (for a
recent review see ref. [33]). This alternative possibility has only been studied in the RS
model [19, 34], so here we extend the analysis of gravity-mediated FIMP DM in extra
dimensions to the CW /LD scenario. As in our previous work [34], we consider ultraviolet
(UV) freeze-in [35] for which the temperature of the thermal bath is always lower than the
scale of new physics, which in our model is the fundamental Planck scale, Ms5, at which
the gravitational sector becomes strongly interacting. We also adopt a phenomenological
approach, and allow Mjs to vary in a wide range (Ms € [10%,1016] GeV) to fully explore
the parameter space that could lead to the correct DM relic abundance via freeze-in, high-
lighting the regions in which it is also possible to solve the hierarchy problem.

To our knowledge, this is the first study of freeze-in DM in the continuous (extra-
dimensional) clockwork scenario. Notice, though, that infrared (IR) DM freeze-in through
the Higgs portal has been analyzed in several discrete clockwork models [36-38].

The paper is organized as follows: in section 2 we briefly remind the main features of
the CW /LD scenario; section 3 is devoted to the analysis of DM production via freeze-in
within the CW/LD model, and in section 4 we present our conclusions. Some relevant
decay widths of bulk particles can be found in appendix A.

2 Theoretical framework

2.1 A (very) short summary on ClockWork/Linear Dilaton extra-dimensions

In the CW/LD scenario, the following metric is considered (see refs. [3, 4]):

ds? = G\ Dydxdx™ = V3l (i duttda — v dy?) | (2.1)



where GE\‘:}[)N is the 5-dimensional metric with signature(+, —, —, —, —) and we use capital
Latin indices M, N to run over the 5 dimensions, whereas Greek indices p, v run only over
the standard 4 dimensions. The extra-dimensional coordinate has been rescaled by the
length scale 7., such that y is adimensional. This particular metric was first proposed in the
context of Linear Dilaton (LD) models and Little String Theory (see, e.g., refs. [1, 2, 39] and
references therein). The metric in eq. (2.1) implies that the space-time is non-factorizable,
as an interval in a 4-dimensional plane scales depending on the particular position in
the extra-dimension due to the warping factor exp(2/3kr.|y|). Notice that in the limit
k — 0 the standard, factorizable, flat LED case [5-9] can be recovered. The LED model
is, therefore, a particular case of the CW /LD metric. As it was the case in the Randall-
Sundrum model, also in the CW /LD scenario the extra-dimension is compactified on a
81/ 25 orbifold (with r. the compactification radius), and two branes are located at the
fixed points of the orbifold, y = 0 (“IR” brane) and y = 7w (“UV” brane). Standard model
fields are located in one of the two branes (usually the IR-brane). The scale k, called the

5tM_dimension and it can be much smaller

“clockwork spring”, is the curvature along the
than the Planck scale (remember that, in order to recover the LED case, it can even be
pushed down to 0). The relation between Mp and the fundamental gravitational scale My
in the CW/LD model is:
M3
2 _ 75 2mkre
Mp == (e 1), (2.2)

and it can be shown that, in order to solve or alleviate the hierarchy problem, k£ and r.
must satisfy the following relation:

1 k 3 M
104 m(E) -5 . 9.
fre =104 oo n(TeV) o n(w%v) (2:3)

In the phenomenological applications of the CW /LD model present in the literature k is typ-
ically chosen above the GeV-scale and, therefore, 7. is typically an extremely small length
scale, much smaller than what can be tested in experiments measuring deviations from
the 1/r? Newton’s law. Notice that, differently from the case of warped extra-dimensions,
where scales are all of the order of the Planck scale (Ms, k ~ Mp) or within a few orders of
magnitude, in the CW /LD scenario, both the fundamental gravitational scale M5 and the
mass gap k are much nearer to the electroweak scale Agw than to the Planck scale, as in
the LED model. An interesting limit of the CW /LD model is that in which M5 = 10 TeV
and 7. saturates the present experimental bound on deviations from the Newton’s law,
re ~ 100 pm [40]. In this “extreme” case, eq. (2.3) would imply that k& could be as small
as k ~ 2eV. In this case, KK-graviton modes would be as light as the eV. This particular
corner of the parameter space does not differ much from the LED case, but for the impor-
tant difference that the hierarchy problem could be solved with just one extra-dimension
(for LED models with one extra-dimension, in order to bring Ms down to the TeV scale,
an astronomical length r. would be needed).

The action in 5D is:

S = Sgravity + SIR + SUV (24)



where the gravitational part is, in the Jordan frame:

grav1ty /d4 / redyV GO eS [R(s) + G?g)NﬁMSGNS + 4]{22} , (25)

with R®) the Ricci scalar and S the (dimensionless) dilaton field, S = 2kr.|y|. We consider
for the two brane actions the following expressions:

Sim = /O dys(y) [ d'o /=gl e {~Hk + Lou + Lou) (2.6)

and

SUV—/ dyd(y —7r/d4 nge {—fév—l—...}, (2.7)

where fir, fuv are the brane tensions for the two branes, gl(lél{),UV = —-G® /Gé‘? is the
determinant of the induced metric on the IR- and UV-brane and the §-functions at y = 0, 7
are adimensional (as y itself). Throughout the 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 (see ref. [41] for a scenario where all SM fields may be bulk fields). We
assume that DM particles only interact with the SM particles gravitationally by considering
only DM singlets under the SM gauge group. More complicated DM spectra with several
particles and/or particles of different spin will not be studied here.

Notice that the gravitational action is not in its canonical form. We must first perform
a change of frame to cast the action in its “traditional” form. This is done by going to the
Einstein frame, changing GS\Z)N — exp(—2/39)G M)N In the latter frame we get:

i ~ M3 1~
Sgravity = /d4$ /0 Tcdy\/ﬁ {5 {R@ — gGé‘g)NaM50NS + 4e_§sk2]}
+ /d4x / dyre 3 { [ fIR + Lsm + ﬁDM] —d(y — W)f{‘}v} , (2.8)

where now the gravitational action is just the Ricci scalar. The kinetic term of the dilaton
field tells us that the physical field must be rescaled as S = (Ms/ 2 / \/3) S, with S a

canonical 5-dimensional scalar field (with dimension [S ] = 3/2). Notice that, in the Einstein
frame, the brane action terms still have an exponential dependence e~/ from the dilaton
field. This action has a shift symmetry S — S + const in the limit £ — 0, that makes a
small value of k£ with respect to M5 “technically natural” in the 't Hooft sense. Using the
action above in the Einstein frame, it can be shown that the metric in eq. (2.1) can be
recovered as a classical background if the brane tensions are chosen as:

fin = —fov = —4k M3 . (2.9)

