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Part 1: Dark Matter
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Dark Matter Evidence

Galactic Rotation Curves

Gravitational Lensing in Bullet Cluster .  
Pink- X-Ray image 

Blue : Gravitational lensing image

1.4 Cosmic microwave background 19

– acoustic oscillations which occur in the baryon–photon fluid at the time of photon decoupling. As discussed
in Section 1 the photons are initially strongly coupled to the still separate electrons and baryons, because the
two components interact electromagnetically through Thomson scattering. Following Eq.(1.49) the weak
interaction can be neglected in comparison to Thomson scattering for ordinary matter. On the other hand, we
can see what happens when a sizeable fraction of the matter in the Universe is not baryonic and only
interacts gravitationally and possibly through the weak interaction. Such new, dark matter generates
gravitational wells around regions of large matter accumulation.

The baryon–photon fluid gets pulled into these gravitational wells. For the relativistic photon gas we can
relate the pressure to the volume and the temperature through the thermodynamic equation of state PV / T .
If the temperature cannot adjust rapidly enough, for example in an adiabatic transition, a reduced volume
will induce an increased pressure. This photon pressure acts against the gravitational well. The photons
moving with and against a slope in the gravitational potential induces a temperature fluctuation located
around regions of dark matter concentration. Such an oscillation will give rise to a tower of modes with
definite wave lengths. For a classical box-shaped potential they will be equi-distant, while for a smoother
potential the higher modes will be pulled apart. Strictly speaking, we can separate the acoustic oscillations
into a temperature effect and a Doppler shift, which have separate effects on the CMB power spectrum.

– the effect of general relativity on the CMB photons, not only related to the decoupling, but also related to the
propagation of the streaming photons to us. In general, the so-called Sachs–Wolfe effect describes this
impact of gravity on the CMB photons. Such an effect occurs if large accumulations of mass or energy
generate a distinctive gravitational potential which changes during the time the photons travel through it.
This effect will happen before and while the photons are decoupling, but also during the time they are
traveling towards us. From the discussion above it is clear that it is hard to separate the Sachs–Wolfe effect
during photon decoupling from the other effects generating the acoustic oscillations. For the streaming
photons we need to integrate the effect over the line of sight. The later the photons see such a gravitational
potential, the more likely they are to probe the cosmological constant or the geometrical shape of the
Universe close to today.

Figure 3 confirms that the power spectrum essentially consists of a set of peaks, i.e. a set of angular scales at
which we observe a particularly strong correlation in temperatures. They are generated through the acoustic

Figure 3: Power spectrum as measured by PLANCK in 2015. Figure from the PLANCK collaboration [2].

CMB power spectrum 
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Properties and the Particle Physics of Dark Matter

• Cold and Neutral: Non relativistic today.
• Preserves the success of Big Bang Nucleosynthesis (Formation of Atoms and Nuclei in the early Universe)
• “Almost” Dark with respect to other forces of nature.
• Collisionless within the DM sector at large scales.
• Stable, on Cosmological time scales.
• Forms halos in the galaxy

What particle possible particle explanations are 
there for dark matter?
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 Dark Matter Models

Our focus is here…
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Spin-2 KK Portal Dark Matter
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Randall Sundrum (RS-I) Model
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Potential LHC Resonances…

Discrete KK modes: RS Gravitons

[SM, DM]

Kaluza-Klein Gravitons
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Extra-Dimensional Models with KK portals 

5D Bulk

KK- 
SectorDark Sector SM Sector

Dark Sector interacts with visible sector  

exclusively via gravitational interactions  

from the KK sector 

Reuter, Rizzo, Hewett 2017, Sanz et al, 2017, Garny et al 2017, Olive, Mambrini et al 2019 …..
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KK Portal Dark Matter Production: 
Thermal Freeze-Out
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Schuster, 2019 FNAL DM Workshop

Production of Dark Matter in the Early Universe
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Schuster, 2019 FNAL DM Workshop

Thermal Freeze-Out Cross Section
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However: correctly computing the massive spin-2 scattering amplitudes is hard!

Brane Localized Scalar Dark Matter annihilating via a KK/massive spin-2 portal 

Planckian Interacting Massive Particles as Dark Matter

Mathias Garny,1,* McCullen Sandora,2,† and Martin S. Sloth2,‡
1CERN Theory Division, CH-1211 Geneva 23, Switzerland

2CP3-Origins, Center for Cosmology and Particle Physics Phenomenology,
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The standard model could be self-consistent up to the Planck scale according to the present
measurements of the Higgs boson mass and top quark Yukawa coupling. It is therefore possible that
new physics is only coupled to the standard model through Planck suppressed higher dimensional
operators. In this case the weakly interacting massive particle miracle is a mirage, and instead minimality as
dictated by Occam’s razor would indicate that dark matter is related to the Planck scale, where quantum
gravity is anyway expected to manifest itself. Assuming within this framework that dark matter is a
Planckian interacting massive particle, we show that the most natural mass larger than 0.01Mp is already
ruled out by the absence of tensor modes in the cosmic microwave background (CMB). This also indicates
that we expect tensor modes in the CMB to be observed soon for this type of minimal dark matter model.
Finally, we touch upon the Kaluza-Klein graviton mode as a possible realization of this scenario within UV
complete models, as well as further potential signatures and peculiar properties of this type of dark matter
candidate. This paradigm therefore leads to a subtle connection between quantum gravity, the physics of
primordial inflation, and the nature of dark matter.

DOI: 10.1103/PhysRevLett.116.101302

Introduction.—The recent measurements of the Higgs
boson mass and top quark Yukawa coupling, together with
an absence of new physics beyond the standard model (SM)
in the experiments at LHC, leave open the possibility that
new physics will not have to manifest itself below the
Planck scale [1]. Within the traditional mindset of natu-
ralness in the ’t Hooft sense [2], this would be problematic
and leave open the hierarchy problem, with no reasonable
explanation of why the electroweak scale is so much
smaller than the Planck scale. However, with the advent
of the string landscape, an alternative approach to natu-
ralness has been developed. In this framework, the con-
stants of nature which are required to be unnaturally small
in order for complex life to emerge, could simply be a
consequence of environmental selection [3]. For example,
it has been argued that the properties of nuclei and atoms
would not allow for a complex chemistry to exist if the
electroweak scale is too far away from the confinement
scale of QCD [4–6].

If indeed the smallness of the electroweak scale is a
consequence of environmental selection and the hierarchy
problem is resolved by anthropic arguments, then there is
no compelling reason to believe that dark matter (DM)
should be related to the electroweak scale, and we might be

forced to give up the weakly interacting massive particle
(WIMP) [7] paradigm for DM. In this case, if we do not
want to introduce any new energy scale specifically for
explaining DM, the only required scale for new physics to
appear is the Planck scale Mp ¼ 1.2 × 1019 GeV, or
perhaps the grand unified theory (GUT) scale, 10−3Mp.
We are therefore led to the possibility that in a minimal
framework DM must be related to the Planck scale or GUT
scale, and DM interactions with the SM are controlled by
Planck suppressed higher dimensional operators. Thus,
within this alternative approach to naturalness, a possible
“natural” DM candidate is a Planckian interacting dark
matter particle (PIDM).
While we assume that, within the minimal PIDM

paradigm, DM has gravitational interactions only and a
mass not too far below the Planck or GUT scales, it is
certainly possible that the hidden sector is more compli-
cated. For example, if there are additional symmetries that
protect the PIDM mass, it could be much lighter than the
Planck or GUT scales. However, taking Occam’s razor as a
principle, in this Letter we study the simplest case from a
low energy field theory point of view, where the hidden
sector is minimal, and the PIDMmass is close to the Planck
scale—we call this the minimal PIDM paradigm, as
opposed to the nonminimal PIDM paradigm where the
mass can be lighter.
This type of scenario has not received much attention

previously in the literature, possibly because it has been
assumed to be very hard to test. There certainly will not
be such dramatic signatures as in direct DM detection
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Massive Gravitons as Feebly Interacting Dark Matter Candidates
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We detail our discovery of a chiral enhancement in the production cross sections of massive spin-2
gravitons, below the electroweak symmetry breaking scale, that makes them ideal dark matter candidates
for the freeze-in mechanism. The result is independent of the physics at high scales and points toward
masses in the keV–MeV range. The graviton is, therefore, a sub-MeV dark matter particle, as favored by
the small scale galaxy structures. We apply the novel calculation to a Randall-Sundrum model with
multiple branes, showing a significant parameter space where the first two massive gravitons saturate the
dark matter relic density.

