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We revisit the phenomenology of dark matter (DM) scenarios within radius-stabilized Randall-Sundrum
models. Specifically, we consider models where the dark matter candidates are Standard Model (SM)
singlets confined to the TeV-brane and interact with the SM via spin-2 and spin-0 gravitational Kaluza-
Klein (KK) modes. We compute the thermal relic density of DM particles in these models by applying
recent work showing that scattering amplitudes of massive spin-2 KK states involve an intricate
cancellation between various diagrams. Considering the resulting DM abundance, collider searches,
and the absence of a signal in direct DM detection experiments, we show that spin-2 KK portal DM models
are highly constrained. In particular, we confirm that within the usual thermal freeze-out scenario, scalar
dark matter models are essentially ruled out. In contrast, we show that fermion and vector dark matter
models are viable in a region of parameter space in which dark matter annihilation through a KK graviton is
resonant. Specifically, vector models are viable for dark matter masses ranging from 1.1 to 5.5 TeV for
theories in which the scale of couplings of the KK modes is of order 40 TeV or lower. Fermion dark matter
models are viable for a similar mass region, but only for KK coupling scales of order 20 TeV. In this work,
we provide a complete description of the calculations needed to arrive at these results and, provide a
discussion of new KK-graviton couplings needed for the computations, which have not previously been
discussed in the literature. Here, we focus on models in which the radion is light, and the backreaction of
the radion stabilization dynamics on the gravitational background can be neglected. The phenomenology of
a model with a heavy radion and the consideration of the effects of the radion stabilization dynamics on the

DM abundance will be addressed in forthcoming work.

DOI: 10.1103/PhysRevD.111.075030

I. INTRODUCTION

Theories of extra dimensions are well-motivated exten-
sions of the Standard Model (SM). Introduced initially by
Kaluza and Klein [1,2] as a means to unify electromagnet-
ism and gravity, such theories have emerged as a solution to
the electroweak hierarchy problem [3-6]. These include
models compactified over a flat extra dimension [3,4], as
well as those with a warped extra dimension based on a slice
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of anti—de Sitter (AdS) space, known as Randall-Sundrum
(RS) models [5,6]. Theories of compact extra dimensions
are expected to be viewed as low-energy effective field
theories originating from string theory, with significant
work devoted to the AdS/CFT correspondence [7,8],
especially in RS models [9]. Extradimensional models have
found applications in flavor physics (see, for example,
Refs. [10,11]), studies of the electroweak phase transition
[12,13], cosmological considerations [14,15], and grand
unification [16], as well as in scenarios intended to provide
viable dark matter (DM) candidates [17,18].1

'Extensive reviews covering a variety of these developments
can be found in, for example, Refs. [19-22].

Published by the American Physical Society
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In recent years, there has been a surge of interest in dark
matter models within extradimensional theories [23-31].
Specifically, models where the extradimensional gravita-
tional theory provides a portal between the dark sector and
the SM have been the subject of study. These include
models based on an effective theory with a single massive
spin-2 mediator or a full Kaluza-Klein (KK) theory
[25-27,32]. In these models, scattering amplitudes and
squared matrix elements involving massive spin-2 and
spin-0 resonances originating from the compactified grav-
ity sector of the extradimensional model play a key role in
estimating various relevant observables. These observables
include velocity-averaged cross sections (ov), required to
ascertain the observed DM relic density Qpy; of the
Universe, spin-independent (SI) and spin-dependent (SD)
direct detection rates, and various signatures at high-
energy colliders like the LHC.

Calculations involving massive spin-2 resonances origi-
nating from extra dimensions have been shown to be
plagued by amplitudes that appear to grow (anomalously)
rapidly with the scattering energy /s, seemingly signaling a
breakdown of the effective field theory at a scale much
lower than the intrinsic scale of the compact extra dimen-
sion. The source of this anomalous growth can be traced
back to the helicity-0 and helicity-1 modes of the massive
spin-2 resonances in the final states. For instance, a power-
counting estimate of the cross section for DM annihilation
into the helicity-0 states grows as O(s®/(A’M%)), where
\/s is the center of mass energy, Mgy is the mass of the
Kaluza-Klein particle, and A is a characteristic gravitational
scale of the underlying theory [25-27,33]. The conse-
quences of this assumed anomalous growth for the calcu-
lation of DM observables are significant, as the rapid growth
would predict that at large scattering energy +/s, the DM
thermal relic density could be satisfied for small values of
the effective coupling away from the resonant funnel region
[25,26]. It would also predict that the DM annihilation cross
section (or the scattering cross section for direct detection
experiments) would violate perturbative unitarity at scales
much lower than the effective field theory scale.”

In previous work, the authors of this paper and collab-
orators have performed detailed and increasingly more
refined calculations of effective spin-2 KK mode effective
field theory of compactified extradimensional models:

(1) First, it was shown that while amplitudes of indi-
vidual diagrams involving spin-2 KK modes (as well
as the spin-0 fluctuation, the radion) grew as fast as
O(s°/(A’M% ) in unitary gauge, intricate cancel-
lations between different diagrams, which are ulti-
mately due to the underlying symmetries of the

*For compactified flat extra dimensions, the scale A is simply
the Planck mass Mp;. In contrast, for RS models the scale is
A, = Mpe " where k is the curvature and r, the compacti-
fication radius.

higher dimensional theory, ensure that the final
amplitude grows no faster than O(s/A?) [34-38].

(i) Next, this analysis of the spin-2 effective KK
theory was extended to models where the compac-
tification radius was stabilized (i.e., models in
which the spin-0 radion mode obtains a mass) via
the Goldberger-Wise (GW) mechanism [39,40].
In this case, the authors and their collaborators
showed that while the naive introduction of a radion
mass term by hand reintroduces a bad high-energy
growth in the scattering amplitudes, the dynamics,
including the entire GW scalar sector, ensure that
the full spin-2 scattering amplitudes again grow no
faster than O(s/A?) [41,42].

(iii) Subsequently, it was shown that the O(s/A?) high-
energy behavior of the scattering amplitudes in
the effective KK theory is transparent in ’t Hooft—
Feynman gauge and that this can be understood using
an equivalence theorem which ensures that the
scattering amplitudes of helicity-0 and helicity-1
spin-2 Kaluza-Klein states equal those of the corre-
sponding Goldstone bosons [43]. The properties of
the effective KK theory are, hence, directly the result
of the underlying diffeomorphism symmetry of the
full five-dimensional gravitational theory.

(iv) Finally, the investigation showed that the cancella-
tion properties of the gravitational KK sector
described above extend to the coupling of the
gravitational sector to the matter sector, whether
matter lies in the bulk or is localized to a brane.
Specifically, in the full KK-matter amplitudes, the
leading O(s?) terms in the high-energy expansions
cancel among themselves and the O(s?) terms do
likewise. This behavior of the scattering amplitudes
can also be understood via the equivalence theo-
rem [44].°

In this work, we apply our understanding of the scattering

amplitudes in RS KK theories to provide a comprehensive
analysis of the thermal freeze-out scenario in KK portal DM
models, schematically depicted in Fig. 1. Initial steps
towards a consistent calculation for the KK portal dark
matter model were performed in Ref. [48] for brane-
localized scalar DM. In this work, we provide a compre-
hensive analysis of the spin-2 KK portal model by including
the following:

(i) We extend the analysis of Refs. [32,48] to include
both brane-localized fermion and vector dark matter
candidates and consider all of the annihilation
channels.

’An analogous calculation for scalar brane matter in an
unstabilized RS1 model was performed in Refs. [45,46], follow-
ing the investigations described in the previous paragraph. It was
also shown in Ref. [47] that for a single massive spin-2 model
emission, Ward identities ensure that there is no anomalous
growth, whether in Fierz-Pauli theories or extra dimensions.
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FIG. 1. Pictorial representation of the Randall-Sundrum 1
model with a dark sector localized on the TeV-brane.

(i) We include the dynamics of the Goldberger-Wise
[39,40] stabilized RS model in which the back-
ground scalar and metric fields can be determined
exactly [49]. In this paper, we focus on the case of a
light radion, for which the backreaction of the
stabilization sector can be neglected and for which
the effects of this sector on DM relic abundance are
small. In a forthcoming paper, we will describe the
phenomenology of a model with a heavy radion and
show that a massive radion and the Goldberger-Wise
scalar states can be relevant for the relic abundance
of dark matter.

(iii) We extend our previous scattering amplitude
analyses to include final states comprising either
two spin-0 modes or one spin-2 KK mode plus
one spin-0 mode; these have not previously been
discussed in the literature.

(iv) We provide a unified picture of the status of the KK
portal dark matter models using the latest collider
and direct detection constraints.

We find that a combination of relic abundance compu-
tations with collider bounds on the spin-2 KK resonances
from diphoton searches at the LHC [50] place constraints
on the KK portal models, as illustrated in Figs. 15 and 16.
We show that DM candidates within this scenario remain
viable for masses of 1.1 and 5.5 TeV, so long as the scale A,
of the gravitational theory is of order 80 (25) TeV or lower
for vector (fermion) DM candidates. In the case of DM
candidates heavier than 2.3 TeV, dark matter resonant
annihilation occurs for a Kaluza-Klein graviton at level

2 or 3, leading to the possibility of a lighter KK resonance

not directly coupling to dark matter being uncovered by the

high-luminosity LHC (HL-LHC). We further show that
these scenarios can also be probed by direct detection
experiments if the radion mass is of order 1 GeV, with some
regions being excluded by the 2024 LUX-ZEPLIN (LZ)

[51] Experiment, and others potentially observable in the

future.

In this work, we focus on models in which the radion is
light (with a mass of order 100 GeV or lower), and hence,
the backreaction of the radion stabilization dynamics on the

gravitational background can be neglected. We will show in
Sec. VI that the light radion impacts direct detection
constraints severely. The phenomenology of a model with
a heavy radion and the consideration of the effects of the
radion stabilization dynamics on the DM abundance will be
addressed in a forthcoming paper [52].

The rest of this paper is organized as follows: Sec. II

provides the details of the model being considered, includ-
ing a specification of the DeWolfe-Freedman-Gubser-
Karch (DFGK) [49] stabilized RS model, and describes
the corresponding KK decompositions and the masses and
couplings of the spin-2 and spin-0 KK modes. In Sec. 111,
we describe the calculation of the various annihilation cross
sections needed for the relic abundance computation. To
perform these calculations, we need the decay widths of the
spin-2 and spin-0 KK modes to SM particles (as described
in Appendixes A and B) and to other spin-2 and spin-0 KK
modes (as described in Appendix C). The entire compu-
tation performed here also requires understanding new
interactions and coupling structures for the KK modes not
previously explored in the literature. These are explained in
Appendix D, and various numerical tests are presented to
show that the amplitudes for these new processes have the
appropriate high-energy behavior (and thereby provide a
check of the accuracy of these new results). We review
and update the collider and direct detection constraints on
KK portal dark matter in Secs. V and VI, respectively.
The allowed region of parameter space for KK portal
DM models is explored in Sec. VII, and we outline our
conclusions in Sec. VIIL

II. THE MODEL

This section specifies our notation and describes the
model we analyze.

A. 5D gravitational and scalar fields

Following Refs. [41,42], we write the Lagrangian for the
stabilized RS model as

S= / d*xdy(Len + Lpp + Lot + Lony + AL), (1)
%

where Lgy is the usual 5D Einstein-Hilbert term, £, and
L, are the kinetic and potential energy terms of the GW
bulk scalar field ¢(x,y), Lgny is the Gibbons-Hawking-
York term [53,54] required for a well-posed variational
problem in the gravitational spin-2 KK and the spin-0 GW
sector, and AL is a total derivative term added to the action
to cancel out terms linear in the field fluctuations as well as
to eliminate the mixing between the tensor and scalar 5D

fields.
In unitary gauge, the 5D metric for an RS-like back-

ground is parametrized as [42]
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Gun= <Wf;w 02> and GMN = (gﬂ”o/w _1(;1)2)’ (2)

—v

in terms of coordinates x¥ = (x#,y), where y € (—zr,, +nr,]
parametrizes an orbifolded extra dimension (where y and
—y are identified); for convenience we define ¢ = y/r., and
use y or ¢ interchangeably as the coordinate of the fifth
dimension. Here

Guv = Ny + Kil/w(xw y)’ (3)

where 7, is the usual 4D “mostly minus” metric and

fzﬂy(x, y) parametrizes metric fluctuations. The quantities w
and v are defined as
)|

w—em[ (
¢3wuw) )

o= (14

where the function A(y) specifies the background RS-like
geometry” and 7(x, y) parametrizes scalar metric fluctuations
around this background. We normalize the Lagrangian such
that the 5D gravitational coupling « is related to the 5D
Planck mass Ms according to k> = 4/M3.

The GW stabilization mechanism [39,40] relies on the
existence of a nontrivial background scalar field configu-
ration ¢ (y) such that the size of the extra dimension is
stabilized by a competition between the kinetic (gradient)
and potential energies of this field, which is “pinned” to
different values at the two ends (branes) of the orbifold. We

expand the bulk scalar ¢(x,y) as

N 1

W)= =0+ Tl ©)

where scalar fluctuations are encoded in f(x,y).°

The background scalar and metric field configurations
specified by ¢ (y) and A(y) must be found by solving the
coupled gravity/bulk-scalar field equations [49], and
requires that we specify the form of the GW potential in
L. Of note is that there is nontrivial mixing between the
bulk scalar field and the scalar metric fluctuations in the

*For RS1 [5], in which the extra dimension is unstabilized,
A(y) = k|ly| as sourced by brane and bulk cosmological
constants.