Notice that, in a pure 4-dimensional scenario, the gravitational interactions would be
enormously suppressed by powers of the Planck mass, while in an extra-dimensional one
the gravitational interaction is actually enhanced. Expanding the metric at first order
around its static solution, we have:

2
GS\E/)[)N = 62/35 <77MN + 7M3/2 hMN) . (2‘1())
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The 4-dimensional component! of the 5-dimensional field hj;ny can be expanded in a
Kaluza-Klein tower of 4-dimensional fields as follows:

hyw (2, Y) Z AT, (y), (2.11)

so that hj,,(z) are canonical 4-dimensional scalar fields (with dimension 1) and the adi-
mensional x,(y) eigenfunctions depict the profile of the Ay, (r) KK-modes in the extra-
dimension. They can be computed by solving the equation of motion in the extra-dimension
of the fields:

[02 — k22 4+ m2r] ey (y) = 0 (2.12)

with Neumann boundary conditions dyx,(y) = 0 at y = 0 and . Normalizing the eigen-
modes such that the KK-modes have canonical kinetic terms in 4-dimensions, we get:

Xo(y) ke
O\ =\ 2rkre _ 17
¢ 1 (2.13)
n 7]{/,74 | | k
Xn(y) = ———e W[ == sinnly| + cosnly|
mnrc n
with masses
n2
m3=0; mi:k2+ﬁ. (2.14)
At the IR-brane one gets:
L= M?’/?TW( )y (x,y = 0) Z —h" z) TH (z), (2.15)
where
11
Ao Mp’
1 1 ( sz2> —1/2 1 ( 2 )1/2 (2.16)
— = — 14— =—|1-— n#0,
An mreM3 n? \/Tre M3 my
and the explicit form of the energy-momentum tensor for a scalar field ® is:
Tcpu = (3M(I))T(ayq>) + (8V(I>)T(au‘1)) — M {(3p<I>)T(6p<I>) - m?{)CI)(I)T} . (2.17)

It can be seen that the coupling between KK-graviton modes with n # 0 is suppressed
by the effective scale A,, and not by the Planck scale, differently from the LED case and
similarly to the Randall-Sundrum one. In the latter model, however, A is a universal scale,
whereas in the CW/LD model it depends on the KK-number n.

n the decomposition of harn two other fields are present: the graviphoton h,s and the graviscalar hss
(also called @ following the notation of ref. [2]). The graviscalars KK-tower is absent from the low-energy
spectrum, as they are eaten by the KK-tower of graviphotons to get a mass. These are, in turn, eaten by
the KK-gravitons to get a mass. The resulting massive KK-gravitons have, thus, five degrees of freedom.
The only degrees of freedom still present at low-energy are the graviphoton zero-mode (that does not couple
with the energy-momentum tensor in the weak gravitational field limit [42]), and the graviscalar zero-mode.
The latter will generically mix with the radion needed to stabilize the extra-dimension size.



2.2 Stabilization mechanism

Stabilization of the radius of the extra-dimension r. is an issue in all extra-dimensional
models. The standard lore (see, e.g., refs. [43, 44]) is that bosonic quantum loops have
a net effect on the boundaries of an extra-dimension such that the latter shrinks to a
point [45]. This feature can be compensated by fermionic quantum loops that give a
positive contribution to the Casimir energy and, thus, would expand the size of the extra-
dimension. Within supersymmetric formulation of extra-dimensional models, these two
effects may compensate each other and stabilize the radius of the extra-dimension (see, e.g.,
ref. [46]). Supersymmetry may also be useful to protect the CW/LD background metric
by fluctuations of the 5-dimensional cosmological constant and of the brane tensions in
eq. (2.9). Non-supersymmetric clockwork implementations do exist, though [47].

Differently from the Randall-Sundrum case (where a new scalar field must be added
to the Lagrangian), in the CW /LD scenario we can use the bulk dilaton field S to stabilize
the compactification radius. Adding to the action in eq. (2.6) some ad-hoc localized brane
interactions for S at y = 0,7, we could fix the value of S at the UV-brane, S(), such that
S(m) =27nkr. [3]:

SIR = /d4 gIR { fIR + M;R (
uv

SU\/—/d4 QUVe {—fév rov

A

§- 8 )«+L%A+LDM},
(3-80)"+..}

with puir and pyy two parameters with the dimension of a mass and S the rescaled
dilaton field.
The physical scalar spectrum of the model includes the zero-mode of the dilaton

(2.18)

S, its KK-modes tower and the zero-mode of the graviscalar ®. We introduce quan-
tum fluctuations over the background values of S(z,y) = So(y) + ¢(x,y), where Sy(y) =
2/V/3 M§/2 k rc|y|, and of the metric in eq. (2.10), in order to derive the equation of mo-
tions for the two scalar degrees of freedom, ¢ and ®. After deriving the Einstein equations
for ¢ and ®, and imposing the junction conditions at the boundaries, we find:

1 d? O(x,y)
O+ & —5 — k2| efrey ’ =0. 2.1
Ty 1 ‘ (@(fc,y) (2.19)

Notice that the physical combination of ® and ¢ fields with a canonical kinetic term was
identified in ref. [48], and it corresponds to the definition:

wwbﬂWﬂwm—%mm] (2.20)

We can expand a generic scalar field ¢ (representing either ®, ¢ or v) over a 4-
dimensional plane-waves basis,

¢(xay) = ZQn(x)an(y) (2‘21)



where the 4-dimensional fields @, satisfy the Klein-Gordon equation {D — min} Q, =0
and the adimensional eigenfunctions (for example, in v) are given by:

vn(y) = N, e Frey [sin(Bnrey) + wp cos(Bnrey)] , (2.22)
with NV, a normalization factor, 52 = m%n — k%, and

3Bn R
2(k2 + ,3%) + kur ’

Wy = — (2.23)

using the boundary condition at the UV-brane to fix one of the constants. In the so-called
rigid limit, pig — oo and pyy — o0, the scalar spectrum (first obtained in ref. [48]) is

given by:
2 2 _ 832
T mvo - gk ’

m

(2.24)
m? :k:Z—i—Z—; (forn > 1),

Un
where we have identified the radion as the lightest state. Out of the rigid limit, the spectrum

can be obtained expanding in inverse powers of uyy and pr, introducing the adimensional
parameters eig v = 2k/pr,uy. At first order in the e-parameters (see ref. [2]),

8 2
m2 =m2, = §k2 <1 - 69“) + O(Ey, ek),

6(n® + k*rZ)(cuv + er)
In2mkre + wk3r3

2 (2.25)

m? :k:2-|—7l2 1-—
C

+ O(E%Vv 6%R) :

Un

There are no massless states for non-vanishing p’s (i.e., when the extra-dimension is stabi-
lized). In the unstabilized regime, uyv, ur — 0, the graviscalar and lowest-lying dilaton
mode decouple (as the eigenmodes spectrum in eq. (2.22) for w, — 0 starts at n = 1) and
we expect two massless modes (see, again, ref. [2]).