DOI: 10.1103/PhysRevLett.128.081806

Despite the overwhelming evidence for the presence of a
dark matter (DM) component in our Universe, also indi-
rectly observed in galaxies and galaxy clusters, the nature
of this matter component remains a mystery. In the standard
model (SM), no known particle can play the role of DM:
the only candidates, neutrinos, have a relic density many
orders of magnitude below the required one, which is
roughly 5 times the relic density of ordinary baryons.
Extended objects, like primordial black holes, remain a
possibility, alas still requiring new physics to explain their
presence [1].
A particle DM candidate can only emerge from new

physics beyond the SM. The most popular and time
honored possibility has been the weakly interactive massive
particle (WIMP), which requires substantial interactions
with the SM particles, with an annihilation cross section on
the order of the electroweak ones, σv ≃ 2.0 × 10−26 cm3=s,
independent of the DM mass in order to achieve the
observed relic density ΩDMh2 ∼ 0.12 [2]. The nonobserva-
tion of new physics signals at colliders (the LHC) and at
DM direct and indirect detection experiments has, however,
put this scenario under stress [3]. Hence, this “WIMP
crisis,” has prompted the exploration of alternative pos-
sibilities. Here we will be interested in the freeze-in
mechanism of feebly interacting massive particles
(FIMPs), which never attain thermal equilibrium with
the SM bath [4]. This is usually obtained by tuning a
coupling to very small values, typically on the order of

10−8 − 10−10 provided the DM is stable (protected by a
parity). Another possibility, called ultraviolet (UV) freeze-
in [5], relies on higher-dimensional operators suppressed
by a large scale. In the latter case, the naive expectation is
that unitarity violation renders the DM relic density highly
sensitive to the unknown reheat temperature at the end of
the inflationary phase. Here, we will present a novel
scenario based on a spin-2 DM candidate where, albeit
the freeze-in is induced by a nonrenormalizable operator,
the UV sensitivity of the predictions is curbed by the
electroweak scale. The mechanism behind this is a chiral
enhancement of some scattering amplitudes involving
massive SM fermions, which is only activated below
the electroweak symmetry breaking (EWSB) scale,
TEW ≈ 160 GeV.
The couplings of the spin-2 state (also known as massive

graviton) Gμν to the SM particles can be parametrized by
the following four-dimensional effective Lagrangian:

Leff ¼
X

i¼spin

CiGμν

!
2
δLi

δĝμν
− ημνLi

"####
ĝ¼η

; ð1Þ

where η is the Minkowski metric, and the factors within
parentheses are the stress-energy tensors Ti

μν for the
SM particles of different spins ði ¼ 0; 12 ; 1Þ. As such,
Li is the SM Lagrangian for the particles of spin i
and, since the spin sum of the graviton polarization
Pμν;αβ ¼ 1

2 ðPμαPνβ þ PναPμβ − 2
3PμνPαβÞ, with Pμν ¼

ημν − ðkμkν=M2
GÞ is traceless, the terms proportional to

Li in Eq. (1) do not contribute. Explicit expressions for the
various spins can be found in Ref. [6]. Note that the
massive spin-2 DM candidate is not the mediator of
gravitational interactions, which are generated by the usual
massless gravitons in our scenario. Universal couplings
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Spin-2 portal dark matter
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2Laboratoire de Physique Théorique (UMR8627), CNRS, University of Paris-Sud,
Université Paris-Saclay, 91405 Orsay, France

3School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
4William I. Fine Theoretical Physics Institute, School of Physics and Astronomy,

University of Minnesota, Minneapolis, Minnesota 55455, USA

(Received 29 March 2018; published 13 June 2018)

We generalize models invoking a spin-2 particle as a mediator between the dark sector and the standard
model. We show that a massive spin-2 messenger can efficiently play the role of a portal between the two
sectors. The dark matter is then produced via a freeze-in mechanism during the reheating epoch. In a large
part of the parameter space, production through the exchange of a massive spin-2 mediator dominates over
processes involving a graviton with Planck suppressed couplings. We perform a systematic analysis of such
models for different values of the spin-2 mass relative to the maximum and the final temperature attained at
reheating.

DOI: 10.1103/PhysRevD.97.115020

I. INTRODUCTION

Although there is a large amount of indirect evidence for
the presence of dark matter in the Universe from astro-
physical observations, its precise nature remains elusive.
Moreover, although there has been an impressive increased
sensitivity in direct and indirect detection searches, no
signal has been confirmed so far. Indeed, the recent results
of direct detection experiments like LUX [1], PANDAX-II
[2] or XENON1T [3] constrain a large part of the weakly
interacting massive particle parameter space, and are close
to excluding the simplest extensions of the standard model
(SM) such as the Higgs-portal model [4–10], the Z-portal
[11,12] or even the Z’-portal [13] (see [14] for a recent
review on the subject).
There are, however, many alternatives where the dark

matter is secluded from SM particles by intermediate mass
scale messengers. Indeed, intermediate scales are naturally
present in many well-motivated extensions of the SM,
including grand unified theories, models with a seesaw

mechanism, string constructions, inflation and reheating or
leptogenesis. In all of these frameworks, the presence of an
intermediate mass scale generates a heavy particle spectrum
which can in principle mediate interactions between a
possible dark sector and the SM. Some specific examples of
these frameworks are grand unified SO(10) models [15]
or high-scale supersymmetry [16,17], where dark matter
candidates respecting the Planck/WMAP constraints
[18,19] are present. The effective superweak coupling
generated by the exchange of an intermediate mass or
even a superheavy mediator much heavier than the reheat-
ing temperature after inflation, TRH, allows for the pro-
duction of dark matter directly from the thermal bath in the
same way that gravitinos are produced during reheating by
Planck suppressed operators [20–22]. Qualitatively similar
results can be obtained with lighter mediators and small
couplings as in the freeze-in mechanism (see [23] for a
recent review on the subject).
Often it is sufficient to approximate the details of particle

production during reheating with the instantaneous reheat-
ing approximation, namely, that all particle production
occurs at the end of the reheating process characterized by
the reheating temperature TRH. However, depending on the
specific production process, the instantaneous approxima-
tion may or may not be a good approximation. For
example, if we parametrize the production cross section by

hσvi ≃ Tn

Mnþ2
; ð1Þ

where M is some energy scale and T the temperature, this
approximation has been shown to be reasonable for n < 6
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Dark Matter Direct Detection from new interactions

in models with spin-two mediators
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Abstract

We consider models where a massive spin-two resonance acts as the mediator
between Dark Matter (DM) and the SM particles through the energy-momentum
tensor. We examine the e↵ective theory for fermion, vector and scalar DM generated
in these models and find novel types of DM-SM interaction never considered before.
We identify the e↵ective interactions between DM and the SM quarks when the
mediator is integrated out, and match them to the gravitational form factors relevant
for spin-independent DM-nucleon scattering. We also discuss the interplay between
DM relic density conditions, direct detection bounds and collider searches for the
spin-two mediator.
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Naive (wrong) scaling  
of KK-annhilation:
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In fact, diffeomorphism invariance is restored in a full Kaluza-Klein theory and
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Part 2: Scattering Amplitudes of 
Massive Spin-2 Particles
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Reminder: Massive Spin-1 Scattering 
Amplitudes in the SM and KK Yang-Mills 

Theories
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E4 divergences cancel due to YM Jacobi Identity

(symmetry structure)

Weinberg-Glashow-Salam: SU(2) x U(1) @ E4
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Higgs boson couplings to gauge-bosons such that

E2 growth cancels between all contributions!