>This specific form of the metric in Eq. (2) with the definitions
in Egs. (3) and (4) was used in our previous works [34-36] for the
unstabilized RS1 metric, following Ref. [55], to ensure that the
quadratic gravitational Lagrangian is brought to a canonical form,
free of any mixing between the scalar and tensor parts of the
metric.

®The factors of x (in units of energy~/2) included in Eq. (5) are

defined so that ¢, and f are dimensionless in natural units.

presence of a nontrivial scalar background. The analysis of
this system can be simplified by imposing the gauge-fixing
constraint [56,57],

(9yp0)f (x.y) = k\/6e24)(9, 7). (6)

Having imposed this condition, there is only one set
of physical scalar fluctuations, and all fluctuations in
the model are contained in the five-dimensional fields
B, (x,y) and 7(x,y). In the next subsection, we describe
the effective 4D KK modes that arise from these 5D fields.

B. Tensor and scalar KK modes

For any arbitrary potential that stabilizes the RSI1
geometry, the quadratic fluctuation terms of the full
Lagrangian in Eq. (1), once compactified with proper
boundary conditions, will generate a pair of Sturm-
Liouville (SL) equations that can be solved to yield the
Kaluza-Klein spectrum of the gravitational (spin-2) sector
and the scalar sector. A full description of the procedure to
bring the KK mode Lagrangian to a quadratic form can be
found in Refs. [41,42], and we quote the results below.’

For the tensor fluctuations, which give the masses and
the wave functions of the spin-2 KK modes, the tensor field

fzw (x,y) can be decomposed into a tower of 4D KK states

fsz;) (x) with ¢ = y/r,, as follows:

1 +0o0

V@Zﬁwwww» (7)

where, as described earlier, r, is the radius of the compact
extra dimension. Here y,,(¢) is the 5D wave function of the
nth mode that satisfies the SL differential equation:

B (x,y) =

0,le 0 p,] = —pne ™y, (8)

These wave functions satisfy the Neumann boundary
conditions where (d,y,) = 0 at ¢ €{0, z}. The eigenval-
ues u, = m,r. give the masses m, of the nth spin-2 KK
mode. The wave functions are normalized according to

+r
/ dp ey, = Sy 9)

and satisfy the completeness relation

8(p2 — 1) = e Zw] (@ )wi(@).  (10)

"For convenience, we have chosen a mode normalization here
that differs slightly from that in Ref. [42] and absorbed a factor of
1/+/7 in the definitions of v, (¢) and y,(¢).
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This form of this SL problem for the spin-2 KK sector is
identical to the unstabilized case. The difference is encoded
in the new background geometry with a modified warp
factor A(y).

The Neumann boundary condition (d,y,) = 0 implies
that there is always a massless 4D graviton mode (with a
wave function y, which is constant in ¢) in the spin-2 KK
sector. From the form of the spin-2 mode expansion in
Eq. (7) and the constant graviton wave function, we
immediately find the relationship between the 5D Planck
mass and the observed 4D mass Mp,, as follows:

1 _ |ll/0|2 11
M3 r.M3’ ( )
Pl M5

and hence, using the normalization condition in Eq. (9),

. +
M3 == ; = rcMg/ dep e72A0) (12)
|V/O| —

For the spin-0 sector, in which the metric fluctuation and
the bulk scalar mix proportional to background scalar field
¢o(@), the KK decomposition of the 5D scalar field 7(x, y)
into a tower of spin-0 KK modes proceeds by introducing
extradimensional wave functions y;(¢) and a tower of 4D
scalar fields 7()(x) parametrized as follows:

Hey) = =3 W@, (13
¢ i=0

N

The mode equation that brings the 5D scalar Lagrangian to
canonical form (including the effects of the mixing between
the GW and gravitational sectors) is given by [56,57]

024 024
d, [W(%%)] _?Yi
et 25(¢) 25(¢—n)
:_”%i) v o . a7 ( (14)
() [2V1rc-¢—9} [2V2rc+¢7?]
0 0

where ¢y = (9,,¢h9) and the eigenvalues y,) = m,r, give
the masses m,) of the nth scalar KK mode. The Dirac
delta-function terms enforce the following (orbifold) boun-
dary conditions:

.. ool !
(ar/ﬂ’i) == [Zvlrc - J] ﬂ%,-)em}’i )
=0 0 =0
N ks
(9,7i) =+ [szrc + ¢—9 /‘(zi)eZA}’i ) (15)
p=n 0 gp=n

where V1,2 are the second functional derivatives of the
brane potentials evaluated at the background-field

configuration. Note that these boundary conditions reduce
to Neumann form in the “stiff-wall” limit, Vl,z — 400, a
limit which we will use in Sec. IID in the context of the
DFGK [49] method to construct analytic background
solutions. The mixing between the gravitational and bulk
scalar sectors also generates an unconventional normali-
zation of the scalar wave functions to bring the scalar
kinetic energy terms to canonical form [42], as follows:

. o2A o2A

The scalar wave function completeness relation is then
given by

25(¢, 1) }

5(¢2—(P1) = - " "
( 2vlrc—‘§9] [2V2rc+%}
0 0

640 26(p1)
¢6(¢1))2{1+[

Xiuﬁjw(cﬂl)w(wz)' (17)
Jj=0

In the scalar sector, due to the nonconstant expectation
value of the background scalar field, the lightest spin-0
state (identified as the radion with a wave function y)
acquires a mass yg) > 0.

Before explaining how we find A(¢@) and ¢, (¢), which
satisfy the coupled gravity/scalar field equations, we
specify the form of the Lagrangian for the brane-localized
DM and SM fields.

C. The brane-localized dark matter and Standard
Model sectors
We write the Lagrangian of the brane-localized matter

(both dark matter and Standard Model matter) on the TeV-
brane interacting with the spin-2 KK sector as [44]8

Ebrane matter — £S.brane + ‘CV.brane + ‘C;(,brane’ (18)

where the Lagrangian for brane-localized scalars, vector
fields, and fermions (which are taken here to include both
the Standard Model fields and a putative DM candidate) are
respectively of the form

4 =1 - PP R
‘CS.brane = / dw\/:~G‘|:2 Gﬂyaﬂsays - §M§S2
-
x XA (¢p — 1), (19)
8We follow the notations introduced in Ref. [44]. While this

was written in conformal coordinates in Ref. [44], the conversion
to the coordinate choice used in this paper is straightforward.
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T — 1.
*CV,brane = / d(p V-G [_ZGﬂprFﬂDFﬂa

| R
+ 2szGWV,,vy] S(p — 1), (20)

[';(,branc = / d§0 v _Gb?iegyaDu)? _M)()?)?]63A(¢)5(¢ - 7[)'

(21)

Here G* and its determinant are the induced metric on the
TeV-brane

Gpu = WGl (22)

In addition, the vector field strength is Fyy =

VyVy —VyVy, and the fermion covariant derivative is
defined as

~ ~ 1 ap ~
Dy =04+ Eﬂﬂﬂ%ﬁx, (23)

where ;5 = (75, 73]/4, with y; being the gamma matrices
defined over the tetrad e#®. For simplicity, we take the
scalar dark matter candidate to be real, while the fermion is
assumed to be Dirac.

Integrating Eqgs. (19)—(21) over the fifth dimension, as
enforced by the delta function, the quadratic part of the
action has the following form:

| P .
Sgg = / d*x [EaﬂSa"S—EMge‘zAmSz], (24)
Sy = [ dx| =L per, + L enmpny 25
Vv — X _Z ﬂb—’_i ve Vvu ’ ( )
Sy = [ dxlizdh - Mye 71, (26)

where the fields are evaluated on the brane, ¢ = 7. In what
follows, we use reparametrized mass terms of the scalar,
fermion, and vector fields, which are

mg = B_A(”)Ms, (27)
m, =eA@M,, (28)
mv - e_A(ﬂ)Mv. (29)

Unlike the situation with bulk fields, there are no inter-
actions of the brane-localized fields that contain an explicit
derivative in the fifth dimension. The 3- and 4-point
interactions of the KK sector and matter are written out
in Sec. IV and Appendix C of Ref. [44].

D. The DFGK model

While the general properties of the KK gravity- (and
gravity-matter) scattering amplitudes do not depend on the
specific form of the GW potential and the background
geometry, the calculation of the DM relic abundance will
require knowing the KK masses and couplings in order to
generate the relevant cross sections, and the masses and
couplings are dependent on the solving the spin-2 and
spin-0 Sturm-Liouville systems described in Sec. IIB.
Hence, we will need a method of finding a consistent
set of background A(g) and ¢y(¢p) fields for a GW-
stabilized RS-like geometry—and from these, we will
(numerically) solve for the KK wave functions and masses,
and compute the needed couplings.

To find consistent background solutions, we will use
the strategy employed in the DFGK model [49], with the
introduction of a superpotential-inspired function W[q?ﬂ that
can be used to derive a GW potential for which the
background equations can be easily solved. In this formu-
lation, the scalar bulk and brane potentials are parametrized
(in dimensionless form) as

1 /dW\2 W?
Vr§—§<ﬁ> —ﬁ, (30)
p=0:Vr, :+¥+ﬁ%[fz((ﬂ)—¢1]2’
w N
€0E7T3V2’”c:—E+ﬁ%[¢(¢)—¢2}2’ (31)

and we take the stiff-wall limit: §; , — o0, so that ¢, =

A A

¢(0) and ¢, = ¢(x). The background scalar and Einstein
equations can then be analytically solved to give

@A =13 Sienle) Q)= sienp)

12]5_4, =0
(32)

The DFGK analysis [49] then introduces a convenient
W(] with the following specific form:

Wdlp) = 12k, S dlo)Pure. (33)

Plugging this into Eq. (32), we find solutions for the bulk
scalar vacuum and the warp factor:

Po(p) = pre=rlvl, (34)

1
A@) = kr ol + g il =1, (35)

where the parameters u, ¢, and ¢, are related according to
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ur, = ll al (36)

S0

Given these ¢y(¢) and A(¢@), we solve numerically for the
mass spectrum and wave functions of the spin-2 KK sector
and the spin-0 GW scalar sector.

One convenient feature of this choice of GW potential is
that, in the limit # — 0, it reproduces the unstabilized RS1
model with A(y) = kr.|¢| (and for which ¢(¢) = ¢, = ¢,
is constant). In addition, for the light radion (small u), the
effect of the backreaction of the GW dynamics on the RS
geometry is small, and we can use the perturbative DFGK
model described in Ref. [42]. In the next section, we will
describe the masses and couplings of the KK modes for the
light radion limit. A study of the model with a heavy radion
will be related in a subsequent work [52].

E. Masses and matter couplings in the light radion limit

In this section, we will exploit the light radion limit to
explain the general features of the KK masses and their
couplings with brane-localized matter. We note, however,
that all of the numerical analyses presented later incorpo-
rate numerical solutions whose accuracy goes beyond the
perturbative analysis given in this section. Expanding the
solutions given in Egs. (34) and (35) for small u, and
solving the Sturm-Liouville equation for the radion [the
lightest spin-0 KK mode with wave function y ) (¢)]
perturbatively, we find that the warp factor and the radion
mass can be expressed [42] in terms of three parameters

{I}, re, €} as
A(p) = krclp| + O], (37)

2 8¢’ 3
m=——"C o), (38)
l’% ( 1+ e27rkrc)

where the two parameters & and ¢ are related to the original
three potential parameters {k,u, ¢} by

%:k—a%, (39)
¢\‘/’%“ . (40)

To leading order in this limit, from Eq. (12) we find the
usual RS relation between the 5D and 4D Planck masses:

3

M -
M = =2 (1 - ), (@1)

For large kr., we also find the usual masses of the spin-2
KK modes as in Ref. [42]:

m, = x,ke~krre, (42)

where x,, are zeroes of the Bessel function of the first kind.
The spin-2 KK modes couple to the energy-momentum
tensor of the TeV-brane localized matter through the
induced 4D metric on the brane, G,, = [wgﬂy](p:,,, as
follows:

Espinfz couplings

1 T (n
= W Wl = AT ()
5 n

and we find immediately, from Eq. (12), that the graviton
couples with strength proportional to M. The coupling of
spin-2 KK modes can be rewritten as

‘Cspin—2 couplings —

it = S o = m1
(44)

where A, characterizes the coupling to the first spin-2 KK
mode. In the large kr. limit, A, is given by

Yo

A :llfl((”:”)

- MP] ~ e_i”‘*”Mp]. (45)
Thus, in the light radion limit, we may trade the para-
meters {k,r.,e} in favor of three physical parameters

{A,,m;,m,} in the gravitational sector.
For the spin-0 GW sector, as we noted in Ref. [42], the

masses of the GW scalars for large k7. can be expressed as
M) = 2ke e, (46)

where z,, are the roots of the Bessel functions of the second
kind. From Eq. (4), we see that the scalar fields couple to
the trace of the TeV-brane matter energy-momentum tensor,

2Alp=n) ZAO( I 7

Y] r(x)yi(e = x)Ty
VIeMs™ 5
62A<(/}:”)

= ——)AZ?U) (x)7i(p = m)Ty.

l/’l((p:” T

Espinf() couplings &

(47)

For brevity of notation, in the following sections, we will
use these definitions for couplings of the spin-2 and spin-0
KK modes to TeV-brane matter, =-1

~—

1
and ) = 1yl

e?A0=n) (48
An’ Vi (ﬂ: ( )

(7) As

~—

S

From the form of couplings, it is not obvious that k(,, is
suppressed relative to k,,. However, there is an exponential
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Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, mq) = 1.37 TeV

0.0005 A

0.0004 A

0.0003 A

K’(z)/ﬁi

0.0002 A

0.0001 A

0 5 10 15 20 25 30
Number of the KK mode (%)
FIG. 2. Ratio of the GW scalar couplings (k;)) to the spin-2 KK

mode couplings (k;), starting at mode number i = 1. See Eq. (48),
and the corresponding discussion in the text.

suppression of 7,,(7)e?A("), relative to y,, (), which leads

to the spin-0 couplings being orders of magnitude smaller
than the spin-2 couplings. More physically, since the
mixing between the tower of scalar states and the gravi-
tational sector vanishes in the limit of a massless radion,
(o) = 0, when the background scalar field configuration
becomes trivial (flat), the scalar couplings are suppressed in
the light radion limit. The suppression of the couplings ;)
is illustrated in Fig. 2, where we plot the ratio of the GW
scalar couplings to the spin-2 KK couplings «;/k;,
corresponding to Eq. (48).