The interactions of the radion and of the dilaton KK-tower with SM fields arises [2]
from the term:

/d4 —g@® e Loy + Lpw] - (2.26)

Whilst in the Randall-Sundrum model the brane action term couples to gravity mini-
mally [49], i.e., through the 1/ —g) coefficient, only, in the CW /LD model when going from
the Jordan to the Einstein frame a dilaton exponential coupling with the brane-localized
SM Lagrangian is still present. The action, after KK-decomposition, can be expanded at
first order in quantum fluctuations over the metric and of the dilaton field:

1 1 ,u
Sint = SR / d'z 90 TE}/\A TDM} Qn
WTCM?’

~ é / TM; S 0n(0) / dz [Lsnt + Lon] Qn (2.27)

where, as expected, scalar fluctuations of the metric (®) and of the dilaton field (¢) couple
with SM fields through two terms: the usual energy-momentum trace and a new term



arising from the exponential coupling of the dilaton with the brane Lagrangian in the
Einstein frame. Notice, however, that the physical field v, in eq. (2.22) will couple with
both terms at the same time.

At first order in eyy 1R, we get for the couplings with the energy-momentum tensor:

1 /
= 1+ EUV +O(€UV EIR)
3 Y
Aa, 2\/7r7" M3 M
n

A; 2\/7T7”CM5 \/zi:2M5( e 2) " <9 L 2) 1/2(1_6UV)+O(6%Va€%R)

2 k [( —K2/m?,
(1

1/2
)>] (1_€UV)+O(6%V76%R)

27ar M3 Mon | (1—8K2/m2
(2.28)
and for the couplings with the Lagrangian:
! + O( ),
= € (€3, €4
Agy ,/BWTCM?’ 27 M3 o vV IR
2.29)
1/2 (
1 pa(0) n (”2 + k;ZTg) 1 / euv + 0(62 e )
= - Uv» IR/ +
V3mreME kyf3aMgrd L0074 R2)

In the rigid limit (uyv,r — oo) the coupling of dilaton modes with the SM Lagrangian
vanishes (1/Ay,,1/Ay, — 0). In the rest of the paper, we will work in this limit when
computing the effects of radion and KK-dilatons in the freeze-in mechanism. A complete
study of the impact of scalar perturbations to the DM phenomenology outside of this limit
is beyond the scope of this paper.

Eventually, we are not taking into account possible terms that may arise coupling
scalar fields (such the Higgs boson, or the DM particle considered here) and the Ricci
scalar, that are usually not forbidden by any symmetry of the theory:

ASi = / A/ —gWeSPBeRETH . (2.30)

Such terms induce an additional kinetic mixing between the graviscalar ®q, the lowest-lying
dilaton ¢y and the Higgs and, therefore, additional couplings with the SM fields. We will
neglect this non-minimal coupling in the rest of the paper, taking £ = 0.

Summarizing, in the rigid limit and in the absence of a mixing between the Higgs and
the other scalar fields, the scalar perturbation interaction Lagrangian with SM and DM
particles at first order is:

o0

1 agpMm CEM
LM =" |Tom+ —— Fu F™ +
v nz:% Afbn sMm + oy %

asC3

Z FSF | vy, (2.31)



where r = v is the radion field and v,, for n > 1 is the dilaton KK-tower, and Tgy is the
trace of the SM energy-momentum tensor. In eq. (2.31), we have [50]:

1
Cs = b~ by +5 3 Fijalry),
(EM) (EM) (2.32)
Cym = big ) — by + Fi(zw) ZNCQ Fya(zq)

with zg = 4mg/m, and xw = 4my /m,.. The values of the one-loop S-function coefficients

(EM) _ (EM) 3)

b are by vy = 11/3 and by, — bg’\), = —11+ 2n/3, where n is the number of quarks

whose mass is smaller than m,./2. The explicit form of F /5 and Fy is given by:

{Fl/z(x) 2z[1 + (1 — ) f(x)], (2.33)

Fi(x) =243z +32(2 — 2) f(x),

with

[alrcsin(l/\/sf)]2 x>1,

x) = [ 2 .
J ! [log(l—i_ x_1> m] r <1 (2:34)

4 1—+vVx—1

3 Dark Matter production

The evolution of the DM, radion/KK-dilatons and KK-gravitons number densities (n, n,
and ng, respectively) can be followed by the system of coupled Boltzmann equations

dn n \?2 ng n \?2
T +3Hn = —ypM-sm K”eq) - 1] +9&, oM [ n <neq)
2
n n
~|—%n—>DM l : (neq> ] ) (3.1)
dny,

2 2
n n n
dt +3Hn, = —Yv,—SM [(ﬂé&) - 1] 'Yq)n—>DM [nv - (Tleq) ]

n
Y [e% - 1] ; (3.2)
Ny
2
dng nGg ng n \?
T FOHme T TG s [(né‘) ) 1] B l ng ~(5a)
nG
~ Y, —sm -1, (3.3)
ng

where H corresponds to the Hubble expansion rate and nfq are the equilibrium number
densities of the species i. Moreover, v,-3 and ’yg _,5 are the interaction rate densities
for the 2-to-2 annihilations and 1-to-2 decays of « into [, respectively. Remind that
egs. (3.2) and (3.3) refer to a generic KK-mode of the radion/KK-dilaton or KK-graviton
towers. Therefore, if we may kinematically produce N, and N¢g radion/KK-dilaton and



KK-graviton modes, respectively, the complete Boltzmann equations system consists of
N, + Ng + 1 coupled equations.

If DM never reaches chemical equilibrium with the SM plasma (so that the freeze-out
mechanism is not viable), it could have been created in the early Universe via the freeze-in
paradigm. There are two possible implementations of the freeze-in mechanism: the DM
abundance could have been generated directly by the annihilation of SM particles via an
s-channel exchange of KK-gravitons or radions, SM SM — DM DM, through the so-called
direct freeze-in; or, alternatively, the DM abundance could have also been generated by
decays of KK-gravitons or radions, previously produced by annihilations, SM SM — G,,G,,
GnUm, UnUnm, or inverse decays of SM particles, SM SM — G, vy, via direct freeze-in (this
scenario has been dubbed sequential freeze-in [51, 52]).