Weinberg-Glashow-Salam: SU(2) x U(1) @ E2
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Five-Dimensional Yang-Mills: Spin-1 KK Modes
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“eaten” Goldstone Bosons



4-D KK Mode Scattering

21
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Important related paper: “Hidden” SUSY 

guarantees that “eaten” A5 modes have masses


correctly related to KK Aμ masses!

Generalizations …
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Symmetry Constrains Scattering Amplitudes: Equivalence Theorem

23

Gauge-Invariance of 5D YM theory implies we can choose `t-Hooft-Feynman Gauge


• Rewrite theory including “unphysical” Goldstone (scalar) bosons, in “A5” field


• Problematic longitudinal helicity amplitudes are, to leading order in energy, the same as those of 
the Goldstone bosons, by gauge-invariance


• Propagator and interactions such every diagram scales like O(E0)


• Hence, physical (unitary gauge) scattering amplitudes must also scale like O(E0)!
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• Massless graviton represented by a symmetric traceless tensor with 
redundant degrees of freedom  (local diffeomorphism invariance) 


• In general a massless graviton in d dimensions has d(d-3)/2 
physical degrees of freedom 


• Massless 4D graviton has 2 degrees of freedom, while a           
massless 5D graviton has 5 degrees of freedom.


• Mass term breaks diffeomorphism invariance - A 4D massive spin-2 
state has 5 degrees of freedom (2 spin-2 helicity states, 2 spin-1 
helicity states and 1 spin-0 helicity state) 


• A compactified 5D theory of gravity, therefore, can provide the 
states needed for the 4D massive KK spin-2 modes.

2 Strong coupling scale for massive gravity in 4 dimensions

2.1 The Stückelberg mechanism for gravity

We start by briefly reviewing massive graviton amplitudes in 4 dimensions, as this

will be key to understanding the precise nature of interactions that gives rise to the

dangerous growth of matrix elements. A detailed account can be found in []. The

Einstein-Hilbert(EH) action (neglecting the cosmological constant term) is ,

SG =

Z
d
4
x
p
gR (2.1)

where g is the determinant of the background metric, R is the Ricci scalar, given by

R = g
µ⌫
Rµ⌫ , where g̃

µ⌫ is the metric inverse and Rµ⌫ is the Ricci tensor. For a flat

background metric, we can expand the Ricci scalar using the weak field expansion

g̃µ⌫ = ⌘µ⌫ + hµ⌫ , where  ⇠ 1/MP l, is the weak field expansion paramter and ⌘µ⌫ is

the usual Minkowski metric. The action is invariant under the local di↵eormorphism,

hµ⌫ ! hµ⌫ + @(µ⇠⌫) (2.2)

The 10 degrees of freedom in the symmetric tensor hµ⌫ can be split into a transverse

part with 6 degrees of a freedom, and a vector mode ⇢, with 4 degrees of freedom,

hµ⌫ ⌘ h
T
µ⌫ + @(µ⇢⌫). (2.3)

Out of the 10 degrees of freedom, the di↵eomorphism removes 2 ⇥ 4 degrees, thus

leaving behind two physical transverse degrees of freedom for the massless graviton3.

A Fierz-Pauli mass term can be added to this action4,

Sm = m
2((hµ⌫)

2
� h

2). (2.4)

where h = ⌘
µ⌫
hµ⌫ , the trace of the field. The mass term explicitly breaks the

di↵eomorphism invariance. It can be restored by introducing Stückelberg fields Aµ,

with the replacement hµ⌫ ! hµ⌫ + @(µA⌫) such that the action SG + Sm is invariant

under,

hµ⌫ ! hµ⌫ + @(µ⇠⌫)

Aµ ! Aµ �
1

2
⇠µ. (2.5)

3It is easy to see that in d dimensions there are d(d + 1)/2 � 2d = d(d � 3)/2 degrees of

polarization(physical states) for a massless graviton
4Note that this is the only consistent mass term that can be written down in 4 dimension. Any

other term would lead to ghost degrees of freedom, leading to the Ostrogradsky instability, a feature

of constrained lagrangian systems.
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Fierz-Pauli Mass term (ghost-free in flat space)

Massive Spin-2 Particles and Degrees of Freedom
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(absent when M=0)

Massive Spin-2 Helicity States and (Unitary Gauge) Propagator

Unitary Gauge …
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Elastic Scattering of Helicity-0 Fierz-Pauli Massive Spin-2 Particles

Helicity-0 polarization at high-energy: SG =
2

2

Z
d4x

p
�gR
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than n, that takes part in the scattering amplitude, and therefore there is incomplete

cancellation at every power s. Therefore the amplitude will grow like s
5
/(M2

P lm
8),

and therfore the strong coupling scale is set by ⇤5.

4 Compactified extra dimensions in RS

5 Conclusions

Acknowledgements

A Metrics and determinants

The four dimensional metric gµ⌫ is expanded around the flat Minkowski background

⌘µ⌫ as gµ⌫ ! ⌘µ⌫ + hµ⌫ . We use the metric convention ⌘µ⌫ = Diag(1,�1,�1,�1).

We require gµ↵g̃
⇢⌫ = �

⇢
⌫ where g̃ = g

�1. The inverse is thus given by

g̃
µ⌫ =

+1X

n=0

(�)n[⌘(⌘h)n]µ⌫ (A.1)

and

p
� det g =

+1Y

n=1

exp


�
(�)n

2n
tr [(⌘h)n]

�
(A.2)

=
+1Y

n=1

+1X

mn=0

1

mn!


�
(�)n

2n
tr [(⌘h)n]

�mn

=
+1Y

n=1

+1X

mn=0

(�1)mn

mn!(2n)mn
(�)n·mntr[(⌘h)n]mn

The overall brackets imply contractions to leave the free indices wherever they ap-

pear. The first few terms in the expansion of the inverse and the determinant is,

g̃
↵� = ⌘

↵�
� h

↵� + 
2[hh]↵� � 

3[hhh]↵� ++O(4) (A.3)
p

� det g = 1 +


2
h+


2

8

�
h
2
� 2[hh]

�
+


3

48

�
h
3
� 6h[hh] + 8[hhh]

�
+O(4)(A.4)

The 5-D metric for the orbifolded torus is,

GMN =

 
gµ⌫ � 

2
e
+2�

⇢µ⇢⌫  e
+2�

⇢µ

 e
+2�

⇢⌫ �e
+2�

!
(A.5)
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+

Unitarity is violated at a scale  Λ5 = (Mplm4)1/5 ≪ Mpl
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Massive Spin-2 Fierz-Pauli Scattering to DM: Naive Expectation
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Spin-2 RS1 KK Scattering 
Amplitudes
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The situation in a KK theory is different due to the  
underlying 5D diffeomorphism invariance

Randall Sundrum Model
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RS Fields and Interactions
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RS KK Interactions

For illustration …
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Individual Contributions to Helicity-0 RS1 Elastic KK Scattering

Scalar Exchange:

KK Exchange:

Contact Interaction:
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Cancellations in the RS Model
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Summing over all intermediate KK states:

Cancellation enforced by sum-rules 
involving masses and couplings:
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Cancellations in the RS Model (cont’d)

Summing over all intermediate KK and scalar states:
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M(3) = M(2) = 0

Cancellation enforced by sum-rules 
involving masses and couplings:

KK sum scalar sum

These sum-rules can be proved analytically… 
residual amplitude O(s)!