Thus, for given values of {A,,m;,m,}, we can deter-
mine the masses, wave functions, and couplings of all KK
modes. Using this input, we can compute the DM anni-
hilation cross sections and consider the thermal relic
abundance of these particles; that is the subject of the next
section.

III. DARK MATTER ANNIHILATION
CROSS SECTIONS

In order to compute the relic abundance of the freeze-out
process, we require the velocity-averaged cross sections

) SM o
h(0) oo
+>
k=1
P SM P

governing the thermal equilibrium abundance of dark
matter in the early Universe. In the Kaluza-Klein portal
dark matter models we are considering, we need the
amplitudes for three distinct types of processes:

(i) Annihilation of the dark sector particles to SM via

the KK portal propagators, which includes the spin-2
KK modes, the massive radion, and the GW scalars,
described in Fig. 3.

(i) Annihilation of dark sector particles into the spin-2
KK sector, described in Fig. 4.

(ii1)) Annihilation to one or two GW scalar sector modes,
including the now massive radion, described in
Figs. 5 and 6.

The potentially problematic high-energy scattering
behavior is intrinsic to the diagrams involving spin-2
KK mode self-couplings, and hence in the last two classes
of contributions illustrated in Figs. 4-6—but are absent
from the s-channel spin-2 diagrams in Fig. 3 since the
energy-momentum tensors of the DM and SM sectors are
conserved (to this order in perturbation theory).

We describe each of these annihilation channels in the
subsections that follow.

A. Annihilation to SM particles via the KK portal

For the KK portal DM scenario, the spin-2 and the
spin-0 KK modes mediate the only interactions linking the
SM and DM sectors. The couplings of the gravity sector
are, as described above, proportional to the energy-
momentum tensors of these TeV-brane localized sectors.
The Feynman diagrams for dark matter annihilation to SM
particles are depicted in Fig. 3. The first two diagrams
describe the dark species [® = (S, V, y)] annihilating via
the massless graviton A and the tower of spin-2 KK
modes 4(¥). The third diagram depicts the annihilation via
the scalar sector ), of which the [ = 0 state describes the
massive radion, while the [ # 0 state describes the GW
scalars. All final-state SM species are included: the Higgs,
the SM fermions, the massive weak-gauge bosons, the
photons, and the gluons.

As an example, for scalar DM annihilating to the Higgs
final state, the matrix element of the processes in Fig. 3 are
given by

SM ® SM

s3] [©)
+> i

=0

SM d SM

FIG.3. Diagrams for brane dark matter annihilating into Standard Model modes via the exchange of the massless graviton (4(?)), spin-
2 KK modes (h(k)), or scalar sector modes (r“)). ® denotes all possible types of brane dark matter: scalars S, vectors V, and fermions y;

SM, likewise, denotes all Standard Model modes.
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P R J30) X0
h(0) o0 h(k) ) )
+> +>
k=1 1=0
P h() h(7) ()

P — AAANAAN (1) (0] R 0] h()

P ——————AAAAA }, (i) ) R ) R

FIG. 4. Brane-localized dark matter [® = (S, V,y), as in Fig. 3] annihilating to spin-2 KK modes (h(k)). Here () represents the ith
spin-0 (radion or GW scalar) KK mode.

P A P A P ()
h(0) 0 h(k) 0 r®
2. 2
k=1 1=0
P 7@ i) 7@ P r(@)

P —————AAAAN () o X0 o X0

o e o () @ ()

FIG. 5. Diagrams for brane dark matter annihilating to a mixed final state: one spin-2 and one spin-0 KK mode. As in Fig. 3,
= (8, V., y) represents the brane dark matter particle (scalar, vector, boson), while (") denotes the ith spin-2 KK mode and r/) denotes
the ith spin-0 KK mode (only relevant for the brane-stabilized RS model).

i |3
Msszi 250 (5(4(m2 + m2) + 5) + (4m2 — 5)(s — 4m?) cos 26)
A
+(4m2 —s)(s—4 —4(2 )(2 . (49
+ (4m} = s) (s mS>Z S 4@ ) m ) mﬂ) (H)FM (49)

where /s and 6 are the center-of-mass (COM) energy squared and scattering angle. Here m; and my,) are masses of the
intermediate spin-2 and spin-0 KK modes, respectively, and the «; and k) are the corresponding couplings as defined in
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® r(® ®
h(O) >

+>

k=1
d () D
D r(@® D

+ o +

D () D

00 @ 00
LK) oo (O
+>
=0
) @ )

() o ()
+ ><
) P )

FIG. 6. Diagrams for brane dark matter annihilating to two spin-0 KK modes. As in Fig. 3, ® = (S, V, y) represents the brane dark
matter particle (scalar, vector boson), while 4() denotes the ith spin-2 KK mode and r() denotes the ith spin-0 KK mode.

A; =40 TeV, my = 1.00 TeV, m, =1 GeV, my = 1.37 TeV, ms = 100 GeV

Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, my = 1.37 TeV, my = 100 GeV

Total

07! S8 = vy

S8 = g9

SS— HH
;88— ff

SS > WrW=,27Z

1071

10-13

Total

107 —— Yy
— VV g

03 — VvV > HH
— e

i T — vwowwe zz

V3 (Te)

FIG. 7.

V3 (Tev)

Individual contributions to the cross section for the scalar dark matter process SS — SM SM (left panel) and vector process

V'V — SMSM (right panel) for a dark matter mass of 100 GeV. The cross section is obtained via a sum over a truncated tower of 25
internal KK states. Here y corresponds to a photon, g to a gluon, H to Higgs, f is a placeholder for the SM fermion with Zf denoting the

sum over all SM fermions.

Eq. (48). Furthermore, the ', and I',) are the decay
widths of the KK modes, expressions for which are
provided in Appendix A. Similar expressions are found
for brane scalar annihilation to SM vectors and fermions.

The decay width of the kth spin-2 KK mode I'jw
depends on the quantity xm; as can be seen from
Appendix A1, and therefore the matrix element in
Eq. (49) when evaluated on the kth spin-2 resonance
(s = m3?) is independent of the coupling constant x; and
the mass m;. Hence, due to the phase-space prefactor, the
corresponding cross section evaluated at the kth spin-2
resonance scales as ~1/m3.

The expressions we find agree with those provided in
Ref. [58].

For a given choice of model parameters {A,, m, m,} we
numerically solve for the KK mode masses, wave functions,
and couplings (which we do without recourse to the light
radion or large kr, approximations). Then, we compute the
scalar DM annihilation cross sections for any scalar DM
mass. In the left panel of Fig. 7, we plot the behavior of the
cross section of the dark matter particle annihilation S § —
SMSM for A,= 40 TeV, m;=1 TeV, and m, = 1 GeV
(from which we find that m(;) ~ 1.4 TeV, where m(
denotes the mass of the first GW scalar). We plot both
the total annihilation cross section and those to particular
SM final states. We analogously compute the annihilation of
vector or fermion dark matter particles, with an example of
vector DM annihilation V'V — SM SM plotted in the right
panel of Fig. 7.
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We observe that the scalar and vector annihilation cross
sections are very similar and, as might be expected,
maximally enhanced on the KK resonances. Furthermore,
the vector annihilation cross section resonance peak heights
are slightly larger than the corresponding scalar peak
heights. Correspondingly, we find that fermion DM anni-
hilation results in a cross section (which is not shown here)
with resonance peak heights between those found for scalars
and vectors.

In addition, while the GW scalar resonances are also
present, their contribution to the total cross sections is
significantly smaller. This is a consequence of the light
radion parameter space investigated here. The GW scalars
have no direct coupling to DM; rather, the GW scalar
contribution to the DM annihilation cross section comes
entirely from the “mixing” of the GW scalars with the
gravity sector, a mixing that vanishes in the limit of zero
radion mass.

B. Annihilation to spin-2 KK graviton

The second set of processes we are interested in is DM
annihilations to spin-2 KK gravitons, depicted in Fig. 4.
These 0processes are calculated in Ref. [44] in unitary
gauge'’ and, as a check of the numerical unitary-gauge
computations in this work, we verified the cancellation of
the bad high-energy behavior between the different dia-
grams. We briefly review the behavior of these scattering
amplitudes below and then provide illustrative examples of
the behavior of the corresponding cross sections.

Consider the scattering of a pair of brane-localized
matter fields ® into a pair of longitudinally polarized
KK gravitons,

®,d; - ' nl), (50)

where the @ represent incoming brane matter fields with
O =S5,V, y; here 4, A denote their helicities. The compu-
tation of these contributions involves the self-couplings of
the spin-2 KK modes (including the graviton) and the
couplings between a spin-0 mode (the radion or GW
scalars) and two KK modes. The form of the self-couplings
of the gravity KK sector are the same as those in the
unstabilized RS1 model [34—37]. The inclusion of the GW
sector introduces a new set of coupling structures, which
were discussed in Refs. [41,42].

There are two regimes of interest in analyzing the
behavior of this class of amplitudes and their contribution
to the relic density. First, the resonance or “funnel” region,
with m;, m(, ) =~ 2mg, where the intermediate KK graviton
or the (massive) scalar propagator goes on resonance.
Accurate computations in this regime require numerical

""These processes were also analyzed in Ref. [43] using
’t Hooft—Feynman gauge and the Goldstone boson equivalence
theorem.

computations of sufficient accuracy for all of the spin-2 and
spin-0 mode masses, wave functions, and couplings.

The second region of interest is the high-energy
\/s — oo limit, where individual diagrams in the amplitude
would naively seem to grow as M o« O(s*/m}A2) due to
the longitudinal polarizations of the external KK states.
This growth is, however, unphysical, and when the full set
of diagrams is taken into account (including intermediate
GW states), the amplitude grows as O(s/AZ2) [44]. For
example, at high energies, the leading order contribution to
the annihilation amplitude reads,

M (55 — RORL)Y = _%(1 +3c0s26),  (51)

where we expand the matrix element M, ; in powers of s,

M(s.0) = S M (0)5°. (52)

ce”Z

As another example, the leading order scattering amplitude
for helicity-0 vector DM annihilation is given by

o
MY (VoVy = hORD)) = 5akikj(1 +3cos20)].  (3)

Note that these leading order contributions can be written in
terms of the KK-DM couplings «; directly, without refer-
ence to the rather more complicated KK mode self-
coupling structures that appear in individual diagrams.
The ability to express the leading order growth in the
scattering amplitude entirely in terms of the x; parameters is
a result of the “sum rules” which enforce cancellations
found in Refs. [43,44].

We numerically evaluate the DM to KK mode cross
sections so that all wave functions and the masses of the
spin-2 KK sector states and GW scalar sector states are
obtained to the required precision. The numerical demon-
stration that resulting overall amplitudes grow linearly with
s (and the corresponding cross sections like s*) at high
energy represents a check of the numerical accuracy of our
results. In the left panel of Fig. 8, we plot the illustrative
behavior of various scalar DM to KK mode cross sections
for the model parameters shown. We observe the resonances
when /s ~ 2m;, and also see that the cancellations at high
energy lead to small (relative to the resonant peaks) cross
sections which grow only linearly with s at high energy. We
also note that the resonances occurring due to the inter-
mediate GW scalars are significantly suppressed compared
to those due to spin-2 KK states; only resonances due to the
exchange of spin-2 KK states are visible in the figure.
Similar behavior can be observed for the initial state of
brane-localized fermions and vectors. In the right panel of
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Ay =40 TeV, m; = 1.00 TeV, m, = 1 GeV, m(1y = 1.37 TeV, mg = 100 GeV
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FIG. 8. Cross section for the scalar process SS — A hU) (left panel) and vector process VV — h()hl/) (right panel) for a dark matter
mass of 100 GeV. The cross sections are computed by summing over a truncated KK tower of 25 internal spin-0 and 25 internal spin-2

KK modes.

Fig. 8, we present the annihilation to spin-2 KK modes via
the diagrams in Fig. 4 for vector DM candidates. Again, we
notice that the cross sections for the vector-initiated states
are larger than the corresponding scalar-initiated states due
to the polarization states of the massive vector, and we find
that the fermion case is intermediate.

Finally, comparing Figs. 7 and 8, we note that once all of
the proper cancellations have been taken into account, the
cross sections corresponding to the DM annihilation to KK
mode processes are always substantially smaller (both on
resonance and at high energies) than the corresponding DM
annihilation cross sections to SM particles.

C. Annihilation to GW scalar final states

The final set of processes includes the mixed spin-2 KK
mode and the spin-0 (radion + GW scalar) modes A()r/) in
the final state, corresponding to the Feynman diagrams in
Fig. 5, as well as a pair of spin-0 modes () 7\/) in the final
state, as illustrated in Fig. 6.