Few comments are in order. The DM abundance could also be set entirely in the hidden
sector by the dark freeze-out of 4-to-2 interactions, where four DM particles annihilate
into two of them [53-56]. However, such a possibility is sub-dominant due to a strong
suppression by higher orders of the scale M5. Moreover, even if it is possible to populate
the relic abundance via the exchange of a massless spin-2 graviton [57-60], this channel is
suppressed by Mj‘_f,, therefore being typically subdominant.

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

3.1 Direct freeze-in

Direct freeze-in occurs when DM is mainly produced through the annihilation of SM par-
ticles via an s-channel exchange of KK-gravitons or radions. In that case, egs. (3.1)—(3.3)
can be rewritten in terms of the dimensional DM yield Y = n/s, with s(T) = %g*s (T) 713
the SM entropy density defined in terms of the effective number of relativistic degrees of
freedom g, [61], as

dY _ YDM-SM [( Y )2 B 1] ~ _ IDMoSM (3.4)

dT ~ HsT Yed HsT

In the last step the fact that DM is always out of chemical equilibrium was used, i.e.,
Y <« Y. Equation (3.4) admits an approximate analytical solution given by

1
Y(T) ~ 335 /10 / 'YDM—)SM iT . (3.5)
27° Gus \| 9« Tin

using the fact that H? = ;ﬁ}% , with the SM energy density psm(7") = g—;g*(T) T4 and g, (T)

being the effective number of relativistic degrees of freedom for the SM radiation [61].

Within the approximation of a sudden decay of the inflaton, the maximal temperature
reached by the SM thermal bath is the reheating temperature, Tiy,.

The interaction rate density ypa_sm can be computed from the total DM annihilation
cross-section into SM states opy—sm (i-e., the sum over the 2-to-2 DM annihilation cross-
sections into all possible SM final states) by the use of eq. (B.3). In the limit where the

~10 -
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Figure 1. Black solid lines represent the DM annihilation cross-section (left panel) and interaction
rate density (right panel) for k = 103 GeV, M5 = 10* GeV and mpy = 1 MeV. Red-dotted vertical
lines in the right panel depict the different regimes in eq. (3.7). The gray-shaded regions on the
right of both panels are beyond the EFT approach.

DM and SM masses are neglected, opy_sm can be expressed as

9 2
195 | & | S &1 1
UDM*)SM( 14407'(' Z A2 s — m% +ernFn 877'[' 7122:0 A?{:‘n S — m%n + imyann P

(3.6)
where the two terms correspond to the exchange of KK-gravitons and radion/KK-dilatons,
respectively. We want to note that in order to have an analytical estimation, in eq. (3.6)
the interference terms between KK-gravitons and radion/KK-dilatons have been ignored.
However, they are taken into account in the full numerical analysis.

The left panel of figure 1 shows the DM annihilation cross section opy_sym for
k=103 GeV, M5 = 10* GeV and mpy = 1 MeV. Notice, however, that this cross-section
is largely independent of the DM mass as long as mpy < /s. We have found that this
process is dominated by the virtual KK-graviton exchange. Indeed, the difference between
the couplings of gravitons and dilatons (egs. (2.16) and (2.28), respectively) makes negligi-
ble the dilaton contributions after the first resonance. Eventually, the gray-shaded region
corresponding to s > M2 is beyond our EFT approach, being the center-of-mass energy of
the process larger than the effective scale of the theory.

The right panel of figure 1 shows the DM interaction rate density vpm_sm entering
in eq. (3.5), for a particular point of the parameter space, k = 103 GeV, M; = 10* GeV
and mpy = 1MeV. The latter is derived from the cross section opy_sy and can be
approximated by the following expressions:

B T12
1.7 x 107 C(kr.) MO R for "< m1/2,
. kTT
'7DM—>SM(T) ~¢1.2x 1073 C(/{ T‘C) 7“73 Kl <Tnl) for T ~ m1/2, (37)
M T
ckT”
2.8 x 10_3C(k:rc)rM3 for T > my /2,
5
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where )
inh(2r kre) — 2wk,
Clhr,) = | Smb@rkre) = 2mkr (3.8)
sinh*(mwkr.)

comes from the sum over all the KK modes, with C(kr.) ~ 4 when k7. > 1.

At low temperatures (7" < m;j/2) all the mediators are very heavy and decouple
from the low-energy theory; the rate presents a strong temperature dependence, v oc T2,
In this regime, it is possible to perform analytically the sum over all the KK modes that
contribute to the cross section in eq. (3.6), in the limit s < m? (see appendix B). When the
temperature approaches the mass of the first KK-graviton (and first radion), its resonant
exchange dominates and v o« T K1(m1/T). Nearby resonances are very close in mass
and, therefore, for T > m;/2 several KK-gravitons give sizable contributions, with a
constructive interference giving the observed + o< T7 behavior. As for the left panel, the
gray-shaded region corresponding to T > M5 is beyond our EFT approach.

The approximations of eq. (3.7) allow to analytically solve eq. (3.5). Its asymptotic
solution Yy for T' <« Ty is

5.3x1072 [10  MpT?
g ;C ]\;kgh for Trh<<m1/2,
*5 * 5

V3k
Yo~ 1.2x1071 ECMPTCM/Q12k2+10\/§kTrh+15Tfhe_T7ﬂl

for Ty, ~mq/2,

Oxs Gx Mg) Tr5;1/2

3.0x1073 [10 . Mpr kT2

7,/—(17“1 for T, >mq /2.
Grs 0 Mg rh 1/

(3.9)
The final DM yield has a strong dependence on Ty}, characteristic of the UV freeze-in
production mechanism.
Now, let us emphasize that for the previous analysis to be valid, the DM has to be out
of chemical equilibrium with the SM bath. This is guaranteed as long as ypym—sm <K H neq,
which translates into