Next: amplitudes for DM production
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Cancellations in DM Scattering to KK Gravitons

Sum rules ensure that
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Symmetry, Gauge-fixing, &     
the Equivalence Theorem

Phys. Rev. D 106 (2022) 3, 035026 & 109 (2024) 7, 7
See also:
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’t-Hooft-Feynman Gauge: Unphysical Goldstone Bosons

RS metric in conformal coordinates:

Bulk Einstein Equation

In unitary gauge: Aμ,ϕ=0
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Quantum Mechanical “SUSY” relates two eigenvalue systems

• Consider an eigenvalue system of the form D†D f(x) = λ f(x).


• Requires an inner produce to define D†, and therefore boundary conditions 
on the functions f(x).


• Implies the system DD†g(x)=λg(x) has the same non-zero eigenvalues! 

• DD†(Df(x))= D(D†Df(x))=λ(Df(x)) - hence g(x)=Df(x) solves second system, so 
long as Df(x) doesn’t vanish!


• RS KK system hides TWO interleaved N=2 QM SUSY systems, which define 
the the tensor, vector, and scalar modes of the system and enforce their 
degeneracy!

Aside: N=2 Quantum Mechanical “SUSY”
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’t-Hooft-Feynman Gauge: Mode Expansions and SUSY
Mode Expansions

SUSY Relations in Vector-Graviton Sector:

Vector Goldstone 

fields

Scalar Goldstone 

fields

Einstein Equations relate sectors!

SUSY Relations in Vector-Scalar Sector:

SUSY implies modes 
have same mass!
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`t-Hooft-Feynman Gauge Quadratic Terms

`t-Hooft-Feynman Gauge Fixing:

Quadratic Mode Lagrangian:

SUSY insures modes have same masses


`t-Hooft-Feynman Gauge Propagators:

No problematic “polarization projection” terms…
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Goldstone Boson Equivalence Theorem

Equivalence Theorem: Goldstone Boson Interactions:
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’t-Hooft-Feynman Gauge Scattering Amplitudes: O(s)!

Since on-shell scattering amplitudes are gauge-invariant, the cancellations 
observed in unitary gauge must occur! 
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DM KK Portal
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Generalization: Goldberger-Wise Stabilization

“Fix” values of Φ on branes, resulting in non-trivial 
background. Competition between kinetic and potential energy 

of scalar fixes size of extra dimension. 

Gravitation-GW Scalar sectors mix, but retain SUSY for 
those modes “eaten” by the KK gravitons!

Background EOM: SUSY Relation follows if EOM are satisfied:

Equivalence theorem follows … scattering amplitudes O(s)
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Part 3: KK Portal Dark Matter
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Schuster, 2019 FNAL DM Workshop

Recall: Thermal Freeze-Out Cross Section
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Summary of the issue on computing the relic density of KK portal DM

Three types of diagrams contribute to the 
calculation of relic densities
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FIG. 2. The diagrams of all possible brane matter interactions with the standard modes via the exchange of KK mode. �
denotes all possible types of brane matter: scalars S, fermions �, and vectors V .

Here we use reparametrized mass terms of the scalar, fermion and vector fields which are

mS̄ = eA(z̄)MS̄ , (18)

m� = eA(z̄)M�, (19)

mV̄ = eA(z̄)MV̄ . (20)

Note that unlike bulk fields, there are no interactions which contain an explicit derivative in the fifth dimension.

From here-on we can perform the usual KK decomposition for the gravity sector to obtain an e↵ective 4D action, with

spin-2 KK graviton wave functions given by Eq. ??. The 3- and 4-point interactions of the KK sector and matter are

written out in Sections ??-?? of [].

III. INTERACTIONS AND SCATTERING AMPLITUDES

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

which we need the amplitudes for the relevant processes. We divide the scattering amplitudes into 3 distinct types,

• 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. X1

• Annihilation of dark sector particles into the spin-2 KK sector, descibed in Fig. X2

• Annihilation to GW scalar sector, including the now massive radion, described in Fig. X3.

We describe each of these annihilation channels below,

A. Annihilation to SM particles via the KK portal

In the e↵ective 4D description, the couplings of the spin-2 KK gravitons to matter (scalars, fermions or vectors)

can be expressed by the following action,

SM =

Z
d4x L(G̃, S, V̄ , �), (21)

which upon expanding to order  in the metric fluctuation yields,

SM = �


2

Z
d4x hµ⌫Tµ⌫

(S, V, �). (22)

The stress energy tensor Tµ⌫ is given by,

Tµ⌫ =

✓
�⌘µ⌫L + 2

�L

�G̃µ⌫

◆
|G̃=⌘. (23)

For our scenario the spin-2 and the spin-0 KK sector links two matter sectors, whose energy momentum tensors

can be denoted by TSM
µ⌫ and TDM

µ⌫ corresponding to the SM (visible) sector and the DM (dark) sector respectively.
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FIG. 4. Brane localized matter (where �̄ = S̄,�, V̄ ) annihilating to spin-2 KK modes. Here r represents the radion.
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FIG. 5. Cross-section for the process SS ! h
(i)
h
(j) for the mass of the brane scalar of 0.5 TeV (left panel), and V V ! h

(i)
h
(j)

(right panel) . The cross-sections are computed by summing over the truncated KK tower of 25 internal spin-0 and 25 internal
spin-2 KK modes.

Wise mechanism generates a mass for the radion via the vacuum expectation value of a bulk scalar with a non-trivial

boundary potential. This ensures that once the full set of intermediate GW states are included in the calculation, the

amplitude grows as O(s/⇤
2

⇡), as expected. The details of this calculation are provided in [1, 2], and are reproduced

in this paper in the numerical evaluation of the scattering amplitudes. For the large s behaviour of the amplitude,

we expand the matrix element M��̄ in terms of the scattering energy
p

s and the scattering angle ✓,

M��̄(s, ✓) =

X

�2Z

fM(�)

��̄
(✓)s�/2. (28)

For example, at leading order in the centre of mass energy s, for a scalar DM initial state, the amplitude reads,
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We numerically evaluate the cross section with a full stabilized potential, such that all wave functions and the

masses of the spin-2 KK sector and the GW scalar sector are obtained to arbitrary precision. The behaviour of the

cross section is presented in Fig. 5, as a function of
p

s, where we observe the resonances as
p

s ' 2m1. Note that the

resonances occurring due to the GW scalars and the radio are significantly suppressed compared to the spin-2 KK

modes. A similar trend can be observed for brane localized fermions and vectors in the initial state. In the right panel

of Fig. 5 we present the annihilation to spin-2 KK modes via the diagrams in Fig 4. We notice that the cross-sections
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2. Couplings to matter fields

The “a-type” couplings between the matter fields and the graviton/radion fields, which contain no derivatives, are
defined as,

a�1�2
n1n2n3

= hf (n1)f (n2)
�1

f (n3)
�2

i
�1

, (71)

a�1�2
n1n2n3n4

= hf (n1)f (n2)f (n3)
�1

f (n4)
�2

i
�1

, (72)

a�1�2
n1n2r

= hf (n1)
�1

f (n2)
�2

k(0)i
�1

, (73)

where the bracket h· · ·i� denotes the inner product,

hf (n1)
1 f (n2)