These diagrams require new sets of interactions involving
one spin-2 KK mode and two (massive) radion/GW states or
three radion/GW states; none of these were required in
previous work, so this is the first time they are being
calculated and studied. We expand the Lagrangian to the
appropriate order in coupling to extract these interactions
and derive the corresponding Feynman rules. We document
the corresponding Lagrangians, interactions, and Feynman
rules in Appendix D 2. As an example, we briefly summa-
rize the calculation of §S — A()r(). As before, there are
two regions of interest: the funnel region where the internal
spin-2 KK modes or the radion goes on shell, and the high-
energy limit where an anomalous growth would naively
seem to be present. In Appendix D 4, we present a sketch of
the calculation for the process SS — h()rl/). We find that
all anomalously growing terms are canceled out and

the residual high-energy terms linear in COM energy
squared'" are

MU (sS = hO 0y = T (1 4 3c0520).

24 (54)

Again, the fact that the leading high-energy behavior of this
scattering amplitude can be written purely in terms of the
couplings of the modes to brane-localized particles, the «;
and «(;) parameters, is a result of a (new) sum rule as
explained in Appendix D 4.

The resulting cross section for the process in question is
obtained numerically by summing over the truncated spin-0
and spin-2 towers as presented in the left panel of Fig. 9.
From Fig. 9, we note that since the coupling constants of
higher spin-0 modes are several orders of magnitude
smaller than those of the zeroth spin-0 mode, the cross
section of processes with higher spin-0 modes in the final
state is suppressed compared to the processes with the
zeroth spin-0 mode in the final state. A sketch of the
calculation for vector and fermion dark matter candidates is
documented in Appendix D 4.

Finally, there are processes with two massive radions
(rOr0), two GW scalars r()rU), or GW scalar massive
radion final states r(©)r()  as depicted in Fig. 6. In the
stabilized RS1 model, the three scalar vertex is complicated,
and the resulting amplitudes involve many coupling struc-
tures. These structures are summarized in Appendix D 2.
After a series of complex calculations, we are left with a
leading order high-energy amplitude that can be simply
written as

11 . . .
In the numerical evaluation, we evaluate terms to subleading
orders with sufficient numerical precision.
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FIG. 9. Cross section for the process SS — h\)rl) (left panel), and SS — r()7U) (right panel) for the mass of the brane scalar of
0.5 TeV m, = 1 GeV. The cross sections are computed by summing over a truncated KK tower of 25 internal spin-0 and 25 internal

spin-2 KK modes.

MO (S8 = r070)) = - m(;:(” (1 + 3 cos 26).

(55)

Again, the high-energy behavior of this amplitude is
determined entirely by the couplings ;) due to a sum rule
examined in Appendix D 2.

The resulting cross section for the process in question
obtained numerically by summing over the truncated
spin-0 and spin-2 towers are presented in the right panel
of Fig. 9. We have set the effective scale A, = 40 TeV and
adjusted the parameters of the stabilizing potential to
obtain m; =1 TeV, m()~14TeV, m, =1 GeV for a
choice of scalar DM mass of 100 GeV. We also note that
the cross sections SS — A7) are enhanced compared to
SS — h()rU#9) The most intuitive way of thinking about
the qualitative difference between the cross sections for the
h9 0 and A rU#9) is that any interactions terms between
the RS and GW sectors come suppressed by the Vacuum
Expectation Value (VEV) of the bulk scalar and are
suppressed by O(}) [20,44]. As before, the calculation

Az =40 TeV, m; = 1.00 TeV, m, =1 GeV, m;) = 1.37 TeV, m, = 100 GeV

with vector and fermion DM initial states are documented
in Appendix D 2.

Finally, by comparing Figs. 7 and 9, we see that the
mixed DM to KK/GW and GW/GW annihilation cross
sections (once all anomalous high-energy growth has been
tamed) are significantly smaller than the DM to SM cross
sections. Note here that the portion of the amplitude scaling
like s', shown in Eq. (55), is suppressed by the product of
small couplings ;) k(;), and instead contributions which are

proportional to s dominate until COM energies as large
as /s ~ 103 TeV.

D. Cross section summary

In the left panel of Fig. 10, we present the annihilation
cross sections of brane-localized scalars, vectors, and
fermions, respectively, to SM final states. While annihila-
tion into SM particles from vector initial states is slightly
larger than that from fermion or scalar initial states, the
difference is at most a factor of 2-3, even at resonance; all of

Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, m;, = 1.37 TeV, ms = 100 GeV

— 55— SM
107 —— 85— ppM
—— §S5 = pWp0)
1 —— 55— 00

10114

10°%

100 10t
VA (Tev)

10° o0
5 (Tev)

FIG. 10. Left: contributions to the SM annihilation cross section of brane-localized matter for each species of dark matter. Right: for
the case of scalar DM, we compare the different annihilation channels and illustrate the dominance of the annihilation into SM final

states.
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the cross sections behave very similarly. On the right panel
of Fig. 10, we compare the cross sections for brane-
localized scalars annihilating into various final states and
note that, as described above, the annihilation cross section
into KK final states is well behaved and is smaller than
that for SM final states. As mentioned previously, neither
the light radion nor large kr, approximations are used in the
results presented here, and all contributions (including the
SM and spin-2 KK + GW sector) have been considered in
the full numerical evaluation.

IV. VELOCITY-AVERAGED CROSS SECTIONS
AND RELIC DENSITY

In order to compute the relic density of DM particles, we
require the thermal velocity-averaged cross section, which
can be expressed as [59,60]12

27T2Tf4°§1§) dS\/E(S—4ng)K1 (é) G(p@ﬁff(S)

(i (7))

<0<1><1>—>fo>

(38

(56)

In the above expression, K;, K, are, respectively, the first
and second modified Bessel functions of the second kind,
T is the temperature of the thermal bath, and f represents
the particles that the DM particle @ annihilates to, i.e.,
S, V., x, hj, rj. Assuming standard thermal weakly interact-
ing massive particle freeze-out relic abundance, with a
typical freeze-out temperature of order mg /20, we esti-
mate that a velocity-averaged cross section of (6v) =~
10726 ¢cm? /s can provide for the observed Planck-inferred
relic density of the Universe [61].

In separate panels of Fig. 11, we plot the total velocity-
averaged cross section (blue curve) resulting from the
annihilation of scalar, vector, and fermion dark matter
candidates as a function of the mass of the dark matter
species. We also show the contributions to the total from
various final states; note that the total (blue) curve tends to
overlap the (orange) curve for SM final states in most
panels. In the plots in Fig. 11, we take representative values
of the model parameters; specifically, we fix m; ~ 1 TeV,
and m, =1 GeV (for which we obtain m ) ~ 1.4 TeV) for
several choices of A;: 20 and 40 TeV for all dark matter
species, and also 60 and 80 TeV for vector dark matter.

One may observe that, in all cases shown, the resonant
peak heights of the velocity-averaged cross sections fall as
A, increases. This dependence is phenomenologically
important since it controls the region of A, that yields
an appropriate dark matter relic abundance. This depend-
ence on A, the interaction strength of the KK graviton, is

"In the natural units where the Boltzmann constant kg is set
to unity.

counterintuitive since resonant amplitudes saturate the
unitarity bound on the peak. The corresponding particle
cross sections on the peak would be strictly independent of
the total decay width (depending only on the mass of the
resonance and the branching ratios for the incoming and
outgoing states) in the zero-width approximation. However,
this behavior is modified for the velocity-averaged cross
sections.

We illustrate the origin of this dependency of the
annihilation cross section on A, for the contribution to
the annihilation cross section of a brane-localized vector
boson to Higgs bosons via the first spin-2 mode with mass
m,. Near the peak, the corresponding matrix element is of
the Breit-Wigner form,

i xis(s+4m3)

M ~
245 — m% + im0

(14+3cos260), (57)

where the decay width of the first KK mode can be
approximated as I',q) ~ am3 /A2 for some numerical pre-
factor a. Next, we expand the velocity-averaged cross
section [62]

(ov) = a+ bv? + cv* + ..., (58)

in terms of the relative thermal velocity of dark matter

particles
(16T

Doing so on annihilation resonance peak, evaluated at the
dark matter mass fixed to half of the first KK mode
(my = m; /2), in the relative thermal velocity up to fourth
order, we get

v oA A4
(UU>:A(2)—B—2A—Z+..., (60)

my my m

where A(v) is a positive fourth-degree polynomial in v
corresponding to dominantly the s- and p-wave contribu-
tion, and B is a positive numerical coefficient correspond-
ing to the d-wave coefficient. Note that despite the A,
dependent contribution being suppressed by v it is still
sizable as it is also enhanced by A%/m?. For the typical
freeze-out temperatures of T = mg /20, the DM species’
average relative thermal velocity is v ~ 1/2. However, for
the set of model parameters considered in this work,
A,/m; = O(10), leading to an observable suppression
in the annihilation cross section for increasing A,. We find
the same pattern repeated for fermions and scalars. For
fermions, where the leading term is p wave, the A,

075030-14



LIMITS ON KALUZA-KLEIN PORTAL DARK MATTER MODELS

PHYS. REV. D 111, 075030 (2025)

Ar =20 TeV, my = 1.00 TeV, m, =1 GeV, mq) = 1.37 TeV

Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, mq) = 1.37 TeV

10-2¢4 — Total 19244 — Total
—— S§—SM —— S§—SM
—— SS — hh —— SS — hh
10754 — §5 5 hr - N
@ — SS = /‘\ A /\ \/‘\/\/\NM/ = — SS—ur .
TEJ 10-28 I/ — 'M;EJ 10-28 N N /\V \V/\/\/W
S [ S [
= t Va%a aar==c I / / ]
& 10-%0 / N //\ A/A/ —] Z 10-%0 N\ N\ AV ]
) /7 — ) VL
10-32 32 —
0 / 10 // L% Vv
1073 1073
0.5 1.0 2.0 3.0 4.0 50 6.0 0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0
mg (TeV) mg (TeV)
Ay =20 TeV, my = 1.00 TeV, m, = 1 GeV, my) = 1.37 TeV Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, my) = 1.37 TeV
02— Total 02 — Total
— xx = SM — xx = SM
—_— hh —_— hh
e XX = Pa\ N N NN AAAADATT] 0% XX,H
XX — hr V Vv XX — hr /WWM
W A R AAVA A R i
E g A NN A A AAarTIT] E o2
5 N WVV C S V ~~
/| — | : AYyivaV laasen
& q0-30 AN < q0-30
== v : NP
10*3’2 1073‘2
. /\ / . % /
0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0 0.1 0.5 1.0 2.0 3.0 4.0 50 6.0
my (TeV) my (TeV)
A, =20 TeV, my = 1.00 TeV, m, =1 GeV, m) = 1.37 TeV A, =40 TeV, my = 1.00 TeV, m, = 1 GeV, m) = 1.37 TeV
102y — Total 102y — Total
—— VV = SM W/\/\/\N\/"‘ —— VV 5 SM WY
— VV = hh — VV = hh
10704 — VvV by A AL 10720 — VvV S by
= — VVor ﬁ /1%/ M = — YV //‘ ﬁ/\ MWW
B A B
: NI fi
S10% /l A AVAY% e E 10 \/ Aln s
N S - / \ /) Y
1[]732 ﬂ 1[]7'52 ﬁ/ x
0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0 0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0
my (TeV) my (TeV)
Az =60 TeV, my = 1.00 TeV, m, =1 GeV, mq) = 1.37 TeV Az =80 TeV, my = 1.00 TeV, m, =1 GeV, mq) = 1.37 TeV
10-#4 —— Total 1044 —— Total
— VV = SM WW\, — VV = SM
— VV S hh /l/\/ — VV S hh YW
107204 — vV S / /} / /\/\/l 107204 — vV S % / WMW
@ — VV = o — VV =rr
o “
E g /| WA AAANAA E g /| A AAAAAM
< V V vV KA V Vv
B / B /]
S10® \J A W E10-0
Vadas / / \/ / / \ / q /m A
10-% // // / /[/ 10-2 M
J ></ / W Jv
104 104 —
0.1 0.5 1.0 2.0 3.0 4.0 50 6.0 0.1 0.5 1.0 2.0 3.0 4.0 50 6.0
my (TeV)

my (TeV)

FIG. 11. Contributions to the total velocity-averaged annihilation cross section of brane-localized matter from each of the channels
studied here; note that the total cross section largely overlaps that for SM final states in most panels. The first row shows the velocity-
averaged cross section for scalar dark matter for A, = 20 and 40 TeV, respectively, while the second and third rows do the same for
fermion and vector DM, respectively, and the fourth row for vector DM candidates and A, = 60 and 80 TeV. As explained in the text, a
thermal annihilation cross section (6v) ~ 1072% cm3 /s (corresponding to x = 2 =~ 20) is required to obtain the DM abundance observed

in the Universe today. This cross section is never reached for scalar DM candidates, while it is for fermions and vectors in the case of
(near) resonant DM annihilation.
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dependence in {ov) starts at the v® coefficient, while for
scalars it starts at v8."> This analysis explains why (o)
decreases as a function of A,. In our full numerical
evaluation, we calculate every possible annihilation chan-
nel described in the paper. However, the dominant con-
tribution to the cross section originates from SM
annihilation, which has this behavior.

In Fig. 11, we have already noted that the blue and
orange curves almost overlap, indicating that (ov,) is
dominated by the SM contribution. We next note that due to
the s-wave annihilation'* of vector dark matter to SM final
states through spin-2 KK portal annihilation to SM particles
near threshold, they easily satisfy the relic density with
(06Vg) > 1072 cm® /s at resonances of massive KK
modes, i.e., when 2mg ~ mgg. In the bottom two rows
of Fig. 11, we present the plots for a vector DM candidate
and show that the observed relic density can be satisfied for
the vector DM candidate on resonance.