1/14 / pf6 2 1/7
<§6) <C15\4 ) for Ty, < my/2,
P
2/7
2v3 N MS
Trh <K —{k/W—l [_22 < f{)m) :| for Trh Zm1/27 (310)
1/4 M3 1/2
6.7 (%) <M> for Ty >>mq/2,

where W_j[x] corresponds to the —1 branch of the Lambert function computed at .
Figure 2 shows contours for the reheating temperature required to reproduce the

observed DM abundance, for mpy = 1MeV. In order to compute Ty, the DM yield

has been held fixed so that mpy Yy = Qpumh? % % ~ 4.3 x 10719 GeV, where p, ~

1.1 x 107° A2 GeV /em? is the critical energy density, 5o ~ 2.9 x 103 cm ™3 is the entropy
density at present and Qpyh? ~ 0.12 [63]. The gray-shaded region on the lower-right
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Figure 2. Direct freeze-in: contours for the reheating temperature 7}y, required to reproduce the
observed DM abundance, for mpy = 1 MeV. The red-shaded region is in tension with LHC results
from refs. [4, 62]. The gray-shaded region for which & > Mj5 is beyond the EFT approach. The
green-shaded region corresponds to lifetimes of the radion and the lightest KK-mode longer than 1 s.

corner corresponding to k& > M5 is beyond our EFT approach. The red-shaded region
in the lower-left corner represents the present non-resonant LHC Run-II bounds. The re-
sults from non-resonant searches, in contrast with the resonant searches (see, for example,
refs. [64, 65]), are not easy to translate into a bound in the (M5, k) plane. In the present
work we use the results obtained in ref. [62], taking advantage of the dedicated analysis
performed in ref. [4]. Eventually, the upper-left green corner corresponds to a region of the
parameter space for which the lifetime of the radion and of the first KK-graviton are larger
than 1s, potentially problematic for BBN (all others KK-modes are heavier and, therefore,
will naturally have shorter lifetimes).

3.2 A rough comparison of CW /LD and RS results

We will see throughout all of this section that results in the CW /LD model are qualitatively
very similar to those obtained in the RS scenario presented in ref. [34]. Even though the
CW/LD and the RS scenarios differ fundamentally in the presence of the KK dilaton tower
in the former, we find that the contribution of the virtual exchange of the dilaton modes
to the DM production via scattering of SM particles is subleading (as it is also the case
when the radion mass in RS is similar to the first KK graviton), so one can somehow expect
comparable outcomes. We can actually go a step further in our understanding of differences
and similarities between the two extra-dimensional scenarios. In fact, the results of the
CW/LD scenario can be quantitatively reproduced by computing the cumulative effect
of summing over many KK-states. In order to do so, we find it useful to write eq. (3.6)
in terms of an effective coupling Aeg and the mass of the first KK-graviton, my. First,
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remember that:

11 n?(1+ k?r?)

AZ T A2 n?+k2r2 |’

T (3.11)
m2 —m2 x|t

o 1+ k272

Using these variables, we find in the regime 7' < m; (and neglecting the radion/KK-dilaton
contribution, that is subleading in the CW /LD scenario as explained above):

4953 1 > 4953 1
kr.), (3.12
UDM*SM(S)‘KW 14407 Adm? Tg n2 + k27«2 = Tad0r At ? B (312)
where A
T (1+ k*r?)
) = —— c) 1
F(kre) 61 K2r2 C(kre) (3.13)
being C(kr.) the function defined in eq. (3.8). If we now introduce the following effective
scale: 1
= LRk, 3.14
i = 3 FEr) (3.14)

it is easy to compare our results in the CW/LD space-time with those obtained in the
RS setup in ref. [34]. This is done in figure 3 where we compare, as an example, the
annihilation cross-section DM — SM from eq. (3.6) in the RS (red-dotted and red-dashed
lines) and CW/LD (black solid line) scenarios for the direct freeze-in. The parameters of
the two models have been chosen so as to represent the same physical point in the parameter
space: in the case of CW/LD, we choose k = 107 GeV, A.g = 10° GeV (corresponding to
Ms = 1.35721 x 10® GeV) and mpy = 1 MeV; for RS, we have m; = 107 GeV, A = 10° GeV
and mpy = 1 MeV. In order to compare the two models properly, we have considered
two cases for the RS scenario: in the first one (red-dashed line) the radion mass has been
chosen identical to the first KK-graviton one, m, = m; = 10" GeV. On the other hand,
in the second case (red-dotted line) the radion mass is significantly lower than the first
KK-graviton mass, m, = 10° GeV. Remind that in the RS case the radion may have a
significant phenomenological impact, in principle, as its mass is an additional free parameter
of the model whereas, on the other hand, in the CW /LD case the radion mass is not a free
parameter and it is tightly linked to the KK-graviton mass.

The impact of the radion in the RS cross-section can be seen by comparing the two
RS cases: for a heavy radion, its contribution is subleading (as it is always the case for
CW/LD). We can see clearly how the annihilation cross-section in the two models coincide
both at the qualitative and quantitative level, with a rather small mismatch for low s due
to the difference between the first KK-graviton mass in the two models (that is, m; =
VkZ+1/rZ in the CW/LD model and m; = kx1A/Mp = 10" GeV in the RS model).
Notice how the two resonating patterns start at s = m? in both cases and, for large
s, overlap completely. On the other hand, for a light radion the RS model develop an
additional peak for s ~ m2 and, in the region in between the radion peak and the starting
of the KK-gravitons resonant pattern at s ~ m?, we can see a much softer evolution of the
cross-section with s (that can also be seen in figure 1 (left panel) of ref. [34]).

— 14 —



10715_
ch 10718_
Igi‘ 10—21 ]
s 10724+ :
9] .
1107271 e
S s
-33 | I
10 ) !
1036 X : ; :
1010 1012 1014 1016 1018
s [GeV?]

Figure 3. The black solid line represents the DM annihilation cross-section in the CW /LD scenario
for k = 107 GeV, Aoz = 10° GeV (that corresponds to M5 = 1.35721 x 108 GeV) and mpy = 1 MeV.
The red-dashed (red-dotted) line represents the same process in the RS scenario, for m; = 107 GeV,
A = 10°, mpy = 1MeV and a radion mass m, = 10" GeV (m, = 10°GeV). The gray- and red-
shaded regions on the right of the picture represent the region of the parameter space that is beyond
the EFT approach, as s is larger than the scale of the effective theory (M5 and A in the case of the
CW/LD or the RS scenarios, respectively).

The definition of Aeg in eq. (3.14) establishes a relation between the effective scale
in RS scenarios, A, and the fundamental parameters of the CW /LD one, k and M;. We
get (apart from numerical factors depending on the combination kr., that may account
for up to one order of magnitude approximately) that ARs) \/ M3 /k is a rather good
approximation to get an understanding of the qualitative features of the CW/LD results
as compared to RS ones. We have indeed found that similar results in the two scenarios
can be obtained replacing in the RS formulaee (both for direct and sequential freeze-in)
Ars) = VM5 /k and ngS) — k. These approximated relations suffice to explain the
striking similarities found in the results in the two scenarios.