2 · · ·i� =

Z
z2

z1

dz ew�A(z)f (n1)
1 (z)f (n2)

2 (z) · · · , with

8
><

>:

wS = 3

w L = w R = w = 4

wV = wV5 = 1

(74)

In the case of �1 = �2, we abbreviate the coupling as

a�1
··· = a�1�1

··· (75)

We also define the couplings that are related to the mass term in the Lagrangian as

aMS
···n1n2

= he2A · · · f (n1)
S

f (n2)
S

i
S
, (76)

a
M 
···n1n2 = heA · · · f (n1)

 L
f (n2)
 R

i
 
, (77)

aMS
n1n2r

= he2Af (n1)
S

f (n2)
S

k(0)i
S
, (78)

a
M 
n1n2r = heAf (n1)

 L
f (n2)
 R

k(0)i
 
. (79)

The “b-type” couplings are defined in a similar manner as the “a-type” couplings, except that we use a bar on top of
the index to denote there is a derivative acting on the corresponding wavefunction,

b�1�2
···n̄i··· = h· · · (@zf

(ni)
i

) · · ·i� (80)

A detailed account of the overlap integrals for 3 and 4 point interactions are provided in Sections C 1 - C 3 along with
the basic integration by parts and coupling identities.

B. Amplitudes for brane-localized matter

1. Brane Scalar

In the case of a brane localized scalar, the non-trivial contributions to the amplitude starting at O(s3), yielding a
total

fM(6) =
2(1� cos 2✓)

192m4
n

2

4
⇣
f (n)(z̄)

⌘2
�

1X

j=0

annjf
(j)(z̄)

3

5 , (81)

which vanishes due to completeness of the graviton wavefunctions,

1X

j=0

annjf
(j)(z̄) =

1X

j=0

Z
z2

z1

dz e3A(z)f (n)(z)f (n)(z)f (j)(z)

�
f (j)(z̄)

=

Z
z2

z1

dz f (n)(z)f (n)(z)�(z � z̄)

=
h
f (n)(z̄)

i2
.

(82)
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12

We note that the leading order O(s3) amplitude vanishes independent of any condition on the brane z̄. The situation
changes at next order, as we demonstrate now.
At the order of O(s2), after applying the sum rule above, the amplitude at next order can be written as,

fM(4) = �
2

576m4
n

8
<

:(3 cos 2✓ + 1)
1X

j=0

m2
j
annjf

(j)(z̄) + 24bn̄n̄rk
(0)(z̄)

� 2m2
n
(3 cos 2✓ + 5)

h
f (n)(z̄)

i2
� 8m2

n
ann0f

(0)(z̄)

9
=

; .

(83)

One can use the eigenequations and the completeness relation to derive the following sum rule

1X

j=0

m2
j
annjf

(j)(z̄) = 2
1X

j=0

(m2
n
annj � bn̄n̄j)f

(j)(z̄) = 2m2
n

h
f (n)(z̄)

i2
, (84)

but as we explain below only if use the fact that the wavefunctions @zf (n) = g(n) vanish at the location of the brane,

1X

j=0

bn̄n̄jf
(j)(z̄) = m2

n

h
g(n)(z̄)

i2
= 0. (85)

Using this relation the amplitude at sub-leading order becomes

fM(4) = �
2

72m4
n

⇢
3bn̄n̄rk

(0)(z̄)�m2
n

h
f (n)(z̄)

i2
�m2

n
ann0f

(0)(z̄)

�
, (86)

which then vanishes due to the radion sum rule

bn̄n̄rk
(0)(z̄) =

m2
n

3

h
f (n)(z̄)

i2
+

m2
n

3
ann0f

(0)(z̄). (87)

The proof of the radion sum rule is given in Appendix E.
We emphasize that the cancellation of the bad O(s2) high energy behavior crucially relies on the fact that the matter

is localized at the boundaries z̄ = z1 or z2, where the graviton KK mode wavefunctions satisfy @zf (n)(z̄) = g(n)(z̄) = 0.
The fact that the graviton wavefunctions have this property at the branes can be understood as the remnant of 5D
di↵eomorphism invariance. While the existence of the branes in RS breaks general 5D di↵eomorphism invariance, the
graviton Lagrangian is still invariant under the infinitesimal coordinate transformations that leave the location of the
brane fixed

xM
7! xM = xM + ⇠M . (88)

such that the parameter ⇠ satisfies

@z⇠µ(x
↵, zi) = 0, and ✓(x↵, zi) ⌘ ⇠5(x↵, zi) = 0. (89)

As shown in [25], the residual di↵eomorphisms are such that the parameters ⇠µ can be expanded in terms of the modes
f (j), while the parameters ✓ have an g(j) mode-expansions. Hence, for a “translation” along the fifth dimension ⇠µ = 0
and ✓ 6= 0, the location of the brane matter at a fixed position is di↵eomorphism invariant only if it is localized at
the boundaries. Breaking such invariance would thus spoil the cancellation of the bad high energy behavior. For
models with more than two branes, it is possible to localize the brane matter in the intermediate branes - but only
if the appropriate boundary conditions are imposed in the graviational sector - leading to a di↵erent form for the
mode expansion and a di↵erent physical spectrum (e.g. two radions due to there being two independent interbrane
distances REF). The study of such scenario is beyond the scope of this work.
The residual non-vanishing amplitude starts at O(s). Applying all the previous sum rules, the leading non-zero

contribution to the amplitude can be then written as,

fM(2) = �
2(3 cos 2✓ + 1)

576m4
n

8
<

:

1X

j=0

m4
j
annjf

(j)(z̄)� 2m4
n

h
f (n)(z̄)

i2
9
=

; . (90)

Sum all KK modes in all diagrams + GW scalar Residual non-vanishing amplitude 

12

We note that the leading order O(s3) amplitude vanishes independent of any condition on the brane z̄. The situation
changes at next order, as we demonstrate now.

At the order of O(s2), after applying the sum rule above, the amplitude at next order can be written as,

fM(4) = �
2

576m4
n

8
<

:(3 cos 2✓ + 1)
1X

j=0

m2
j
annjf

(j)(z̄) + 24bn̄n̄rk
(0)(z̄)

� 2m2
n
(3 cos 2✓ + 5)

h
f (n)(z̄)

i2
� 8m2

n
ann0f

(0)(z̄)

9
=

; .