The fermions and scalars are suppressed due to a p-wave
and d-wave annihilation, respectively, for the dominant
channel. In general, we find that fermion DM can saturate
DM relic abundance up to A, <25 TeV for resonant DM
annihilation through KK gravitons. For scalars, for the
parameter choices in Fig. 11, the cross section is too small
even on resonance. We can attempt to reduce the effective
scale A, to ensure that the scalar DM candidate satisfies the
relic abundance. However, this will be ruled out by collider
constraints on the spin-2 KK modes.

Finally, note that the contributions to the annihilation
cross section from the gravitational scalar modes (radion
and GW scalars) are negligible in the light radion region
investigated in this paper. The situation is quite different for
a heavy radion, will be shown in Ref. [52].

V. COLLIDER CONSTRAINTS

Next, we consider limits on the masses of KK gravitons
in the RS model at high-energy colliders for A, in the
20-60 TeV range. KK gravitons can be produced at hadron
colliders like the LHC and detected via their decay to SM
final states. Gluon-initiated states dominate the production,
while the most sensitive channels for detection are high py
dijet and diphoton resonance searches. The ATLAS and
CMS experiments have searched for high-mass resonances
in both channels mentioned above. The strongest current
constraints on KK gravitons come from diphoton final

BNote that, because of a discontinuity in the cross section at
the threshold, when » — 0, this expansion breaks down for
extremely narrow resonances at very large values of A,/m, well
beyond the values considered here.

“In the nonrelativistic limit, we can expand (ov) as
(ov) ~a+ bv* + cv* + . The pieces with the coefficients
a, b, ¢ are known as s-wave, p-wave, and d-wave contributions,
respectively.

states using the full run-2 data of 139 fb~! at 13 TeV LHC
energy [50]. In this case, therefore, we simply reinterpret
the existing 6 X BR (Branching Ratio) limits in terms of the
scale A, and the mass of the first (lightest) KK graviton. To
this end, we implement the RS model in FeynRules [63],
followed by a cross section computation using MadGraph 5
[64] at 13 TeV center of mass energy with CTEQ6L parton
distribution functions [65]. The factorization and renorm-
alization scales were chosen to be uy = p, = % where Hy
is the sum of the transverse momentum of all final-state
particles.

In Fig. 12, we present the production cross section (o)
multiplied by the branching ratio to diphoton final states as
a function of the mass of the lightest spin-2 KK mode for
various choices of the effective RS scale A,. We also plot
the 95% exclusion for spin-2 particle production from the
ATLAS diphoton search [50]. We observe that the lightest
KK graviton masses of m; ~ 3.7, 2.8, 2.3 TeV are already
excluded for A, = 20, 40, 60 TeV, respectively. We also
provide a simple luminosity scaling to indicate the reach to
constrain m; at the High-Luminosity LHC with 3000 fb~!
luminosity, for which we observe that the lightest KK
graviton masses of m; ~ 4.6, 3.8, 3.3 TeV could potentially
be excluded by HL-LHC for A, =20, 40, 60 TeV,
respectively.

Finally, we note that the LHC searches also constrain
radion to diphoton final states. However, we find that for our
parameter choices of A, > 20 TeV, the ¢ x BR limits for
the light radion considered here are less constraining than
the corresponding KK graviton bounds discussed above.

— A, =20 TeV
104 A, =40 TeV
—— A, =60 TeV

-=-- ATLAS 2021 diphoton
ATLAS Projected at 3 ab™!

10" 5

)
~ 0 J
@ 10
X
S ~2
107" 5 =3
1072 <]
1073 .
1 2 3 4 5
my (TeV)

FIG. 12. Production cross section times branching ratio and
corresponding experimental upper limit on the lightest KK
graviton state from the process pp — h{!) — yy from Ref. [50].
The black dotted line represents the current constraints at
139 fb~! luminosity, while the red dotted line represents the
projected limits at 3000 fb~! integrated luminosity.
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VI. DIRECT DETECTION VIA RADION
EXCHANGE

Having assessed the relic density and collider con-
straints, we next discuss the direct detection constraints
on KK portal dark matter models, and show that they are
dominated by radion exchange for the model regions
considered here.

In the nonrelativistic limit, the scattering of DM by a
heavy nucleus via the gravity sector can be described by
two components. There is an SI coupling to the energy-
momentum tensor, which at low momentum transfer is
proportional to the dark matter mass; this resolves the entire
nucleus coherently, leading to an enhanced cross section
proportional to the square of the number of scattering
centers (nucleons). There is also an SD term, which couples
to the nucleon spin, typically without any coherent
enhancement. In our case, the SI term is significantly more
constraining than the SD part—and the SI interaction is the
same whether the DM is scalar, fermion, or vector.

x VIV = iw (Q2) [y (K3 + Q)+ (K§ + Q)

NgE

G -|—Z T
k=

1
Kg/y \2
g v \ v

FIG. 13. Diagrams for the brane matter [® = (S, V, y)] scatter-
ing off the brane fermion (V) via the exchange of the KK mode.
We ignore purely gravitational interactions, as they are Planck-
suppressed.

We follow the standard prescription for direct detection
as described in Refs. [66-69]. As SM fermions in Fig. 13
correspond to quarks inside the nucleus, we need to
consider their interaction vertices of the form

B (61)
—20" (K + @y — 2my)] uy (K2),
V() T (Q)
PN Ve @) [2 @0+ £~ 2ma] e (1), (62)

U(K2)  W(Q2)

which we need to express in terms of the corresponding
twist-2 and twist-0 nuclear operators. Starting with
Eq. (61), we can separate it into the traceless and scalar
parts [32] as

v v 1 1 | 1
Vi = (Vg —Znﬂvvz) Ve =T+ 1 Ty, (63)

where we have identified the traceless part of V4" with the
twist-2 operator and the scalar part with the twist-0
operator. Similarly, for Eq. (62),

1 /2
Vo=——1/=Ty. 64
0 2\/3“’ (64)

As the “dark-matter wind” velocity is nonrelativistic, we
can work in the zero momentum transfer approximation
where O, ~ K.

Using the above information, the resulting nonzero
contribution to the S-matrix element can be approximated as

“m%m3 O k2 © k7
Moy =—i"X ‘I’[&Zm—é—zfﬁz (2)], (65)
k

3 k=1 n=0""(n)

where subscripts of the matrix elements denote the spins
of the quark W, and {§ and f7 are O(1) and O(0.01)
coefficients representing the valence quarks, and the mass
fractions of the quark ¥ in the nucleon N of the nucleus. To
simplify the above result further, we recall that in the light
radion regime, m,~O(1 GeV), m;~O(1 TeV), and
K@) = k1 = 1/A,. Thus, as f7 is a numerical quantity
of ©(0.01) and &Y is a numerical quantity of O(1) [67], we
can observe that {§/mi~O(1 TeV™?) and f} /m; =~
0(0.01 GeV~2) = O(10* TeV~2).
approximate Eq. (65) as

Therefore, we can
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L. (66)

Furthermore, given that for all n > 0 we have x(,) < k()
and my) > m,, we conclude that the dominant term in the

above sum arises from the first term. Hence, our approxi-
mation of Eq. (65) is simply

2

M 2fy mymg Koy 2fF,mymefy, 67

SR B A Ve L
Defining the convenient shorthand
- 217, mo

M =- A;:nz , (68)

we can write down the invariant amplitude corresponding
to the interaction of the dark-matter ® wind with the
nucleus as

SSup e
D IMP=T >

Y={u.d,s,c,b}

(me,/\_/lg +(A=Z)mi M2,

(69)

where p denotes the proton, n denotes the neutron, Z
corresponds to the nuclear charge, and A corresponds to the
nuclear mass of the nucleus in question. To relate Eq. (69)
to the spin-independent scattering cross section, we note
that the corresponding phase space factor in the low-
momentum transfer approximation can be written as

I 1 B wi o1
167s ~ 162(mg +my)> 16z m2m3’

(70)

where we introduced the mass of nucleus m, and the
reduced nuclear mass yu, = mgmy /(my, + mg). Hence, the
spin-independent cross section relevant to DM direct
detection is

2
SUBA — BA) ~ Ha [ (Zm2,/\_/ll7
2 e
144ﬂmA W={ud,s,c,b}
_ 2
+a- 2ty 7

With the help of Eq. (68), we can write down an
approximation of Eq. (71) in the light radion regime as

2 22
as jgm
S PA - PA) v —— AL
36z Aymymy
222 02
~ a” pamehty

T 36r Atmt

(me, +(A=2Z)m2)?

(72)

where we have assumed that /7, ~ f iw, and using standard
calculations, these quantities (see, for example, Ref. [68])
can be expressed in terms of a simple numerical coefficient
a~0.07. Furthermore, we approximated the term in
brackets as mim3 as m, ~m, and m3 ~A*m3.

To extract constraints on our model parameters from
Eq. (72), we need to normalize ¢°' in Eq. (72), to the
proton scattering cross section such that it can be directly
compared against the exclusion plots provided by
Ref. [51]. This can be easily done with the help of the
following equation,

Kp

1
o (PA » PA) = — <
Ha

2
Ve ) S(DA - DA),  (73)
where the reduced proton mass is given by u, = mgm,/
(I’Vl<p +m p)‘

We use the latest results from the LZ Experiment [51] to
place constraints on the model parameters relevant to this
work. In Fig. 14, we present the direct detection constraints
in the plane of A, — m,. From Eq. (72), we observe that
direct detection cross sections are enhanced in the light
radion regime (%' o (1/(m}A%})). For a DM mass of order
1 TeV, the LZ Experiment rules out the model up to m, <
0.7 GeV for A, =20 TeV, while for A, = 60 TeV, the
model is ruled out for m, <0.2 GeV. Note that for
A, =20(60) TeV, oy is below the neutrino floor for
m, > 1.3(0.7) GeV, at which point direct detection limits
become insensitive due to the solar neutrino background.
The direct detection bound increases with increasing DM
mass since 65/ o m2, which can be observed from the
plots. For mg = 6 TeV, the LZ Experiment rules out the
model up to m, < 1.0(0.5) GeV for A, = 20(60) TeV.

VII. CONSTRAINTS ON KK PORTAL
DARK MATTER

In this section, we collect all of the constraints to present
a picture of the KK portal dark matter scenario within a
stabilized RS1 model. In this paper, we restrict our attention
to the case in which the radion is light (m, ~ 100 GeV or
lower), in which case the backreaction of the GW sector on
the gravitational background is negligible. The case of a
heavy radion with significant changes to the background
geometry will be discussed in Ref. [52].

We focus on the case of A, ~20-40 TeV and, as
described above, the region of resonant enhancement
2mg ~ mgg, for which the thermal relic abundance of
the dark matter particles can provide the density observed
in the Universe today. For regions in which the DM relic
density constraints are satisfied, we then apply collider-
physics constraints, Sec. V, on the KK graviton mass
which—due to the resonant condition 2mg = mygx—
directly constrains the DM mass as well. Finally, we
consider whether the regions of parameter space indicated
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FIG. 14. The direct detection constraints on the model corresponding to a variety of dark matter masses mq = 1-6 TeV (® = S, V, y)
as a function of the radion mass which, in the light-radion limit, dominates the detection cross section. The yellow band corresponds to
the neutrino floor, where the direct detection cross section for the model is unlikely to be tested by the current direct detection
experiments. The red regions in the plots indicate the current constraints from the LZ Experiment [51].

by these considerations can be probed by direction
detection experiments via the radion-exchange interaction,
Sec. VL.

For the different possible dark matter scenarios consid-
ered here, we then find the following:

(1) Scalar DM: from the curves in the top panel of

2)

Fig. 11, we see that for a scalar dark matter candidate
(6V) <1072 cm? /s for A, = 20 TeV, indicating
that for this scenario, the Universe is always over-
closed. As we discussed previously, the scalar DM
annihilation cross section is d-wave (v*) suppressed,
and hence would require a large coupling (even
lower values of A ) on resonance to saturate the relic
density. However, lower values of A, are excluded
by collider constraints.

Fermionic DM: for fermions, the annihilation cross
section at threshold is p-wave, and thus V2, sup-
pressed. Therefore, from Fig. 11, we require A, ~
20 TeV to produce the correct relic density. In the

075030-19

two panels of Fig. 15, we show a heat map of the
thermal average resonance annihilation cross section
(ov) as a function of the dark matter mass m,, (where
we set the lightest KK graviton mass to be 2m, and
A, =20 TeV). (The two panels differ in the as-
sumed radion mass and the corresponding direct
detection signal, as discussed below.) The lilac
regions in these panels correspond to the cross
section needed to explain the DM relic density.
We see that DM masses up to order 5.5 TeV (and
corresponding [resonant] KK graviton masses of
twice this amount) are allowed. Even higher masses
would naively appear to be allowed, however with
A, = 20 TeV, the effective KK theory breaks down
in this region because the KK gravitons become
too heavy.