Notice that our understanding of the relation between RS and CW/LD frameworks
allow us to compare easily also figure 1 (right) with the right panel of figure 1 of ref. [34],
where the same quantity was computed in the framework of a Randall-Sundrum warped
extra-dimensional model. Whereas in the CW/LD model we were able to distinguish
three regions (approximately below, at and above my), in the case of the RS scenario five
distinct regions could be detected. This is a characteristic consequence of the fact that in
the RS model the radion mass is an independent parameter of the model, contrary to the
CW/LD case, in which radion and KK-graviton masses are strongly related (see egs. (2.24)
and (2.14), respectively). For this reason, in the RS scenario there may be a region in
which we have a “resonant” behavior with the radion mass and a separated one with the
first KK-graviton mass, if the two are far apart one from each other. In the CW /LD case,
this is not possible and, thus, there is only one intermediate region.
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3.3 Sequential freeze-in

The second mechanism studied in the present work is the sequential freeze-in, where DM is
produced by the decay of bulk particles that have been previously produced via freeze-in.
There are two possibilities to generate the bulk particles: via 2-to-2 annihilations or via
inverse decays of SM states. The two possibilities will be reviewed in detail in sections 3.3.1
and 3.3.2, respectively.

3.3.1 Via annihilations

The first mechanism that we study in this section is the DM production by the decay of
KK-gravitons and radion/KK-dilatons previously produced by SM annihilation processes.
The Boltzmann egs. (3.1)—(3.3) can be simplified in this case as:

Yo\’
yea) !

dY G, »sM

Yv,—SM }/v 2
BR(G,, =DM) + —1| BR(v, — DM)

dT — HsT HsT |\yX
1
~ - (Ve — smBR(G —=DM) + 4, —sm BR(v, =DM)] (3.15)

and the interaction rates can be computed using the annihilation cross-section given in
ref. [34] with the appropriate suppression scale. Their final form are given by:

Tlﬁ
va, —sm(T) =~ 4.8 x 104 —— | (3.16)
- A m,
3 T8
Yo, ssm(T) ~ 7.9 x 10 3@, (3.17)

where the index n refers to the specific KK-mode of the two towers of KK-gravitons and
radion/KK-dilatons with couplings 1/A,, and 1/Ag,,, respectively. The contribution of the
KK-dilatons are always negligible with respect to the contribution of the KK-gravitons.
This is a consequence of KK-gravitons being spin-2 massive particles, with 5 polarizations.
The sum over the polarization states of the KK-graviton gives terms with graviton masses
in the denominator of the interaction rate that are compensated by powers of the tem-
perature T in the numerator, thus giving a characteristic 7'% dependence. On the other
hand, radion/KK-dilatons are scalar particles and have no polarization. No powers of the
radion/KK-dilaton mass appears in the denominator, and the T-dependence of the numer-
ator is proportional to 7%, only. This can be seen comparing eq. (3.17) with eq. (3.16).
The branching ratios that appear in eq. (3.15) can be expressed as:

Zn
BR(G,, =DM) ~ — "
R(Gn =DM) = s
BR(v, —»DM) ~ —~2n (3.18)
Un " Ze, +37
where
2\ /2
Zn = (1 —4 D2M> ,
mn
(3.19)
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In eq. (3.18) we assume that all SM masses are negligible with respect to the process energy.
The only mass that we considered in the analysis is the DM particle mass. A description
of the bulk particles decays can be found in appendix A.

We can use eq. (3.5), such as in the direct freeze-in case, in order to obtain the current
DM abundance.

9.5 x 10 /10 1 2
Yo~ 25— [ = Mp T e L
’ Gxs 9x P Z Atm8 z, + 256

mp<Tin
5.8 x 1072 |10 1z
e [ =MpT3 _ 3.20
9*5 g* v va<Trh Aén Z(I)n + 37 ( )

This expression takes into account all of the KK-gravitons and KK-dilatons with masses
below the reheating temperature. We found that these sums can be approximated by

6.9 1072 10 Mp T3}

Yy ~ e th (T, —
’ Gxs 9x ME? kTre (T = m)
1.2x 1077 [10 Mp T3 k2
+ — 2 (T — M, ), 3.21
Gre 0 Mg ( rh v1) ( )

where H is the Heaviside step function. As for the direct freeze-in case, the bulk particles
must be out of chemical equilibrium with the thermal bath. This condition is equivalent
to impose that vg, ~sm < Neq H and v, ssm <K neq H. Eventually, avoiding chemical
equilibrium translates into a bound over the reheating temperature:

T < 0.3 (3.22)

% A%m? 1/11
10 Mp ]

In the left panel of figure 4 we summarized the results for the sequential freeze-in via 2-
to-2 processes. We show in this figure the value of the 5-dimensional Planck mass M5 needed
to obtain the current value of the DM relic abundance, as a function of the first KK-graviton
mass, mji. We notice that sequential freeze-in is only viable if T}, > m,,, as KK-states
have to be produced in the thermal plasma. As in figure 2, the red-shaded region represent
the present LHC bounds, while the green-shaded area is the region of the parameter space
where the radion lifetime is too long and produce problems with BBN. The gray-shaded
region represents the k > M; area, where the EFT description cannot be applied (as in this
region the first KK-graviton mass, mq, is larger than the fundamental scale of the theory,
Ms). Eventually, the light blue-shaded area is the region of the parameter space for which
the reheating temperature 7,4 is smaller than the radion mass.

3.3.2 Via inverse decays

The last mechanism that we study in the present work is the sequential freeze-in via inverse
decay. In this mechanism the DM abundance is consequence of bulk particles annihilation,
previously produced via inverse decay of SM particles. The Boltzmann equation in this
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Figure 4. Sequential freeze-in via annihilations (left panel) and via inverse decays (right panel):
contours for the reheating temperature required to reproduce the observed DM abundance, for
mpm = 1 MeV. The red-shaded region is in tension with LHC Run-II results from refs. [4, 62]. The
dark blue-shaded region for which k > Mj5 is beyond the EFT approach. The green-shaded region
corresponds to lifetimes of KK-modes longer than 1s. Eventually, the light blue-shaded region
depicts the region of the parameter space for which T, < my,.

case reduces to

T b,
o7 = o |yea — | BR(G =DM) + == | o — 1] BR(v, DM
dT HsT |Y R(Gn —»DM) + HsT |V R(v, —DM)
1
= = [, s BR(Gn +DM) + 7, sy BR(v) +DM)] . (3.23)