(83)

One can use the eigenequations and the completeness relation to derive the following sum rule

1X

j=0

m2
j
annjf

(j)(z̄) = 2
1X

j=0

(m2
n
annj � bn̄n̄j)f

(j)(z̄) = 2m2
n

h
f (n)(z̄)

i2
, (84)

but as we explain below only if use the fact that the wavefunctions @zf (n) = g(n) vanish at the location of the brane,

1X

j=0

bn̄n̄jf
(j)(z̄) = m2

n

h
g(n)(z̄)

i2
= 0. (85)

Using this relation the amplitude at sub-leading order becomes

fM(4) = �
2

72m4
n

⇢
3bn̄n̄rk

(0)(z̄)�m2
n

h
f (n)(z̄)

i2
�m2

n
ann0f

(0)(z̄)

�
, (86)

which then vanishes due to the radion sum rule

bn̄n̄rk
(0)(z̄) =

m2
n

3

h
f (n)(z̄)

i2
+

m2
n

3
ann0f

(0)(z̄). (87)

The proof of the radion sum rule is given in Appendix E.
We emphasize that the cancellation of the bad O(s2) high energy behavior crucially relies on the fact that the matter

is localized at the boundaries z̄ = z1 or z2, where the graviton KK mode wavefunctions satisfy @zf (n)(z̄) = g(n)(z̄) = 0.
The fact that the graviton wavefunctions have this property at the branes can be understood as the remnant of 5D
di↵eomorphism invariance. While the existence of the branes in RS breaks general 5D di↵eomorphism invariance, the
graviton Lagrangian is still invariant under the infinitesimal coordinate transformations that leave the location of the
brane fixed

xM
7! xM = xM + ⇠M . (88)

such that the parameter ⇠ satisfies

@z⇠µ(x
↵, zi) = 0, and ✓(x↵, zi) ⌘ ⇠5(x↵, zi) = 0. (89)

As shown in [25], the residual di↵eomorphisms are such that the parameters ⇠µ can be expanded in terms of the modes
f (j), while the parameters ✓ have an g(j) mode-expansions. Hence, for a “translation” along the fifth dimension ⇠µ = 0
and ✓ 6= 0, the location of the brane matter at a fixed position is di↵eomorphism invariant only if it is localized at
the boundaries. Breaking such invariance would thus spoil the cancellation of the bad high energy behavior. For
models with more than two branes, it is possible to localize the brane matter in the intermediate branes - but only
if the appropriate boundary conditions are imposed in the graviational sector - leading to a di↵erent form for the
mode expansion and a di↵erent physical spectrum (e.g. two radions due to there being two independent interbrane
distances REF). The study of such scenario is beyond the scope of this work.

The residual non-vanishing amplitude starts at O(s). Applying all the previous sum rules, the leading non-zero
contribution to the amplitude can be then written as,

fM(2) = �
2(3 cos 2✓ + 1)

576m4
n

8
<

:

1X

j=0

m4
j
annjf

(j)(z̄)� 2m4
n

h
f (n)(z̄)

i2
9
=

; . (90)

Sum all KK modes in all diagrams + GW scalar

Stabilised RS Model
Annihilation into RS

• Naive power-counting gives O
!s3" amplitude growth for GiGj decay

channel and O
!s2" growth in Gi rj channel.

• Completeness between KK states ensures these growths are cancelled.
• External KK states behave as Goldstone bosons in the high-energy limit.

Residual leading order behaviour in each of the channels is
• SS æ GiGj : M = iŸi Ÿj

24 (1 + 3 cos 2◊) s + O
!s0"

• SS æ Gi rj : M = iŸi Ÿ
(r)
j

24 (1 + 3 cos 2◊) s + O
!s0"

• SS æ ri rj : M = ≠
iŸ(r)

i Ÿ
(r)
j

24 (1 + 3 cos 2◊) s + O
!s0"

Unitarity respected until theory cutoff � Ã 1/Ÿi .

Residual non-vanishing amplitude 

12

We note that the leading order O(s3) amplitude vanishes independent of any condition on the brane z̄. The situation
changes at next order, as we demonstrate now.

At the order of O(s2), after applying the sum rule above, the amplitude at next order can be written as,

fM(4) = �
2

576m4
n

8
<

:(3 cos 2✓ + 1)
1X

j=0

m2
j
annjf

(j)(z̄) + 24bn̄n̄rk
(0)(z̄)

� 2m2
n
(3 cos 2✓ + 5)

h
f (n)(z̄)

i2
� 8m2

n
ann0f

(0)(z̄)

9
=

; .

(83)

One can use the eigenequations and the completeness relation to derive the following sum rule

1X

j=0

m2
j
annjf

(j)(z̄) = 2
1X

j=0

(m2
n
annj � bn̄n̄j)f

(j)(z̄) = 2m2
n

h
f (n)(z̄)

i2
, (84)

but as we explain below only if use the fact that the wavefunctions @zf (n) = g(n) vanish at the location of the brane,

1X

j=0

bn̄n̄jf
(j)(z̄) = m2

n

h
g(n)(z̄)

i2
= 0. (85)

Using this relation the amplitude at sub-leading order becomes

fM(4) = �
2

72m4
n

⇢
3bn̄n̄rk

(0)(z̄)�m2
n

h
f (n)(z̄)

i2
�m2

n
ann0f

(0)(z̄)

�
, (86)

which then vanishes due to the radion sum rule

bn̄n̄rk
(0)(z̄) =

m2
n

3

h
f (n)(z̄)

i2
+

m2
n

3
ann0f

(0)(z̄). (87)

The proof of the radion sum rule is given in Appendix E.
We emphasize that the cancellation of the bad O(s2) high energy behavior crucially relies on the fact that the matter

is localized at the boundaries z̄ = z1 or z2, where the graviton KK mode wavefunctions satisfy @zf (n)(z̄) = g(n)(z̄) = 0.
The fact that the graviton wavefunctions have this property at the branes can be understood as the remnant of 5D
di↵eomorphism invariance. While the existence of the branes in RS breaks general 5D di↵eomorphism invariance, the
graviton Lagrangian is still invariant under the infinitesimal coordinate transformations that leave the location of the
brane fixed

xM
7! xM = xM + ⇠M . (88)

such that the parameter ⇠ satisfies

@z⇠µ(x
↵, zi) = 0, and ✓(x↵, zi) ⌘ ⇠5(x↵, zi) = 0. (89)

As shown in [25], the residual di↵eomorphisms are such that the parameters ⇠µ can be expanded in terms of the modes
f (j), while the parameters ✓ have an g(j) mode-expansions. Hence, for a “translation” along the fifth dimension ⇠µ = 0
and ✓ 6= 0, the location of the brane matter at a fixed position is di↵eomorphism invariant only if it is localized at
the boundaries. Breaking such invariance would thus spoil the cancellation of the bad high energy behavior. For
models with more than two branes, it is possible to localize the brane matter in the intermediate branes - but only
if the appropriate boundary conditions are imposed in the graviational sector - leading to a di↵erent form for the
mode expansion and a di↵erent physical spectrum (e.g. two radions due to there being two independent interbrane
distances REF). The study of such scenario is beyond the scope of this work.

The residual non-vanishing amplitude starts at O(s). Applying all the previous sum rules, the leading non-zero
contribution to the amplitude can be then written as,

fM(2) = �
2(3 cos 2✓ + 1)

576m4
n

8
<

:

1X

j=0

m4
j
annjf

(j)(z̄)� 2m4
n

h
f (n)(z̄)

i2
9
=

; . (90)

48



KK Portal DM Freeze-Out

49



0.1 1.00.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 2.0 3.0 4.0 5.0 6.0

mS (TeV)

10°34

10°32

10°30

10°28

10°26

10°24

hæ
S

S
vi

(c
m

3
/s

)

§º = 20 TeV, m1 = 1 TeV, mr = 1 GeV, m(1) = 1.4 TeV

Total

SS ! SM

SS ! hh

SS ! hr

SS ! rr

Velocity Averaged cross sections 

For freeze-out, we need 
velocity averaged cross-sections

10

�

�

hi

rj

h0

�

�

hi

rj

hk

�

�

hi

rj

rk

�

�

hi

rj

�

�

�

hi

rj

�

�

�

hi

rj

+

1X

k=1

+

1X

k=0

+ + +

FIG. 6. Diagrams for the brane matter annihilating to a spin-2 and a spin-0 KK mode process in question. � is a placeholder
for the brane particle (scalar, vector boson, or fermion, (� = (S, V µ

,�))), hi denote the ith spin-2 KK mode, ri denote the ith
spin-0 KK mode (only relevant for the brane stabilised RS model).

for the vector initiated states are larger than the corresponding scalar initiated states due to the polarization states of

the massive vector. As expected, at
p

s ! 1, the amplitude has no anomalous growth due to cancellations between

diagrams once all possible spin-2 and spin-0 KK modes are taken into account. As an example, the matrix element

for the purely longitudinal initial and final states for the V V ! h(1)h(2)
process is given by,

M
(1)

0,0;0,0 =
1

24
[ij (1 + 3 cos 2✓)] . (30)

We also notice that the e↵ect of the stabilizing potential do not appear at leading order (in the centre of mass energy

s ) in the high energy behaviour of the amplitude. The matrix elements for every single initial and final helicity states

for the process V V ! h(1)h(2)
and �� ! h(1)h(2)

are documented in Appendix X.

