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1) Introduction
• Only gravitational evidence of DM ...
• ... but maybe in extra dimensions there are possible

observational signatures

• Extra Dimension theories were proposed at the end of the 
XX century in order to solve the hierarchy problem.

• Large Extra-Dimensions (LED)              extra dimensions flat

• Randall-Sundrum (RS)             
warped extra dimensions

• Clockwork/Linear Dilaton (CW/LD)
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5-Dimensional Metric
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• 5D Graviton field

• KK decomposition:

• In R-S:

• In CW/LD: 

5D massless graviton                 4D tower massive KK 
gravitons 
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Mass spectra
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Randall-Sundrum Clockwork/Linear Dilaton

The distance between the two 4D-branes is determined by    , 
to stabilise dynamically this distance a scalar field in the 5D-
bulk is introduced (Radion).
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• Already present bulk dilaton
field (    ).
• The 5D dilaton field can be 
written as a KK tower:
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Goldberger-Wise mechanism:
typically 

Brane distance stabilization mechanism
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mr < m1



• Here, I focus on Randall-Sundrum scenario (dual to a 4D 
strongly interacting model)

• SM and DM in the IR brane
• CW/LD studied in A. Donini, M.G. Folgado, N. Rius, JHEP 04 

(2020) 036, N. Bernal et al., JHEP 04 (2021) 061
• From the weak field expansion of the metric:

• Graviton-matter interaction:

• Radion-matter interaction:

• Gravitational field interactions (3rd order expansion)
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2) Freeze-out DM
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Ø Only DM-SM scattering (mediated by KK gravitons)
Rueter, Rizzo, Hewett, JHEP 10 (2017) 094

• SM + DM in the IR brane
• 3rd generation quarks in the IR brane, fermions near the UV 

brane, gauge fields in the bulk (avoid LHC strong bounds)  
• All SM in the bulk, with different BLKTs (to explain fermion

massses and CKM mixing matrix)

Ø DM annihilation into KK gravitons Min Lee, Park, Sanz 
Eur.Phys.J.C 74 (2014) 2715, JHEP 05 (2014) 063

• DM and Higgs in the IR brane, SM in the UV brane
• Only DM in the IR brane
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Figure 2: Annihilation channels of DM into SM particles via gravitons and radion exchange.

Here X and X̄ should be read as a placeholders for all kinds of SM particles.

approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section
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where �n is the width of the graviton. In this limit a good approximation of the width is

�n ⇡ 0.0968m3
n

⇤

2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one

finds
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where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.
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4

dion with respect to G1, the other channels open. For a ra-
dion mass smaller than mG1 (as is usually the case in phe-
nomenological models using the Goldberger-Wise mecha-
nism to stabilize the size of the extra-dimension), we will
take into account in sequence the second, the third and, even-
tually, the fourth term in eq. (2).

A common approximation in the freeze-out paradigm is
to consider a small relative velocity v between the DM par-
ticles when the freeze-out occurs. Therefore, the c.o.m. en-
ergy s is usually replace by s ⇠ 4m2

DM and only leading or-
der terms in v are kept. Formulæ for the DM annihilation
into SM particles in the so-called velocity expansion were
given in Ref. [2] and will be not repeated here. We address
the interested reader to that reference. A final comment is
in order: for mediator masses much smaller than the DM
particle mass, annihilation cross-sections into SM particles
and/or into the light mediators may be enhanced by multi-
ple interchange of the light mediator in the initial state, in a
phenomenon known as Sommerfeld enhancement (see, e.g.,
Ref. [41] and refs. therein). We have not studied in detail the
phenomenological impact of this effect, that could be rele-
vant for relatively small radion masses as it may lower the
value of L required to achieve the observed relic abundance.
However, we have estimated that, for radion masses above
100 GeV, the effect should be subdominant in the range of
relative velocities v considered here.