Using the expression defined in ref. [34] and taking the decay from appendix A, it is possible
to obtain the interaction rate densities for KK-gravitons and KK-dilatons:

73 mdT m

d n n

~—— K| — 3.24
111 md T My,

The equations above present a significant difference with egs. (3.16) and (3.17): in this
case, the interaction rate comes from the decay of the bulk particles into SM particles and,
as a consequence, there is no enhancement due to graviton polarization. As in the other
two cases, eq. (3.5) allows to obtain the current DM relic abundance

5.6x1072 Mn  Zn 1.3 My, 2o
Yoo 1/ M — 42 n S0 (3.26
0 r mn<T A2 24256 gus > A3 2,37 (3.26)

Mayy, <Tin

In this case, we can see numerically that the most part of the production takes place at
T ~ m/2.5, where m corresponds to the mass of the lightest KK-dilatons and KK-gravitons.
This fact indirectly introduces a dependence on T}y, even if the terms in the sums of the
above expression do not present any explicit dependence on it. With this information, and
taking into account bulk states with masses below the reheating temperature, only, we can
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write the above expression as:

3.5 x107° [10 Mp
o 352107 (

T3 —md) H(T — ma)

Gxs ngg
51x 1073 [10 Mpk? [ /2 1 T,
— “ZH(T,y, — =1 H(T,, — ) 3.27
+ o s M53 [ 3 ( rh mv1)+ - 0og — ( rh mv1) ( )

Eventually, as for other cases discussed above, we must be sure that KK-gravitons
and radions/KK-dilatons never reach the equilibrium with the thermal bath (that is,
'ygyn Sgm K neq H and vgn am K Neq H). We may, therefore, derive a bound on the
reheating temperature:

1/3
10 Mpm?
P ml} . (3.28)

T 34—
h<0.3 [ 7 A%

In the right panel of figure 4 we can see the different results of the sequential freeze-in
due to inverse decays. The red-, green- and gray-shaded regions in the (M5, m1) plane
represent, respectively, the bounds from non-resonant searches at LHC, the BBN bounds
due to the dilaton decays and the limit of the EFT theory. The light blue-shaded area,
eventually, represents the region of the parameter space for which m,,, > T}y.

3.4 A comprehensive analysis of the results for direct and sequential freeze-in

In figure 5 we eventually put together the results of direct and sequential freeze-in (including
both annihilation and inverse decays), from sections 3.1 and 3.3. The plot represents the
reheating temperature 7y, for a scalar DM particle with mass mpy = 1 MeV, as a function
of the other two free parameters of the CW /LD scenario, k and Ms. The red-shaded region
in the lower-left corner represents the portion of the parameter space excluded by present
LHC Run-II results from refs. [4, 62]. The gray-shaded area in the lower-right corner is
the region where we cannot trust our effective theory approach, as the mass of the KK-
gravitons (o k) is larger than the fundamental scale of the model, M;5. Eventually, the
green-shaded area in the upper-left corner represents the region of the parameter space for
which the lifetime of the lighter KK-mode is larger than 1s (a case for which we could have
problems for a successful BBN). Differently from the case of the freeze-out mechanism in
extra-dimensions (studied in refs. [20, 26, 66] both in the RS and CW /LD scenarios), where
the LHC (in its present form or in its high-luminosity upgrade) may constrain significantly
the allowed parameter space, we can see that for freeze-in in the CW /LD model the region
of the parameter space tested by the LHC Run-II is quite limited. This was also true
in the case of the RS scenario (see figure 6 of ref. [34]). In both cases, we have found
that a very large region of the parameter space is not excluded by neither theoretical nor
experimental constraints. In the case of the CW /LD scenario, discussed here, we see that
the reheating temperature needed for a successful freeze-in can range from T}y as low as
10 GeV to Ty, ~ 109 GeV for k € [102,10%] GeV and M5 € [10%,10'3] GeV (in the case of RS,
Ty could be as low as 1GeV for m; ~ 1TeV and A ~ 108 GeV). Particularly interesting
is the lower-left corner of the picture where, once LHC Run-II bounds are taken into
account, we see that the observed DM relic abundance can be obtained for My ~ 10TeV,
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Figure 5. Contours for the reheating temperature T,y required to reproduce the observed DM
abundance, for mpy = 1 MeV. The red-shaded region is in tension with LHC Run-II results from
refs. [4, 62]. The gray-shaded region for which k > M5 is beyond the EFT approach. The green-
shaded region corresponds to lifetimes of the lighter KK-mode longer than 1s.

k € [0.1,10] TeV and T}y ranging from 10 to 100 GeV, approximately. In this region we are
able to achieve a rather small hierarchy between the fundamental scale of gravity, M5, and
the electro-weak scale, Agw.

4 Conclusions

The Nature of Dark Matter (DM) is one of the most compelling (and long-standing) open
problems of our present picture of the Universe: the perfectly working Standard Model
(SM) of Fundamental Interactions is not able to account for it and a plethora of astro-
physical and cosmological observations point out that a huge amount of the matter in the
Universe is actually composed of some substance that interacts gravitationally. If gravity
is the only way this component of the Universe energy density interacts with the “stan-
dard” matter of which we (and the rest of observable bodies in the sky) are made of, how
was the observed DM relic abundance produced? One common approach is to consider
DM made of Weakly Interacting Massive Particles (WIMPs), that do interact with “us”
by means of a new interaction with strength of the order of the weak interactions of the
SM. These particles, however, are supposed to be rather heavy, i.e., in the range of GeV to
TeV. For WIMPs to be the dominant component of DM in the Universe, their abundance
could be explained by the so-called “freeze-out” mechanism: after an initial phase in which
the temperature was high enough so that SM and DM particles were in thermal equilib-
rium, at some point the (heavier) WIMPs keep annihilating into SM particles whereas the
opposite reactions become disfavored as the temperature of the SM bath decrease. Once
the DM density becomes so low that it is difficult for two WIMPs to annihilate, their
density “freezes” and we get a relic abundance that should match what observed today.
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Unfortunately, all experiments devoted to searches (both direct and indirect) for particles
with masses in that range with cross-section as large as weak cross-sections have found no
compelling evidence of the existence of such particles.