C. Annihilation to GW scalar final states

The final set of processes include the mixed spin-2 KK mode and the spin-0 (radion + GW scalar) modes h(i)rj in

the final state, corresponding to the Feynman diagrams in Fig. 6 as well as a pair of spin-0 modes rirj in the final

state in the final states, demonstrated in Fig. 7.

Brane Matter to Spin-0 Modes Notes

IV. VELOCITY AVERAGED CROSS-SECTIONS AND RELIC DENSITY

The velocity averaged cross-section can then be simply computed by,

h� � � ! f f vreli =

2⇡2T
R 1
4m2

�
ds

p
s
�
s � 4m2

�

�
K1

⇣p
s

T

⌘
� � �!ff (s)

�
4⇡m2

�
TK2

�
m�
T

��2
. (31)

In the above expression, K1, K2 are the Bessel functions of the first and second kind, T the temperature of the thermal

bath and f represents the particles that the DM particle � annihilates to.Scalar dark matter U(1) Vector dark 
matter

Standard Model Contribution  dominates over annihilation of KK states - Counting!
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◊

11Ô
s ≠ 2m’

2
cos 2◊ ≠ 2m’

2
sin ◊, (341)
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n
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V + s) (s ≠ m2
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T

V cos ◊. (344)

Analogously to the case of the annihilation of scalar DM candidate into SM species, we can obtain
leading order contribution to the low-velocity expansion by evaluating matrix elements listed
above at s = 4m2

V . However, unlike the scalar DM annihilation case, we do not have factors of
(s ≠ 4m2

V ) in front of the contributions from massive spin-2 propagators. Hence, for the case of DM
vector annihilation, the contribution from the massive spin-2 propagator is not velocity-suppressed.
ú(TODO: Need to add the breakdown of cross-section contribs plot!)
Focusing on the case of the Fermion DM candidate, we have ú(TODO: Write out fermions!)
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Figure 32: Velocity averaged cross-section for the process �� æ SM (presented on Fig. 30) at
T = m�/20 obtained via a sum over the truncated tower of 25 internal KK states as a function of the mass
of brane matter m�. � is a placeholder for brane scalar, brane vector, or brane fermion particles.ú(TODO:

Update al labels)
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Cross-section needed to  

saturate the relic density

 Vector dark matter can easily saturate the relic density due to s-wave annihilation
 Scalars are suppressed by a d-wave annihilation, Fermions by p-wave
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FIG. 4. Brane localized matter (where �̄ = S̄,�, V̄ ) annihilating to spin-2 KK modes. Here r represents the radion.

10
0

10
1

p
s (TeV)

10
�8

10
�7

10
�6

10
�5

10
�4

10
�3

10
�2

�
(T

eV
�

2
)

�� = 20 TeV, m1 = 1 TeV, mr = 1 GeV, m(1) = 1.4 TeV, mS = 0.5 TeV

SS ! h(1)h(1)

SS ! h(1)h(2)

SS ! h(1)h(3)

10
0

10
1

p
s (TeV)

10
�8

10
�7

10
�6

10
�5

10
�4

10
�3

10
�2

�
(T

eV
�

2
)

�� = 20 TeV, m1 = 1 TeV, mr = 1 GeV, m(1) = 1.4 TeV, mV = 0.5 TeV

V V ! h(1)h(1)

V V ! h(1)h(2)

V V ! h(1)h(3)

FIG. 5. Cross-section for the process SS ! h
(i)
h
(j) for the mass of the brane scalar of 0.5 TeV (left panel), and V V ! h

(i)
h
(j)

(right panel) . The cross-sections are computed by summing over the truncated KK tower of 25 internal spin-0 and 25 internal
spin-2 KK modes.

Wise mechanism generates a mass for the radion via the vacuum expectation value of a bulk scalar with a non-trivial

boundary potential. This ensures that once the full set of intermediate GW states are included in the calculation, the

amplitude grows as O(s/⇤
2

⇡), as expected. The details of this calculation are provided in [1, 2], and are reproduced

in this paper in the numerical evaluation of the scattering amplitudes. For the large s behaviour of the amplitude,

we expand the matrix element M��̄ in terms of the scattering energy
p

s and the scattering angle ✓,

M��̄(s, ✓) =

X

�2Z

fM(�)

��̄
(✓)s�/2. (28)

For example, at leading order in the centre of mass energy s, for a scalar DM initial state, the amplitude reads,

M0,0 = �
iij

24
(1 + 3 cos 2✓) s + O(s0

) + · · · , (29)

We numerically evaluate the cross section with a full stabilized potential, such that all wave functions and the

masses of the spin-2 KK sector and the GW scalar sector are obtained to arbitrary precision. The behaviour of the

cross section is presented in Fig. 5, as a function of
p

s, where we observe the resonances as
p

s ' 2m1. Note that the

resonances occurring due to the GW scalars and the radio are significantly suppressed compared to the spin-2 KK

modes. A similar trend can be observed for brane localized fermions and vectors in the initial state. In the right panel

of Fig. 5 we present the annihilation to spin-2 KK modes via the diagrams in Fig 4. We notice that the cross-sections

σv=10-26 cm3/s
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(Work in progress: enhanced cross section in the case of a massive radion…)

Cross-section needed to  

saturate the relic density

 Enhanced scalar DM cross section with massive (100 GeV) radion.

 New resonant contributions (purple) with Goldberger-Wise scalar exchange.


 These couplings are proportional to radion mass … exploring higher masses!
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Jocelyn Monroe, ICHEP 2024

Limits on DM 
interaction 
strength with 
matter: weaker 
than weak!

 Dark Matter Direct Detection Constraints
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Direct Detection (coherent coupling to energy-momentum tensor)
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Comments on the Direct Detection (following Ref. [1])
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Figure 34: Diagrams for the brane matter (� = („, A
µ
, �)) scattering o� the brane fermion (�) via the

exchange of the KK mode. We ignore purely gravitational interaction as it is Plank suppressed.