In Fig. 1 we present the different contributions from sve,
srr, sGr and sGG to the thermally-averaged DM annihila-
tion cross-section as a function of the DM mass mDM for
scalar (left panel), spin 1/2 fermion (middle panel) and vec-
tor boson (right panel) Dark Matter particles, respectively.
The parameters for which the Figure has been obtained are
mr = 100 GeV, mG1 = 1 TeV and L = 10 TeV. These val-
ues have been chosen so as to give a general feeling of the
typical results that can be obtained. In all plots, the freeze-
out thermally-averaged cross-section hsFO vi is depicted by
a dotted horizontal (red) line. The virtual KK-graviton ex-
change is represented by (purple) dot-dashed lines, and it
shows the characteristic spaced multiple-resonances behaviour
of the warped scenarios (differently from the case of CW/LD
model [2], where the spacing between one KK-graviton mode
and the next one is rather small, and a huge number of KK-
modes must be coherently summed). We can see in the left
panel that, as it was already found in Refs. [21–25], for
scalar DM the virtual exchange channel is insufficient to
reach hsFO vi. This is not the case for fermion and vector
boson DM, for which the resonant channel dominates the
cross-section for DM masses between 1 and 10 TeV. The di-
rect production of two radions, depicted by a dashed (green)
line, is relevant for mDM below 1 TeV in the case of scalar
DM, whereas it is much smaller than the resonant channel
for fermion and vector bosons. The same happens for the
virtual radion exchange cross-section, depicted by a dashed

Scalar Fermion Vector

Graviton Virtual Exchange v4 (d) v2 (p) v0 (s)

Radion Virtual Exchange v0 (s) v2 (p) v0 (s)

Annihilation into Gravitons v0 (s) v0 (s) v0 (s)

Annihilation into Radions v0 (s) v2 (p) v0 (s)

Annihilation into Radion + Graviton v0 (s) v0 (s) v0 (s)

Table 1 Velocity dependence of the different DM annihilation channels
and the corresponding s-, p- or d-waves.

(blue) line, mostly irrelevant3 in all cases. This is not the
case for the direct production of one KK-graviton and one
radion (represented by a dashed brown line), kinematically
possible for mDM � 1/2mG1 . In the scalar case this chan-
nel is strongly suppressed. For vector bosons, sGr is much
smaller than the virtual KK-graviton exchange but much
larger than srr and the virtual radion exchange. On the other
hand, in the fermion case, this cross-section is in the same
ballpark of the virtual KK-graviton exchange one and may
play a role for mDM < 1 TeV. The last contribution, depicted
by a solid (orange) line, represents the contribution of di-
rect production of two KK-gravitons, kinematically allowed
for mDM � mG1 (for larger values of mDM, new channels
open as long as 2mDM � mGm +mGn ). For scalar DM, this
channel is the driving force to achieve hsFO vi for mDM > 1
TeV, as it was found in Ref. [1]. On the other hand, both for
fermion and vector DM, this channel is of the same order
of the virtual KK-graviton exchange and contributes to the
total cross-section but is not changing the general behaviour
of the latter. Eventually, the red-shaded area in the upper-
right corner represents the region of the parameter space
for which the effective field theory we are using here is no
longer valid, as the cross-section is trespassing the unitarity
bound hs vi � 1/s.

As a useful tool to understand the difference between
the cross-sections for scalar, fermion and vector DM parti-
cles, we remind in Tab. 1 the dependence of the thermally-
averaged annihilation cross-section hs vi on the relative ve-
locity v (see Ref. [2]). Recall that v acts as a suppression
factor and, therefore, the larger the power to which it ap-
pears, the smaller the cross-section.

In Fig. 2 we present the total thermally-averaged cross-
section hs vith as a function of the DM mass, for four dif-
ferent points in the parameter space: (mG1 ,L) = (1,500)

3Notice that we have chosen a very small value of mr so as to study the
behaviour of the cross-section outside of the resonant window for the
radion mass. For radion masses in the range of the DM masses studied
here, a resonant peak in the cross-section is obviously found. However,
the width of the radion peak is so small that a significant fine-tuning
should occur in order for mDM ⇠ mr . We have decided not to consider
this particular case in the absence of a theoretical motivation for this
fine-tuning relating the mass of the Dark Matter and the mass of the
radion.
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3.2 Graviton and radion final states

The situation is more complicated when gravitons and radion in the final states are con-

sidered. In contrast to annihilation into SM fields which only depend on the interaction

between the gravitons and the energy-momentum tensor we now need to include also the

self-interaction of the gravitons, the radion-graviton coupling, and the e↵ective four-point

interactions ��GiGj , ��Gir and ��rr in our analysis. A set of representative Feynman

diagrams for the case of annihilations into two gravitons is shown in Fig.4. The relevant

Feynman rules and expressions for the coe�cients of the graviton/radion interactions are re-

ported in the appendix of [18]. Treating processes with external gravitons correctly is subtle.

In the following, we briefly recapitulate the results of [18] where we discussed the challenges

associated with graviton production in the Randall-Sundrum in detail, see also [20, 21] for a

related discussion on graviton scattering.

The longitudinal mode of the polarization tensor of massive spin-2 fields is proportional

to s/m2 which leads to a strong growth of the matrix elements with external gravitons in

the high energy limit. Taking only the lightest graviton into account the matrix element
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grows as M / s3. Specializing to the case of DM annihilations this would

imply a very strong growth of the associated cross section with m�, see for example [7, 10].