An alternative possibility, that we have explored in this paper, was the idea that
DM is made by particles with a very small cross-section (sub-weak, or “feeble”) with SM
particles, such that they never reach chemical equilibrium with the SM bath. In this
case, the observed DM abundance could have been generated by the so-called “freeze-in”
mechanism, in which SM particles annihilate into DM ones (“direct freeze-in”) or into
intermediate states that, eventually, decay into DM particles (“sequential freeze-in”). The
DM particles produced via such mechanism have been called Feebly Interacting Massive
Particles (FIMPs) and, typically, can be much lighter than the electro-weak scale, thus
explaining their non-observation in direct and indirect detection experiments.

Once a given range of DM masses is selected by choosing a particular mechanism to
explain the observed relic abundance, the interesting range of DM cross-section with SM
particles is still to be fixed. Here is where choosing a specific model in which the interaction
strength is dictated by some underlying principle enter into the game. In this paper, we
have explored the possibility that the interaction between DM and SM is, indeed, purely
gravitational (as it is suggested by experiments). This was studied previously in the frame-
work of FIMPs (see, e.g., refs. [58, 59]). An interesting way to actually enhance the gravi-
tational interaction, whilst maintaining the feature that DM interacts only gravitationally
with the SM, is to embed our model into an extra-dimensional setup. Extra-dimensions
were proposed in order to explain the so-called “hierarchy problem?”, i.e., the huge hierar-
chy between the electro-weak scale (at which the SM works perfectly) and higher scales
at which new physics should become relevant (for example, the Planck scale at which a
quantum theory of gravity would become mandatory). Popular extra-dimensional models
are Large Extra-Dimensions [5-9], Randall-Sundrum models [10, 11] and the more recent
Clockwork/Linear Dilaton model [1-4]). In a recent paper [34] we have studied FIMP
Dark Matter in the context of RS models, finding that a significant region of the allowed
parameter space is indeed able to reproduce the observed DM relic abundance via the
freeze-in mechanism for scalar DM particles with mass in the MeV range. In this paper, on
the other hand, we have explored the same possibility within the context of the CW /LD
model. One of the main difference between the two models is the fact that in the former
Kaluza-Klein-graviton modes arise as isolated resonances (for low KK-numbers) and the
model does not differ much from adding a spin-2 resonance to the SM spectrum, whereas
in the latter the separation between graviton KK-modes is so tiny that summing over their
cumulative effect is unavoidable. As it was the case for RS models, also in the CW /LD
model we find a significant region of the parameter space in which the observed DM relic
abundance can be reproduced with scalar DM in the MeV range, with a reheating tempera-
ture that can be as low as 10 GeV. For T}, < 100 GeV, the typical value of the fundamental
scale of gravity, M5, ranges from 10 TeV to 1000 TeV, whereas the first KK-graviton mass k
is in the range k € [10%,10%] GeV. This rather large allowed region in the model parameter
space (k, Ms) seems to offer better chances to alleviate the hierarchy problem than in the
case of the RS model, where the allowed region at low Ty, and low A can be significantly
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constrained by LHC Run-III and HL-LHC measurements (with the possible exception of a
very peculiar region where the first KK-graviton mass is m; ~ 10 TeV). Exclusion bounds
in the CW/LD case from LHC Run-IIT and the HL-LHC cannot be easily extrapolated
from non-resonant searches at the LHC Run-II and will be studied in due time.

Notice that we have assumed an instantaneous decay of the inflaton. In a more realistic
picture, in which the instantaneous decay approximation is not used for reheating, the SM
bath temperature may initially display a temperature much higher than 7}, at onset of the
radiation domination [67]. UV freeze-in is highly sensitive to the dynamics of the thermal
bath during the intermediate period between inflation and radiation domination [68, 69]
and, therefore, it is natural to be analyzed within a specific heating setup (for related
studies, see e.g. refs. [60, 69-85]). It would also be interesting to analyze in more detail
the cosmology of the CW /LD scenario, in particular the feasibility of complete DM models
with such low reheating temperatures as we have found. These studies are well beyond the
scope of this paper, though.
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A Bulk particle decays

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

widths are:
73 m3
T ~ — Al
Gn=SMZ 000w A2 (A1)
m3 mi 5/2
I =—"21 _[(1—-14 A2
Gn=PM ™ 960 1A2 ( m2 ) ’ (A-2)

where all SM masses were neglected for simplicity. Eventually, the decay widths of dilatons
into SM and DM particles are:

37m3
3 " 2 3 2 2
m. m m
r =% []_4-—DM 14 2—DM A4
vp—DM 32 ﬂ_Aén ( m%n ) ( + m%n ) ( )

where again all SM masses were neglected for simplicity.
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B Example of the sums over KK-gravitons

In this appendix we show an example of how the interaction rate densities are analytically
computed. For instance, the contribution to the DM annihilation cross-section into SM
states coming from the exchange of KK-gravitons in eq. (3.6) is

1953 | & 1 7 4943

= 1440x ZA2 —m2 +im,[,| — 1440r7

opM—sM(S) |Skk|? . (B.1)

In the limit s < m3,

Geve Z 1 1 sinh@rkre) —2rkre
KEZ 2 A2z T 8 M3k sinh(mkre) 8M3 2

CY2(kr.), (B.2)

where egs. (2.14) and (2.16) were used.

One typically needs to compute interaction rate densities vy as a function of the tem-
perature T'. In general, for the process where two particles (7, j) annihilate into two states
(k, 1), the interaction rate density i + j — k -+ [ is defined as:

~(T) = 641;4/8&#% dsv/sog(s) Ky (f) , (B.3)

where smin = max [(m; +m;)?, (mg + my)?], Smax corresponds to the center-of-mass en-
ergy until which the theory is valid, og is the reduced cross-section summed over all the
degrees of freedom of the initial and final states, and K is a modified Bessel function. o
corresponds to the total cross-section o(s) without the flux factor, and can be written as:

[s = (mi +my)*] [s — (mi —m;)?]

S

oR(s) =2 o(s) . (B.4)

In the present case, the interaction rate density ypy—sm(7) is expressed as a function of
the reduced cross-section op(s) ~ 2s opm_sm(s), and is given by

T M2 NG 49T M3 Vs
T) ~ —— K| Y] ds~—" | Skx|? / VR O ) d
’VDM—>SM( ) 647r4/0 UR\/E 1 < T ) S 460807T5| KK| ) S 1 T S

T12
MO A2

~1.7x107"

sinh(27kr.) — 27k rc] ? ’ (B.5)

sinh?(7kr.)

for the case T < mq/2, as reported in eq. (3.7). Remind that the integral stops at
s = M2, as it is the limit of validity of the EFT considered. For the case T > m; /2, the
analytical computation is much more involved as it requires integrating over a huge number
of resonances. All the analytical approximations have been validated by comparing with
the numerical calculations.
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