Shown in dark blue in both panels of Fig. 11 are the
current LHC bounds on the KK graviton mass for
A, =20 TeV. We observe in this case that DM
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10 10 1072
9 9
81 84 10~
7 g A 718 ~ =
= s g < |2 3 =
g E g z.le g "
£ 6 £ o Eo6qf N 107 =
= =1 — = =1 — 2
g 5] g 5] >
= = &
5 5 ~
ATLAS Projected at 3 ab~! ATLAS Projected at 3 ab™! "
44 4 10~
ATLAS at 139 fb~* ATLAS at 139 fb—!
3 31
T T T T T T T T 0
0.1 0.5 1.0 2.0 4.0 6.0 0.1 0.5 1.0 2.0 4.0 6.0
my (TeV) my (TeV)

FIG. 15. Combined constraints for fermion dark matter candidates for A, = 20 TeV and m, = 1 GeV (left) or 0.75 GeV (right). The
lilac shaded curves represent parameter space combinations where the relic density constraint can be satisfied, corresponding to
(ov) =107 cm? s~ (corresponding to x = %2 ~ 20). In both plots, the lower darker blue region represents the current ATLAS limit on
the first spin-2 KK mode from diphoton searches at 139 fb~! [50], while the enlarged light blue region represents the projected reach
(exclusion) of the High-Luminosity LHC program. Note that multiple resonances might be detectable at the LHC. The left panel
summarizes limits when m, = 1 GeV. The region marked in salmon at the right of the plot is ruled out by the SI direct detection
experimental results from the LZ Experiment [51]. The region marked in yellow at the left of the plot is impacted by the neutrino fog.
The white region in the middle represents the space that direct detection experiments can cover, i.e., in between the direct detection limits
and the neutrino floor. The left panel summarizes analogous limits when m, = 0.75 GeV, for which the direct detection constraints
entirely exclude the regions which simultaneously satisfy the ATLAS collider limits and the relic density constraint.

masses below m, < 1.8 TeV are ruled out since the extremely sensitive to the radion mass, however. In
corresponding LHC bound on the mass of the lightest the right panel of Fig. 15, we consider the case of
KK graviton is around 3.6 TeV. We also display that m, ~0.75 GeV, and we see that current LZ con-
the lightest KK graviton mass reach (exclusion) of straints already rule out the fermion DM scenario
the HL-LHC should reach approximately 4.6 TeV, with A, =20 TeV. Conversely, for higher radion
showing there are potential collider signatures of a masses (not shown in these plots), the DM cross
model in which the first KK graviton is responsible section becomes smaller and the direct detection
for resonant annihilation in the early Universe for m, signal will become obscured by the neutrino floor
up to approximately 2.3 TeV for this value of A,. (though the collider signatures for spin-2 states
In addition, there are also potentially viable param- discussed above, if accessible, would still be present).
eters in which resonant DM annihilation occurs Finally, increasing the scale A, we find that these
through the second or third KK level graviton parameter choices lead to an overclosure of the
resonances (corresponding to the two lilac curves Universe ((ov) < 1072° cm?®/s), as illustrated for
at the right side of the panels in Fig. 15), correspond- A, =40 TeV in the right panel of the second row
ing to DM masses roughly between 3.0-4.0 TeV and of Fig. 11.

4.5-5.5 TeV, respectively. In this case, there could be (3) Vector DM: we summarize the constraints and pro-
clear HL-LHC collider signals for the lighter KK spects for vector DM in Fig. 16 for A, =20 TeV
graviton(s), though likely not for the heavy KK (upper row) and A, = 40 TeV (lower row), using the
graviton responsible for resonant DM annihilation same notation and shading as used for fermion DM in
in the early Universe. Fig. 15. (The plots in each row differ according to the
There are also potentially interesting direct detection radion masses considered, which impacts the direct
signals/constraints for this model if the radion is detection window.) We have already observed in
sufficiently light. For m, ~ 1 GeV, current LZ [51] Fig. 11 that <av> > 10726 cm3/s on resonance for
constraints rule out m, > 5.5 TeV (region shaded in our parameter choices, thus satisfying the relic
salmon in the left panel of Fig. 15). The “neutrino density requirement. This is illustrated in the heat
floor” in this case is at a much lower mass and, as maps shown, with the purple (and green) colors
illustrated in this figure, the region 1.8 TeV <m, < indicating the regions where the resonant thermal-
5.5 TeV is potentially observable in future direct average cross section achieves or exceeds the values
detection experiments. The direct detection signal is needed to explain the vector DM relic density.
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FIG. 16. Combined constraints for vector DM candidates, for A, = 20 TeV (upper row) and 40 TeV (lower row), using the same
shading as in Fig. 15. The lilac and green regions indicate where the resonant DM annihilation cross section equals or exceeds what is
required to produce the correct DM relic density today. The lower darker blue regions represent the ATLAS limits on the first spin-2 KK
mode from diphoton searches [50], while the enlarged region represents the projected reach (exclusion) of the High-Luminosity LHC
program. Note that multiple resonances might be detectable at the LHC. The region marked in salmon is ruled out by the SI direct
detection experimental results from the LZ Experiment [51], while the yellow regions illustrate where the neutrino fog becomes
important for the radion masses specified. The right panels in both rows illustrate parameters for which the direct detection constraints
entirely exclude the regions which simultaneously satisfy the ATLAS collider limits and the relic density constraint.

(a) We begin with the case of A, =20 TeV, the Direct detection signals/constraints are also

upper row of Fig. 16. As discussed in the case of
fermion dark matter above, the current ATLAS
collider constraints on the lightest graviton KK
mass can again, using the resonance condition
Mmgg = 2mg, be shown to provide a lower bound
my > 1.9 TeV and a prospective reach (at the
HL-LHC) of up to my ~2.3 TeV if resonant
with the lightest KK graviton. Also, as in the
fermion case, there is the possibility of a heavier
vector DM candidate resonant with a higher
KK graviton mode: e.g., my ~3.0-4.0 TeV
resonant with the second KK graviton or
my ~4.5-5.5 TeV resonant with the third KK
graviton. In this case, the lighter KK state(s) may
be accessible at the HL-LHC, though the heavier
state would likely not be.
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plotted in Fig. 16, and depend sensitively on
the radion mass precisely as described in the
fermion DM case above. Specifically, for a
radion mass of 1 GeV (upper row, left panel),
the region of allowed vector DM mass should be
visible in future direct detection experiments. On
the other hand, if the radion mass is 0.75 GeV, the
vector DM scenario with A, = 20 TeV is ex-
cluded by current LZ [51] constraints (upper row,
right panel). Finally, for heavier radion masses,
the direct detection would be obscured by the
neutrino fog (not illustrated).

(b) In the lower row of Fig. 16, we present the same

scan but for A, = 40 TeV. In this case, the KK
gravitons are narrower due to their smaller
couplings, and the parameter regions that satisfy
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the relic density constraint shrink. The collider
signals/constraints (see Fig. 12) are a bit weaker,
and we find that masses below 1.5 TeV are ruled
out (corresponding to a lightest KK graviton
mass of order 3.0 TeV), while one as heavy as
1.9 TeV (corresponding to a lightest KK mass
of 3.8 TeV) should be directly observable at the
HL-LHC. As in the cases discussed above, it
is also possible to accommodate the dark matter
relic abundance via resonance annihilation thro-
ugh the second or third KK gravitons, starting at
vector DM masses of order 2.8 TeV, in which
case the lighter graviton(s) may be accessible at
the HL-LHC.

The direct detection signals/constraints shift
substantially for A, =40 TeV. The salmon-
colored region in the left-hand plot is now for
a radion mass of 0.5 GeV, in which case the
direct detection signal can potentially cover all
of the remaining parameter space. However, for
a radion mass of order 0.35 GeV, the current LZ
[51] constraints exclude this scenario. Finally,
the neutrino floor obscures the direct detection
signal for higher radion masses (not illustrated).
As we have seen previously (see Fig. 11), it is also
possible to achieve the correct relic abundance for
vector DM with substantially higher values of A,.
Existing LHC bounds on TeV-scale KK graviton
masses are weaker for larger values of A, (see
Fig. 12), and the reach of the HL-LHC extends only
to lower masses. Correspondingly, some narrow
ranges of parameter space for higher values of A,
and TeV-scale masses satisfying the DM relic density
constraints will still be present. Depending on the
radion mass, the direct detection signals in this
parameter regime may also be observable. Alter-
natively, for larger values of A, there are regions
KK masses and DM masses satisfying the relic
abundance than those considered here. In this case,
the HL-LHC is unlikely to be able to directly probe
the KK gravitons—though, again, depending on the
radion mass, direct detection signals may be possible.
Finally, we note that while we have illustrated our results
by assuming a radion mass of order 1 GeV, the thermal relic
abundance and collider limits results apply in any case in
which the background geometry (and hence the spin-2 and
spin-1 KK spectra and couplings) are close to AdS—that is,
so long as the backreaction due to the GW sector is small (in
the GW model considered here, massless of order 100 GeV
or lower). When the radion is heavier, the KK spectrum will
shift substantially, modifying both the relic abundance
calculations and collider constraints. In a forthcoming
publication [52], we will investigate models where the
radion becomes heavy (of order several hundred GeV),

and the geometry deviates significantly from AdS.

VIII. CONCLUSION

In this paper, we have revisited dark matter scenarios
within radius-stabilized Randall-Sundrum models where the
dark matter candidates are Standard Model singlets confined
to the TeV-brane and interact with the SM via spin-2 and
spin-0 gravitational Kaluza-Klein modes. Applying our
previous work, which has shown that scattering amplitudes
of massive spin-2 KK states involve an intricate cancellation
between various diagrams, we compute the thermal relic
density of DM particles in these models, including all
contributions to the annihilation cross sections.

Considering the resulting DM abundance, collider
searches, and the absence of a signal in direct DM detection
experiments, we show that spin-2 KK portal DM models are
highly constrained. In particular, we confirm that within the
usual thermal freeze-out scenario, scalar dark matter models
are essentially ruled out and show that fermion dark matter
is constrained to a narrow region of the parameter space,
while vector dark matter models are still viable for a certain
region of parameter space. Specifically, we find that vector
DM models with masses ranging from 1.1 to 5.5 TeV are
phenomenologically viable for theories in which the scale of
couplings of the KK modes is of order 40 TeV or lower,
while fermion DM models are viable for a similar mass
range if the KK coupling scale is of order 20 TeV.

We have focused here on the case where all SM particles
are confined to the IR TeV-brane. We briefly comment on
models in which the light fermions live in the bulk,
potentially closer to the Planck-brane instead. A model
of this sort, in which the right-hand top quark is localized
close to the TeV-brane, can potentially address the fermion
mass hierarchy [70,71]. In this case, the SM gauge fields
must live in bulk, and the graviton KK modes, which are
localized near the TeV-brane, will have (parametrically) the
same interactions with the massless gluon and photon (and
potentially comparable interactions with the weak-scale
massive W and Z bosons) as discussed here. Overall, the
annihilation cross sections in the early Universe will be
dominated by the decay of the KK gravitons to gauge
bosons, resulting in a somewhat lower cross section similar
to those found above." Finally, the direct detection bounds
will also change somewhat in the absence of direct quark
couplings, but since the bulk of these couplings arises from
the coupling of the radion to the gluon field strength
squared, which results in a coupling proportional to the
nucleon mass, these results too will not change greatly.
Therefore, while we defer a detailed study of these models
to future work, we do not anticipate that the phenomeno-
logically interesting regions will change significantly from

The collider bounds for KK gravitons in the context of bulk
SM matter has been considered in Ref. [27], where the authors
found that the bounds are weaker due to suppressed couplings of
the KK modes to photons and gluons.
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those described here for SM particles confined to the
TeV-brane.

Finally, we reiterate that the phenomenology of a model
with a heavy radion and the corresponding consideration of
the effects of the radion stabilization dynamics on the DM
abundance will be covered in a forthcoming paper [52].
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APPENDIX A: DECAY WIDTHS OF KK

GRAVITONS AND RADIONS TO SM PARTICLES
1. Spin-2 modes

For the decay of the massive spin-2 mode of mass m; into
Standard Model species localized on the TeV-brane, we
have the following decay widths:

2

Kj 5
Uyooun = 96072 (mlz —4mp)z, (A1)
2 4m?
Ty = 48(’;7’[”1 1- ;";V (56m2m3, + 13m? +48m3,),
(A2)
2 4
[ 96&’1’”‘ 1= Zf(%m?m% + 13m? + 48mY),
(A3)
K2m3
Ly, = 07’ (A4)

Kpm;

=99 = Jog (AS)
N x2m3 4m2\ 3 8my,

b0 = 160z (1_ m2> <1+W>’ (A9)

where y is a placeholder for Standard Model fermions, N,
is the counting factor appearing due to the color charge
[N. = 3 for quarks, and N, = 1 for leptons, note that the
counting factor is responsible for a difference by a factor of
8 between Eqgs. (A4) and (AS) as there are eight gluons in
QCD], and my, my,, m  are the masses of Higgs, W, and Z
bosons respectively.

APPENDIX B: SPIN-0 MODES

We consider the decay of the spin-0 KK mode of mass
m(y). We note that the interaction vertex with the brane-
localized vector boson is proportional to the mass of the
brane-localized vector boson; hence, at the tree level, there
will be no contribution to the decay width from decays into
y or g. We have the following decays into the Standard
Model species localized on the TeV-brane:

K2 [ 4m?
(n) My 2 2 \2
| =— 1 ——02m5 +m , B1
W SHH 1927 ) %n)( H (n)) ( )

2

K 4m?>
__ _amy 4 a2 2 4
Looww = 56, 1 m(zn) (12my, 4m(n)mW + m(n)),
(B2)
K2 Am2
__ M ot A2 2 4
Lozz = 192zm \| : m%n)klzmz Az + miy ).
(B3)
N k? Am2 13
_ ) o My |?
F"(”)—’ll/ll/ = 487 My, M () |:1 - %] ’ (B4)

where, once again, y is a placeholder for Standard Model
fermions, N, is the counting factor appearing due to the
color charge (N. = 3 for quarks and N. = 1 for leptons),
and my, my,, my, are the masses of Higgs, W, and Z bosons
respectively.