This behavior is not altogether unexpected since an even worse growth of the amplitudes has

been observed in spin-2 particle scattering amplitudes before [19, 36, 37]. In the absence of

additional new physics, this leads to a breakdown of perturbative unitarity at a scale well

below the naive e↵ective scale of the theory ⇤ [38]. This is puzzling as the 5D graviton

whose 4D decomposition leads to the Randall-Sundrum model does not have this issue. The
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Here X and X̄ should be read as a placeholders for all kinds of SM particles.

approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section
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where �n is the width of the graviton. In this limit a good approximation of the width is
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2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one

finds
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where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.

7



4

dion with respect to G1, the other channels open. For a ra-
dion mass smaller than mG1 (as is usually the case in phe-
nomenological models using the Goldberger-Wise mecha-
nism to stabilize the size of the extra-dimension), we will
take into account in sequence the second, the third and, even-
tually, the fourth term in eq. (2).

A common approximation in the freeze-out paradigm is
to consider a small relative velocity v between the DM par-
ticles when the freeze-out occurs. Therefore, the c.o.m. en-
ergy s is usually replace by s ⇠ 4m2

DM and only leading or-
der terms in v are kept. Formulæ for the DM annihilation
into SM particles in the so-called velocity expansion were
given in Ref. [2] and will be not repeated here. We address
the interested reader to that reference. A final comment is
in order: for mediator masses much smaller than the DM
particle mass, annihilation cross-sections into SM particles
and/or into the light mediators may be enhanced by multi-
ple interchange of the light mediator in the initial state, in a
phenomenon known as Sommerfeld enhancement (see, e.g.,
Ref. [41] and refs. therein). We have not studied in detail the
phenomenological impact of this effect, that could be rele-
vant for relatively small radion masses as it may lower the
value of L required to achieve the observed relic abundance.
However, we have estimated that, for radion masses above
100 GeV, the effect should be subdominant in the range of
relative velocities v considered here.

In Fig. 1 we present the different contributions from sve,
srr, sGr and sGG to the thermally-averaged DM annihila-
tion cross-section as a function of the DM mass mDM for
scalar (left panel), spin 1/2 fermion (middle panel) and vec-
tor boson (right panel) Dark Matter particles, respectively.
The parameters for which the Figure has been obtained are
mr = 100 GeV, mG1 = 1 TeV and L = 10 TeV. These val-
ues have been chosen so as to give a general feeling of the
typical results that can be obtained. In all plots, the freeze-
out thermally-averaged cross-section hsFO vi is depicted by
a dotted horizontal (red) line. The virtual KK-graviton ex-
change is represented by (purple) dot-dashed lines, and it
shows the characteristic spaced multiple-resonances behaviour
of the warped scenarios (differently from the case of CW/LD
model [2], where the spacing between one KK-graviton mode
and the next one is rather small, and a huge number of KK-
modes must be coherently summed). We can see in the left
panel that, as it was already found in Refs. [21–25], for
scalar DM the virtual exchange channel is insufficient to
reach hsFO vi. This is not the case for fermion and vector
boson DM, for which the resonant channel dominates the
cross-section for DM masses between 1 and 10 TeV. The di-
rect production of two radions, depicted by a dashed (green)
line, is relevant for mDM below 1 TeV in the case of scalar
DM, whereas it is much smaller than the resonant channel
for fermion and vector bosons. The same happens for the
virtual radion exchange cross-section, depicted by a dashed

Scalar Fermion Vector

Graviton Virtual Exchange v4 (d) v2 (p) v0 (s)

Radion Virtual Exchange v0 (s) v2 (p) v0 (s)

Annihilation into Gravitons v0 (s) v0 (s) v0 (s)

Annihilation into Radions v0 (s) v2 (p) v0 (s)

Annihilation into Radion + Graviton v0 (s) v0 (s) v0 (s)

Table 1 Velocity dependence of the different DM annihilation channels
and the corresponding s-, p- or d-waves.