As brane fermions in Fig. 34 correspond to quarks inside the nucleus, we need to consider their
interaction vertices of the form

� (Q2)� (K2)
Ã ≠

1
4 ū� (Q2) [“µ (K‹

2
+ Q‹

2
) + “‹ (Kµ

2 + Qµ
2) ≠

≠2÷µ‹
1

/K2 + /Q
2

≠ 2m�

2È
u� (K2) = V µ‹

2 , (345)

� (Q2)� (K2)
Ã ≠

Û
2
3 ū� (Q2)

53
4

1
/Q

2
+ /K2

2
≠ 2m�

6
u� (K2) = V0, (346)

which we need to express in terms of the corresponding twist-2 and twist-0 nuclear operators.
Starting with Eq. (345), we can separate it into the traceless and scalar parts as

V µ‹
2 =

3
V µ‹

2 ≠
1
4÷µ‹V2

4
+ 1

2÷µ‹V2 = T̃ µ‹
�

+ 1
4÷µ‹T�, (347)

where we’ve indentifed trace-less part of V µ‹
2 with the twist-2 operator and the scalar part with the

twist-0 operator. Similarly, for the Eq. (346)

V0 = ≠
1
2

Û
2
3T�. (348)

As the velocity of "dark-mater wind" is non-relativistic, we can work in the low momentum transfer
approximation where Q2 ¥ K2, in this case, with the help of Eqs. (347) and (348) we can average
operators Eqs. (345) and (346) over the nucleon state |NÍ as

ÈN(P )|V µ‹
2 |N(P )Í = ÈN(P )|T̃ µ‹

�
|N(P )Í + 1

4÷µ‹
ÈN(P )|T�|N(P )Í

=
5 1
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3
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4m2

N÷µ‹
4 1

� (2) + �̄ (2)
2

≠
1
4÷µ‹fN

T�mN

6
ūN (P ) uN (P ) ,

(349)
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Comments on the Direct Detection (following Ref. [1])
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Figure 34: Diagrams for the brane matter (� = („, A
µ
, �)) scattering o� the brane fermion (�) via the

exchange of the KK mode. We ignore purely gravitational interaction as it is Plank suppressed.

As brane fermions in Fig. 34 correspond to quarks inside the nucleus, we need to consider their
interaction vertices of the form
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3 ū� (Q2)

53
4

1
/Q

2
+ /K2

2
≠ 2m�

6
u� (K2) = V0, (346)

which we need to express in terms of the corresponding twist-2 and twist-0 nuclear operators.
Starting with Eq. (345), we can separate it into the traceless and scalar parts as
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2 with the twist-2 operator and the scalar part with the

twist-0 operator. Similarly, for the Eq. (346)

V0 = ≠
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As the velocity of "dark-mater wind" is non-relativistic, we can work in the low momentum transfer
approximation where Q2 ¥ K2, in this case, with the help of Eqs. (347) and (348) we can average
operators Eqs. (345) and (346) over the nucleon state |NÍ as
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Comments on the Direct Detection (following Ref. [1])
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Figure 34: Diagrams for the brane matter (� = („, A
µ
, �)) scattering o� the brane fermion (�) via the

exchange of the KK mode. We ignore purely gravitational interaction as it is Plank suppressed.

As brane fermions in Fig. 34 correspond to quarks inside the nucleus, we need to consider their
interaction vertices of the form
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which we need to express in terms of the corresponding twist-2 and twist-0 nuclear operators.
Starting with Eq. (345), we can separate it into the traceless and scalar parts as
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where we’ve indentifed trace-less part of V µ‹
2 with the twist-2 operator and the scalar part with the

twist-0 operator. Similarly, for the Eq. (346)

V0 = ≠
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As the velocity of "dark-mater wind" is non-relativistic, we can work in the low momentum transfer
approximation where Q2 ¥ K2, in this case, with the help of Eqs. (347) and (348) we can average
operators Eqs. (345) and (346) over the nucleon state |NÍ as
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Û
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3 ÈN(P )|T�|N(P )Í = 1

2

Û
2
3fN

T�mnūN (P ) uN (P ) , (350)

where P = Q2 = K2 in low momentum transfer approximation, � (2) and �̄ (2) are the second
moments of the parton distribution function of the quark and antiquark �/�̄, and fN

T� are the mass
fractions of the quark � in the nucleon N . Using above results, we can approximate the S-matrix
element corresponding to diagrams Fig. 34 as

M±,± = ≠i
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M±,û = 0, (352)

where subscripts of the matrix elements denote the spins of the quark �. Setting
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1
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we can write down the invariant amplitude corresponding to the interaction of the dark-matter �
wind with the nucleus as

ÿ
|M|

2 = m2
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9
ÿ

�={u,d,s}

1
Zm2

pM̄
p
�

+ (A ≠ Z) m2

nM̄
n
�

2
2

, (354)

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. (354) 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

1
16fis

¥
1

16fi (m� + mA)2
= µ2

A

16fi

1
m2

�
m2

A

, (355)

where we introduced the mass of nucleus mA and the reduced nuclear mass µA = m�mA/ (mA + m�).
Hence, the spin-independent cross-section relevant to the DM direct detection is
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Note that Eq. (356) can be easily related to the experimental limit given by normalised to proton
scattering cross-section ‡SI

p as

‡SI

p (�A æ �A) = 1
A2

A
µp

µA

B
2

‡SI (�A æ �A) , (357)

where the reduced proton mass is given by µp = m�mp/ (m� + mp).
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where P = Q2 = K2 in low momentum transfer approximation, � (2) and �̄ (2) are the second
moments of the parton distribution function of the quark and antiquark �/�̄, and fN

T� are the mass
fractions of the quark � in the nucleon N . Using above results, we can approximate the S-matrix
element corresponding to diagrams Fig. 34 as
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we can write down the invariant amplitude corresponding to the interaction of the dark-matter �
wind with the nucleus as
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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. (354) 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
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where we introduced the mass of nucleus mA and the reduced nuclear mass µA = m�mA/ (mA + m�).
Hence, the spin-independent cross-section relevant to the DM direct detection is
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Note that Eq. (356) can be easily related to the experimental limit given by normalised to proton
scattering cross-section ‡SI

p as
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where the reduced proton mass is given by µp = m�mp/ (m� + mp).
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KK Portal Dark Matter Constraints
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Relic density, direct detection, collider combination Stabilised RS Model
Parameter Space Scans

Vector DM, � = 20 TeV, mr ¥ 0.001 TeV:

Ruled out by LZ 
limits 2023

Stabilised RS Model
Parameter Space Scans

Vector DM, � = 60 TeV, mr ¥ 0.001 TeV:

Ruled out by LZ 
limits 2023Solar neutrino floor

 Scalar DM never satisfy the relic density for sensible choices of parameters

 Fermion DM are ruled out by LZ direct detection limits

 Vector DM works in “portal region” where mG≅2mDM

Collider Bound

Relic density 
constraint is satisfied

Collider Bound

(Most of plotted region excluded …)

ALLOWED REGIONNeutrin
o “Fog”…

ALLOWED REGION

EXCLUDED REGION

EXCLUDED REGION

Relic density 
constraint is satisfied
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Spin-2 KK Scattering Amplitudes

• Individual contributions to the scattering amplitudes grow as fast as O(s5) in 
unitary gauge.


• Cancellation occurs between the diagrams - enforced by relationships between 
couplings and KK masses (proven).


• These cancellations are the result of the underlying 5D diffeomorphism invariance 
of the theory.


• Alternatively: examine theory in `t-Hooft-Feynman gauge, including unphysical 
spin-0 and spin-1 “Goldstone” bosons.


• Equivalence theorem insures that helicity-0 spin-2 scattering amplitudes equal 
those of the corresponding Goldstone scalars, which are O(s) by power-counting.


• Same remains true in a model with a stabilized extra dimension, and a massive 
radion.

Summary: Scattering Amplitudes
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KK Graviton Portal Dark Matter

• Model determined (for fixed MPl) by 
type of DM particle, Λπ, mG, mDM


• All cross-sections scale like s/Λ4π


• Scalar and Fermion DM ruled out


• Vector DM allowed, Λ above 10 TeV 
range, in “portal region” mG≅2mDM


• Allowed region can reach to the 
neutrino floor, and below …

Summary: KK Portal Dark Matter

Stabilised RS Model
Parameter Space Scans

Vector DM, � = 60 TeV, mr ¥ 0.001 TeV:

Collider Bound

ALLOWED REGIONNeutrin
o “Fog”…

EXCLUDED REGION
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