APPENDIX C: DECAY WIDTHS OF KK
GRAVITONS AND RADIONS TO RS PARTICLES

1. Spin-2 modes

For the decay of a spin-2 KK mode into lighter KK
modes, we have three different channels: decay into a pure
spin-2 state, decay into a mixed state, and decay into a pure
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spin-0 state. The corresponding decay widths can be written as

2

ijk
Lo popw = W(J)m\% [(my — mj = my)(my + mj — m;)(my —m; + m;)
X (my + m; + m;)F[26mS (m? + m3) 4 14m3 (26m;ms 4 9m} + 9m?)
+ 26m%(14m?m% + 14m?mf' +mb + m?) +mf + 26m12-m?
+126mim] + 26mSm; 4+ m} + m$]/ (mimim]), (C1)
Lo @i 264 22(m; + mj —mj,)? . (m7 +m7 —m7,)*
W= 480a A2 m? mim? mim?
X \/(mlz —mj —mi,)* —4mim?, . (C2)
(din m +2ain m )2
l—‘h(">—>r(")r("’) - i) i) [(le - m%n) - m%m)>2 - 4m%n)m(2m)]%’ (C3)

480mA2m]

where the a-type overlap integrals are defined as

and the d-type overlap integrals are defined in Egs. (D6)
and (D7).

1 n
Ay =—— | dpe Dy, , , C4
k= o [ @) () . Spind modes
Analogously to the decay of a massive spin-2 mode,
1 i - h three different channels for the decay of a massive
iy n) 2y, () /_,, pe i (D)0py(@)1a($) spin-0 mode: spin-2 channel, mixed state channel, and
spin-0 channel. The corresponding decay widths are
(C5)
|
a’. 22(m? +m? —m? )*  (m?+m?—m? )
i'j(n) ! J (n) ! J (n)
Fr(n)_,h(f)h(j) = Wzmi) \/(m%n) - ml2 - m5)2 _ 4m12m§ (76 + 22 + P s (Cﬁ)
z" [ L
(di n)(m +2Zii n)(m )2
1—‘r(”)—>h<'b)r(’") = il ) [(m(n) - m%m) —m; )2 - 4m%m)m12]%’ (C7)

967zA,2,m?n) m?

Lo pomp =

where the a-type overlap integral is defined in Eq. (C5),
d-type overlap integral defined in Egs. (D6) and (D7), and
e-type overlap integrals defined in Egs. (D14) and (D18).

3. Wave functions and decay widths

This section briefly discusses the properties of the wave
functions and decay widths of the spin-2 KK and GW
scalar sectors. The wave functions and the mass spectrum

of the spin-2 KK modes and the spin-0 GW scalars have
been discussed in detail in Refs. [41,44]. Here, we elucidate
some of their features by numerically solving the Sturm-
Liouville equations for spin-2 KK and spin-0 GW modes.
A plot of the first four modes scaled by the zeroth mode at
the TeV-brane for both spin-0 and spin-2 is depicted in
Fig. 17, where we plot the ratio of wave functions

7i(®)/vo(x) for spin-0 and y;(¢)/yo(x) for spin-2 as a
function of the extradimensional coordinate ¢. As the
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FIG. 17. Plots of the spin-0 (left panel) and spin-2 (right panel) wave functions scaled by the corresponding zeroth mode on the

TeV-brane in the vicinity of the TeV-brane.

coupling to the SM is directly proportional to the wave
function on the TeV-brane, we observe that massive spin-2
modes couple to the brane matter more strongly than the
massless mode (graviton). However, the coupling strength
of spin-0 modes decreases with an increase in their mass,
with an initial jump from zeroth to first mode. Furthermore,
we plot the decay widths for each massive mode (plotted
in Fig. 18).

APPENDIX D: INTERACTIONS
AND COUPLING STRUCTURES

This paper required a number of interactions for the spin-
2 KK and the spin-0 GW sector not documented previously
in the literature, including the relevant works of this

Az =40 TeV, my = 1.00 TeV, m, = 1 GeV, m(y) = 1.37 TeV

HHHH
[=3 (=3 (=} O‘
T 1 1

H
b
5
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10—11 4

= Thosm

10713 B
Thossmirs
1015 4 = Toosm

—*— T.sMtRs

0 5 10 15 20 2 30
Number of the KK mode ()
FIG. 18. Plots of the spin-0 (labeled r()) and spin-2
(labeled h(®)) decay widths into brane SM species (labeled

SM) and both brane SM species and other KK modes of the
lower mass (labeled SM + RS).

collaboration [34-36,38,41,42,44]. These include the inter-
actions corresponding to Figs. 5 and 6, i.e., processes
corresponding to £ () and r(VrU) final states. A set of
sum rules in unitary gauge ensures that amplitudes with
these final states do not grow anomalously with the center
of mass energy. We document the interactions relevant for
the fully stabilized model, described in Refs. [41,42].

To calculate the matrix elements required for the cross
section evaluation, we need the cubic and quartic self-

s as well as the hh 7,

iz??’, and the 777 cubic interactions. As far as hh#
interactions are concerned, the tensor structure remains
the same; the only change from our previous works [34-37]
is due to the change in A(y) via the stabilizing potential [36].
Thus, the primary difference between the stabilized and

interactions of the 5D tensor field /

unstabilized cases as far as /i /i 7 is concerned relates to the
KK decomposition of the 5D field #(x,y). In the unstabi-
lized case, 7 generates only the single massless scalar state
#(x), which is referred to as the radion. In the stabilized
case, 7 mixes with the GW scalar sector proportional to
the VEV of the stabilizing field and develops a nontrivial
y-dependence. The combined scalar system generates an
infinite tower of massive scalars {#)(x), of which the
lightest state is identified as the radion. As such, to extract

AAA

the h # 7, and the 777 interactions, we need to expand the
Lagrangian in the canonical basis of the spin-2 and spin-0
system. This process has been described in great detail in
Ref. [41]. Here, we follow the same procedure to extract the

AAA

h 77 and the 777 interactions.

1. Coupling definitions

In Ref. [42], we defined generalized “couplings” as
overlap integrals of spin-2 and spin-0 wave functions of
the form
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Opri) Y1 (OpWm) W

(D1)

with A(gp) being a generalized warp-factor and e=
exp(—A). Any index in the above definition with a prime
denotes a derivative with respect to the extradimensional
coordinate. We also defined the so-called a-type and b-type
couplings with the exponential prefactors e and £™* as

(
b(k’---l)---m’---n - x(k’~--1)--~m’-~-n'
(D2)

—
A1) = X ()l o

Additionally, we defined an overlap with the label “c,”
associated with p = —6, with the generic definition,

-6 g -
Clm'n Exl(c’l’tl’n’ :/ dpe 6<a¢y/k>(a¢l//l)(alﬁl//m)(aqﬁl/’n)'
(D3)

In this work, we will introduce further symbols to describe

AAA

the interactions / 77, and the # 7 # after KK decomposition,
called d- and e-type couplings.

2. Interactions and Feynman rules

In this section, we will outline the interactions with

AAA

h## and the 7 #7 terms. Focusmg on the term containing
two field 7 and one field hﬂy the situation is a little bit more
complicated, as upon the application of the background
equations of motion and the equation of motion for the
field 7, with the corresponding boundary conditions, we
are left with

d*x d(/)r [— OF(470,h + 370, 7 — 470pht — 6hyd7)
3 . s h 24V
+ e, O (hd, ¥ — 2h50"7) + ﬁ<i + 24A'Y + g — 3e2A2>
0 .9y 0
#ho(T2V 2720 .
-3 (7; + 604" go{]z?‘) T2 AV + 48V RA) + gl (6772 + 24470} + i)
c 0 0
2(—=1)#h . . .
+ ,-;ZW (12VP2¥ + 124 % gy + @i — 362A(p’oz)5i} ) (D4)

The object Z = \/_Zl vt ,u #9(x)y:(¢) was introduced an auxiliary field to facilitate manipulations at the 5D level. At

face value, it is worth pomtmg out that the interaction term Eq. (D4) is different from the interaction terms presented in
Ref. [36] for the unstabilized RS model. This is not surprising, as by introducing brane stabilization though the bulk field

®, we effectively introduced another coupling between the field fzw and the stress-energy tensor of the bulk field &.'°

Similarly to previous interaction terms, the next stage is to KK-expand Eq. (D4) in the stiff-wall limit. KK-decomposing
the various 5D fields and discarding the boundary term, we get

o 027 2 (i) o
/ d‘b{ L (47ma,h) + 3409,
. 6

— 2R 7)) / d¢ o7 w,ynrm

n'd ezAm(,,)l//iYn (24Vrcym
2
20

» 72772
— O30 50m) / dp Lt ( " 4 60'y, + rm)

") — 4700 9 (ROY — 6h L7 / " dpe Mgyt

+ 244 ym + (pO Ym — 362A e )ym)
fﬂo

612 6

I SONG)

2 .
/ i 2T (34208 148V RNl + (6772 + 24470 + g ))}, (D5)

c(p()

""We envisage that suitable integration by parts and use of equations of motion followed by additional total derivative terms should
simplify Eq. (D4), to resemble the unstabilized RS1 model just like the 4 & 7 terms. We have not pursued this in this paper but have
chosen to verify some additional rules numerically by plugging in solutions to the DFGK model.
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where we can associate the first term in square brackets with the only term appearing in the same interaction term for
the unstabilized RS model presented in Ref. [36]. We proceed to define the d-type overlap integrals (integrals with a factor
of %) as

1
wi(m)

iy = / b Dy ()7 D)1m (D). (D6)

However, clearly, Eq. (D6) is not the only overlap integral appearing in Eq. (D5). Hence, we proceeded by defining a brane
stabilization correction to the overlap integral d;(,)(,,) as

Zjinm / ¢ Wl ayn¢07m¢7 D7
) = ) o7 Vi P)0n(D)94rn(9) (D7)
we further define auxiliary overlap integrals as
1 (= e¥ml )1// Yn (24Vr2y,
C_Zin m): :—/ d¢ : "( < m+24 ym+(p ym_362Am2mym>7 (DS)
WAy (7) o5 % ’ )
- 1 T Wiy (12Vriy
di(n)(m): _—/ dg ln(7+60A/ym+(p ym) D9
Py () S 62 g ‘ (0%)
- 2 .
i) (m):c = / dg "’"W'" (24V2re + 48V riAlg) + ¢ (6V'rz + 24A g, + ¢f)). (D10)
wi(m

where we have used shorthand for the derivatives on the basis functions. With the help of Egs. (D6)-(D10), we can write
down Eq. (D5) in a concise form:

+ 0% (A9, — 2il,(;) M) diy oy + A3 30m) (ditn)(my: 4 = Di(a)(m):B — Diny(m):C) | » (D11)

where the unstabilized RS model limit is obtained by setting Zi,-(,,)(m) =0 and Zii(n)(m);A — c_ii(,,)(m);B - c_i,-(w(m);c =0.

Lastly, we focus on the interaction terms between three 7 fields. Analogously to Eq. (D4) upon the application of the
background equations of motion and the equation of motion for the field 7 with the corresponding boundary conditions, we
are left with an expression of the form

1 T 2€4A €2A
Sy;,; = _i/ d4X/ dgbrc |:—% ?’60,?’0“?’ + (¢64A2 6€2A(p/2?2 +18€2A 2)
M -

Voried
_ 24v6eM 23262
\/_6 (V}" + A ’)??ﬁ—l—\/’%( + Al ¥
c 0 3 rig)
2e 2A .
~ Verke (144V2r4 + 288V A g + g (12V'r7 + 1444704 + Topf)) 777
2
=2 () fe (8V et + 84V gy + r—2e2A<p’2)?’%5] (D12)
i=1,2

Performing KK decomposition of Eq. (D12) and utilizing the stiff-wall limit to remove the boundary term, we are left with

1 &2 2 . o) e o alo) () =
Srr =020 / &' [_%r(ma"r( 070 e )y + F )r(”e(n)(m)m]’ (P13)
T 0

n=0 m=0 [=
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where we have introduced an e-type overlap integral (overlap integral with a factor of ¢*!) defined as

1
wi(m)

e(m)(m)(1) = /_ : dpe** Dy, ()1 n(D)71(#), (D14)

and the corresponding brane-stabilization correction

i 1 / " dep x [62A<144v2rz‘+288Vr%A’¢6+¢6<12V’r%+144A’2<p6+7<ﬂ63>> '

) (m)(1):A = 3 7N Yn¥m?
A=y ) ). Vot |
_ \/5462A(Vr3 + A'¢6)(962Am%l)r% —4¢F) - ezA(18e4Am<2j>m<2[) r — 662Am%l> 2o + o) -
(D15)
The unstabilized limit of interaction term Eq. (D13) is obtained by setting &, = 0.
The corresponding Feynman rules can be extracted as
() (Py)
\\\ i oy v Ty v
//M h/(ﬁ) = rﬂ |:dk}(2)(]) (Pll (P2 — 2P1 ) + Pé (Pl — 2P2 ) (D16)
+0) (D) +20 (P2 + P) + 1 Py - Py)
+2 (dku)(j) (PI'Py + PYPS) 4™ (Jku)(j) — dioy i) Pr- Pz))} ,
(@) (Py)
i [ 2 )
g (P = - [\/;%)(j)(k) (Pf+ Py + P5) —6<i><j><k>] : (D17)
@) (Py)
where
EW)k = Enu)m:a T e mG):A T EGmm:a + Enmw:a T Ewmi:a T Emu)i:a: (D18)
_ 1 - ; _ _ _ _
diiy(j) = 5 ([driy)a = ()8 = diwiiy:e + digyia = digo:s = iy :c)- (D19)
|
3. Relevant sum rules © Kk ()
DK(j
List of relevant sum rules: Zdek(i)(j) = K (D22)
=0
. KiK(j) 5 SN
Kk (j) = mi, (D20) Kedyiviy = 0. D23
; Tk ; k(i) (D23)

0 Eqations (D20), (D22), and (D23) can be easily proven
m? ko (i + 2din 1)) = D) 2. D21 through the application of integration by parts and the

(n) () \&i(n)(j) (n)(J) (
completeness relation of the wave function of spin-2

075030-28



LIMITS ON KALUZA-KLEIN PORTAL DARK MATTER MODELS

PHYS. REV. D 111, 075030 (2025)

modes. The proof of Eq. (D21) is, however, a little more
involved as it requires an application of integration by
parts, completeness relation for the wave functions of the
spin-0 sector, and subsequent insertion of the completeness
relation of the wave functions of the spin-2 sector.