(blue) line, mostly irrelevant3 in all cases. This is not the
case for the direct production of one KK-graviton and one
radion (represented by a dashed brown line), kinematically
possible for mDM � 1/2mG1 . In the scalar case this chan-
nel is strongly suppressed. For vector bosons, sGr is much
smaller than the virtual KK-graviton exchange but much
larger than srr and the virtual radion exchange. On the other
hand, in the fermion case, this cross-section is in the same
ballpark of the virtual KK-graviton exchange one and may
play a role for mDM < 1 TeV. The last contribution, depicted
by a solid (orange) line, represents the contribution of di-
rect production of two KK-gravitons, kinematically allowed
for mDM � mG1 (for larger values of mDM, new channels
open as long as 2mDM � mGm +mGn ). For scalar DM, this
channel is the driving force to achieve hsFO vi for mDM > 1
TeV, as it was found in Ref. [1]. On the other hand, both for
fermion and vector DM, this channel is of the same order
of the virtual KK-graviton exchange and contributes to the
total cross-section but is not changing the general behaviour
of the latter. Eventually, the red-shaded area in the upper-
right corner represents the region of the parameter space
for which the effective field theory we are using here is no
longer valid, as the cross-section is trespassing the unitarity
bound hs vi � 1/s.

As a useful tool to understand the difference between
the cross-sections for scalar, fermion and vector DM parti-
cles, we remind in Tab. 1 the dependence of the thermally-
averaged annihilation cross-section hs vi on the relative ve-
locity v (see Ref. [2]). Recall that v acts as a suppression
factor and, therefore, the larger the power to which it ap-
pears, the smaller the cross-section.

In Fig. 2 we present the total thermally-averaged cross-
section hs vith as a function of the DM mass, for four dif-
ferent points in the parameter space: (mG1 ,L) = (1,500)

3Notice that we have chosen a very small value of mr so as to study the
behaviour of the cross-section outside of the resonant window for the
radion mass. For radion masses in the range of the DM masses studied
here, a resonant peak in the cross-section is obviously found. However,
the width of the radion peak is so small that a significant fine-tuning
should occur in order for mDM ⇠ mr . We have decided not to consider
this particular case in the absence of a theoretical motivation for this
fine-tuning relating the mass of the Dark Matter and the mass of the
radion.
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Figure 2: Annihilation channels of DM into SM particles via gravitons and radion exchange.

Here X and X̄ should be read as a placeholders for all kinds of SM particles.

approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section
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where �n is the width of the graviton. In this limit a good approximation of the width is

�n ⇡ 0.0968m3
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⇤

2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one

finds
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where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.
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3.2 Graviton and radion final states

The situation is more complicated when gravitons and radion in the final states are con-

sidered. In contrast to annihilation into SM fields which only depend on the interaction

between the gravitons and the energy-momentum tensor we now need to include also the

self-interaction of the gravitons, the radion-graviton coupling, and the e↵ective four-point

interactions ��GiGj , ��Gir and ��rr in our analysis. A set of representative Feynman

diagrams for the case of annihilations into two gravitons is shown in Fig.4. The relevant

Feynman rules and expressions for the coe�cients of the graviton/radion interactions are re-

ported in the appendix of [18]. Treating processes with external gravitons correctly is subtle.

In the following, we briefly recapitulate the results of [18] where we discussed the challenges

associated with graviton production in the Randall-Sundrum in detail, see also [20, 21] for a

related discussion on graviton scattering.

The longitudinal mode of the polarization tensor of massive spin-2 fields is proportional

to s/m2 which leads to a strong growth of the matrix elements with external gravitons in

the high energy limit. Taking only the lightest graviton into account the matrix element

�� ! G
1

G
1

grows as M / s3. Specializing to the case of DM annihilations this would

imply a very strong growth of the associated cross section with m�, see for example [7, 10].

This behavior is not altogether unexpected since an even worse growth of the amplitudes has

been observed in spin-2 particle scattering amplitudes before [19, 36, 37]. In the absence of

additional new physics, this leads to a breakdown of perturbative unitarity at a scale well

below the naive e↵ective scale of the theory ⇤ [38]. This is puzzling as the 5D graviton

whose 4D decomposition leads to the Randall-Sundrum model does not have this issue. The
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approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section
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where �n is the width of the graviton. In this limit a good approximation of the width is

�n ⇡ 0.0968m3
n

⇤

2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one

finds
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where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.
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dion with respect to G1, the other channels open. For a ra-
dion mass smaller than mG1 (as is usually the case in phe-
nomenological models using the Goldberger-Wise mecha-
nism to stabilize the size of the extra-dimension), we will
take into account in sequence the second, the third and, even-
tually, the fourth term in eq. (2).