4. Scattering amplitudes for ®® — hOrV)

We briefly summarize the calculation for the scattering
amplitude of SS — h)rU) as /s = co0. To study the

high-energy behavior of the amplitude, we expand the
S-matrix element for the process in question as a power
series in the COM energy of the form

My, =3 M s, (D24)

pPEZ

where 4; is the polarization state of the outgoing spin-2
mode /(). Considering leading order terms, we get

K 0 _ a2\
M(O):—l—l{4m2‘+2 2 3N kg 1—00529}
+2 4\/6 ( () ; k k(})( )
IKiK(;
—_ % [m%j) +2m2 = > m3(1 = cos 29)] , (D25)
m n<,~1< am; 3,
M${2> ! sin 26 Z K (j) = % \/% sin 26, (D26)
Ky [ Krdie ) y Kik(j)
M =K iy 20 ) = , D27
0= om? ; o +; i + i) == (D27)
|
where we have used Eq. (D20) whenever possible. Hence, 1y ik, iK(j 4 KiK(j)
to ensure a well-defined limit as M; approaches zero, we My = 4 {( + 3 ¢0s20) X T2 (m( S
require - '
2
Ky Kk = 2 Mo (i) + 2din) >))] (D30)
Zk {0 ZK b 2) — 2 0, ; "
k=1 K1
(D28)
We resort to numerical verification to demonstrate that 10-1 -
Eq. (D28) holds. Let us start by defining a new function T E”;igg;
S(N) that would quantify the deviation of the sum rule L (,-:_:-);(g:m
Eq. (D28) for truncated KK tower from zero as USE — G)=01
— (G4)=21)

Si,-(N):ZK"a/’“ ZK (i

g (D29)

Evaluating Eq. (D29) as a function of the number of states
in the truncated KK tower is depicted in Fig. 19, verifying
to the numerical precision shown that the sum rule is
satisfied.

To proceed, we focus our attention on the contribution
linear in the COM energy to M,. Applying the relevant
sum rules and coupling identities, whenever possible, we
are left with

1075

S35 (N) |

1077 4

10-°

N

FIG. 19. Numerical results for Eq. (D29) given truncated KK
towers for internal spin-0 and spin-2 modes as a function of the
index of the highest KK mode in the internal towers N.
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However, the terms inversely proportional to the mass
of the outgoing spin-2 mode squared are zero as
per Eq. (D21). Hence, the residual terms linear in COM
energy are

(1) IK; K(

Mo' =3

L (1 + 3cos20). (D31)

The resulting cross section for the process in question
obtained numerically by summing over the truncated spin-0
and spin-2 towers are presented in Fig. 9.

Analogously to the previous case of the SS — A()rU)
process, we consider the high-energy behavior for

VV — h0r() by expanding the S-matrix elements in a
power series in COM energy of the form

2)
M}“I A3 ZMf/z Sp/2

pPEZ

(D32)

where A 5 are the polarizations of the incoming brane
vector bosons and 4; is the polarization of the ith outgoing
spin-2 mode. Focusing our attention on the contributions
of the highest order, we only have one matrix element with
the contribution of quadratic order

ix KAk (j
Mff&;o =— { ZK i 2 ) — Z—" ’2‘(”] . (D33)
= Mk
However, as verified earlier, the above contribution vanishes by Eq. (D28). Considering the contributions of linear order,
we have
. 2 0 =)
1 IKim KiK'( j) ~ K'kai/k/< /)
MLy = 3m2V [ X 2= ki (i) + 2dig () = D= ] =0, (D34)
i L =0 = Mk
MUy = 0 (1= c0s20) S miasey = 5 (1 - cos20) (D35)
T 8m 2 pa J
n iK' ( ) 4 K;K - ~
MO,O;O 24 |:(1 + 3 cos 29) P — m_lz <m2 nz m ) + 2dl(l’l)(]))>:|
KK
24( (1 4 3cos26), (D36)
where we have applied Egs. (D20), (D22), (D23), and (D28). Similarly, at the leading /s order
172 1/2 IKK .
M(i{)()) M(()‘i()) i 2m2 cosHsmH%xm,W = iz—\/%)mv sin 26. (D37)

The resulting cross sections for the processes in question, obtained numerically by summing over the truncated spin-0
and spin-2 towers, are presented in Fig. 20, with the corresponding slice of the velocity-averaged cross section at the typical
freeze-out temperatures depicted on the right panel of Fig. 20.

Finally, we repeat our high-energy analysis for yy — A7) in the center of momentum energy s as

2 : (p/2) /2,
Yl 5234 MY] S234; S

pPEZ

(D38)

where s, are the spins of the incoming brane fermions, and /; is the polarization of the outgoing spin-2 KK mode.
Focusing on the final polarization state of 4; = 0, the leading order contributions are

3/2 mlm Kk (j)
Mi/i)o = [ ZK i) T 2d( )i )) Z 2 ! ] =0, (D39)
k=1
1 ik sin 26 < iKk;K(;y sin 20
M{lg = e D ki) = % (D40)

! k=0
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Az =40 TeV, m; = 1.00 TeV, m, =1 GeV, m(y = 1.37 TeV, my = 100 GeV

10—3.
10—5.

10—7.

100 10!
V3 (Te)

Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, my) = 1.37 TeV

107 — Total
1026
10—28 4

10—30 p

10—32 i

Tvyohormv) (em?/s)

~ 10—34 p

10736 i

0.1 0.5 1.0 20 3.0 4.05.06.0

my (TeV)

FIG. 20. Cross section (left panel) and velocity-averaged cross section (right panel) for the process VV — () r(/) for the mass of the
brane vector of 0.5 TeV. The cross sections are computed by summing over the truncated KK tower of 50 internal spin-0 and 50 internal

spin-2 KK modes.

where we applied Egs. (D21) and (D28). The matrix
element is slightly more complicated at the leading +/s
order. However, it can be greatly simplified by applying
Egs. (D21), (D20), and (D28), leaving us with

lmXKlKoai/O/(j) I mIKl'K

6m? 12

Mil/f)o =+ 0 (1 4 3cos20)

m, KK ;
= iu(l + 3 cos26),

= (D41)

where we have recognized that a;( ;) = 0 for any values of
iand jas dyp((¢) = 0. Note that, similarly to the two spin-
2 mode final states, we have a different angular dependency
of the leading term for fermions. The resulting cross
sections for the processes in question, obtained numerically

Ay =40 TeV, m; = 1.00 TeV, m, =1 GeV, m(y = 1.37 TeV, m, = 100 GeV

1073 4 — xx — WO
10_5 | — XX — h(l)r(l)
— xx — h®@rO
107 1 — xx — RO
L 1070 \
£
o 10~
10-13
10-15 &\
10-17 !
10° 10t

Vs (TeV)

by summing over the truncated spin-0 and spin-2 towers,
are presented in Fig. 21, with the corresponding slice of the
velocity-averaged cross section at the typical freeze-out
temperatures depicted in Fig. 21.

5. Scattering amplitudes for ®® — ri)y0)

In this section, we document the results for the high-
energy amplitudes of ®® — r()rU)  starting with
$S — rrU), For scalars in both initial and final states,
we only have a single S-matrix element, which we expand
as a power series in the COM energy analogously to
previous cases

M= M2gr/2, (D42)
pPEZ
Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, myy = 1.37 TeV

LU pp— Total

s (i,7) = (1,0)
— - (Z.a.j)i(lal)
" ..
% 10-284 — (4,3) = (2,0)
A — (4,5) =(2,1)
T 10730
3? 10732

s

S
-~ 107341

o /WA\'M

0.1 0.5 1.0 20 3.0 405.06.0

m, (TeV)

FIG. 21. Cross section (left panel) and velocity-averaged cross section (right panel) for the process yy — 7Y r\) for the mass of the
brane fermion of 0.5 TeV. The cross sections are computed by summing over the truncated KK tower of 50 internal spin-0 and 50

internal spin-2 KK modes.
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In this case, the leading order contribution is of order s and can be written as

[e+]

82 <)
K
K
n=

K'I'K"
) ()(n) (() (j)+’<o(d0()() 2d i) ) ZKk diiy) + 2diiy )

+4<m +m )iKk

k=1

—3C08292Kk dk +2dk ):|

Inserting Egs. (D22) and (D23) into the above result, we are left with

— Ko(do(i)(j)

~ 2dy(i)()) +

The values of the above function for several values of N are plotted in Fig. 22.

From Fig. 22, we observe that as we increase the
“height” of the truncated KK tower summed over in the
internal propagators, the value of Eq. (D45) approaches
zero. Hence, we can conclude that we have a new, rather

— (i,5) = (0,0)
— (i,5) = (0,1)
10°* — (i,5)=(1,1)
— (i,5) = (1,2)
— (i,j) = (2,2)
107
< 107
&
1079
107" 4
0 10 20 30 40 50

FIG.22. Numerical results for function S, j(N ), as in Eq. (D45),
given truncated KK towers for internal spin-0 and spin-2 modes
as a function of the index of the highest KK mode in the internal
towers N.

k=1
(D43)
ko(do(i)(j) = 2dogi ()
. (D44)
—~ m 24
N 3 N 3
2 .o Ki(digiy(i) + 2diiiy;)) Kdi(i(j)
(D45)
|
complicated, sum rule, as follows:
N K(i)K(j)
0=22 Ku)ei)n) ~ —K1 ko (dogi)(j) = 2o )
n=0
(D46)

i j 2
0 M) 2 m’ ]
(D47)

(1 + 3 cos26).

(D48)

As noted previously, the portion of the amplitude scaling
like s', shown in Eq. (D48), is suppressed by the product of
small couplings ;) k;), and instead contributions which are
proportional to s dominate until COM energies as large
as /s ~ 10° TeV.

The resulting cross sections for the processes in question,
obtained numerically by summing over the truncated spin-0
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Az =40 TeV, m; = 1.00 TeV, m, =1 GeV, m(y = 1.37 TeV, mg = 100 GeV
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FIG. 23. Cross section (left panel) and velocity-averaged cross section (right panel) for the process SS — () 7U) for the mass of the
brane scalar of 0.5 TeV. The cross sections are computed by summing over the truncated KK tower of 30 internal spin-0 and 30 internal

spin-2 KK modes.

and spin-2 towers, and are presented in Fig. 23, with the
corresponding slice of the velocity-averaged cross section
at the typical freeze-out temperatures depicted on Fig. 23.
We have checked that including up to 30 KK states are
numerically sufficient to accurately compute the relevant
cross sections for our purposes.

Repeating the same process for the case of brane-
localized vector bosons, we expand the S-matrix element

k=1

_ _ k)
= > (14 3cos26),

where we have applied Egs. (D22), (D23), and (D47).

The resulting cross sections for the processes in
question, obtained numerically by summing over the
truncated spin-0 and spin-2 towers, are presented in
the left panel of Fig. 24, with the corresponding slice
of the velocity-averaged cross section at the typical
freeze-out temperatures depicted on the right panel of this
figure.

in terms of COM energy as

_ (»/2)
My iy =Y M,

pPEZ

(D49)

where Ay 5y are the polarizations of the incoming vector
bosons. The corresponding nonzero leading order terms are

D50
k (D50)
(dogi(j) — 2dogi(j))
2 kediin )] KKG)
4 - 1+ 3c0s20
+ ; m% " (1 +3cos20)
(D51)

Finally, for the case of brane-localized fermion, we
analogously expand the S-matrix element in terms of
COM energy as

My = Y MU s0P,

pEZ

(D52)
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Ay =40 TeV, my = 1.00 TeV, m, = 1 GeV, m(yy = 1.37 TeV, my = 100 GeV
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FIG. 24. Cross section (left panel) and velocity-averaged cross section (right panel) for the process VV — r()rl) for the mass of the
brane scalar of 0.5 TeV. The cross sections are computed by summing over the truncated KK tower of 30 internal spin-0 and 30 internal

spin-2 KK modes.
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FIG. 25. Cross section (left panel) and velocity-averaged cross section (right panel) for the process yy — ¢ for the mass of the
brane fermion of 0.5 TeV. The cross sections are computed by summing over the truncated KK tower of 30 internal spin-0 and 30

internal spin-2 KK modes.

where sy 5, are the spins of the incoming fermions. The

corresponding nonzero leading order terms are

+F

(1) - iKl . - P
M = -3 sin 292Kk(dk(i)(j) + 2dy )

k=0

=- alULE) sin 20
8 9

(D53)

where we have applied the requisite sum rules.

The resulting cross sections for the processes in question,
obtained numerically by summing over the truncated spin-0
and spin-2 towers, are presented in Fig. 25, with the
corresponding slice of the velocity-averaged cross section
at the typical freeze-out temperatures depicted on the left
panel of Fig. 25.
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