A common approximation in the freeze-out paradigm is
to consider a small relative velocity v between the DM par-
ticles when the freeze-out occurs. Therefore, the c.o.m. en-
ergy s is usually replace by s ⇠ 4m2

DM and only leading or-
der terms in v are kept. Formulæ for the DM annihilation
into SM particles in the so-called velocity expansion were
given in Ref. [2] and will be not repeated here. We address
the interested reader to that reference. A final comment is
in order: for mediator masses much smaller than the DM
particle mass, annihilation cross-sections into SM particles
and/or into the light mediators may be enhanced by multi-
ple interchange of the light mediator in the initial state, in a
phenomenon known as Sommerfeld enhancement (see, e.g.,
Ref. [41] and refs. therein). We have not studied in detail the
phenomenological impact of this effect, that could be rele-
vant for relatively small radion masses as it may lower the
value of L required to achieve the observed relic abundance.
However, we have estimated that, for radion masses above
100 GeV, the effect should be subdominant in the range of
relative velocities v considered here.

In Fig. 1 we present the different contributions from sve,
srr, sGr and sGG to the thermally-averaged DM annihila-
tion cross-section as a function of the DM mass mDM for
scalar (left panel), spin 1/2 fermion (middle panel) and vec-
tor boson (right panel) Dark Matter particles, respectively.
The parameters for which the Figure has been obtained are
mr = 100 GeV, mG1 = 1 TeV and L = 10 TeV. These val-
ues have been chosen so as to give a general feeling of the
typical results that can be obtained. In all plots, the freeze-
out thermally-averaged cross-section hsFO vi is depicted by
a dotted horizontal (red) line. The virtual KK-graviton ex-
change is represented by (purple) dot-dashed lines, and it
shows the characteristic spaced multiple-resonances behaviour
of the warped scenarios (differently from the case of CW/LD
model [2], where the spacing between one KK-graviton mode
and the next one is rather small, and a huge number of KK-
modes must be coherently summed). We can see in the left
panel that, as it was already found in Refs. [21–25], for
scalar DM the virtual exchange channel is insufficient to
reach hsFO vi. This is not the case for fermion and vector
boson DM, for which the resonant channel dominates the
cross-section for DM masses between 1 and 10 TeV. The di-
rect production of two radions, depicted by a dashed (green)
line, is relevant for mDM below 1 TeV in the case of scalar
DM, whereas it is much smaller than the resonant channel
for fermion and vector bosons. The same happens for the
virtual radion exchange cross-section, depicted by a dashed

Scalar Fermion Vector

Graviton Virtual Exchange v4 (d) v2 (p) v0 (s)

Radion Virtual Exchange v0 (s) v2 (p) v0 (s)

Annihilation into Gravitons v0 (s) v0 (s) v0 (s)

Annihilation into Radions v0 (s) v2 (p) v0 (s)

Annihilation into Radion + Graviton v0 (s) v0 (s) v0 (s)

Table 1 Velocity dependence of the different DM annihilation channels
and the corresponding s-, p- or d-waves.

(blue) line, mostly irrelevant3 in all cases. This is not the
case for the direct production of one KK-graviton and one
radion (represented by a dashed brown line), kinematically
possible for mDM � 1/2mG1 . In the scalar case this chan-
nel is strongly suppressed. For vector bosons, sGr is much
smaller than the virtual KK-graviton exchange but much
larger than srr and the virtual radion exchange. On the other
hand, in the fermion case, this cross-section is in the same
ballpark of the virtual KK-graviton exchange one and may
play a role for mDM < 1 TeV. The last contribution, depicted
by a solid (orange) line, represents the contribution of di-
rect production of two KK-gravitons, kinematically allowed
for mDM � mG1 (for larger values of mDM, new channels
open as long as 2mDM � mGm +mGn ). For scalar DM, this
channel is the driving force to achieve hsFO vi for mDM > 1
TeV, as it was found in Ref. [1]. On the other hand, both for
fermion and vector DM, this channel is of the same order
of the virtual KK-graviton exchange and contributes to the
total cross-section but is not changing the general behaviour
of the latter. Eventually, the red-shaded area in the upper-
right corner represents the region of the parameter space
for which the effective field theory we are using here is no
longer valid, as the cross-section is trespassing the unitarity
bound hs vi � 1/s.

As a useful tool to understand the difference between
the cross-sections for scalar, fermion and vector DM parti-
cles, we remind in Tab. 1 the dependence of the thermally-
averaged annihilation cross-section hs vi on the relative ve-
locity v (see Ref. [2]). Recall that v acts as a suppression
factor and, therefore, the larger the power to which it ap-
pears, the smaller the cross-section.

In Fig. 2 we present the total thermally-averaged cross-
section hs vith as a function of the DM mass, for four dif-
ferent points in the parameter space: (mG1 ,L) = (1,500)

3Notice that we have chosen a very small value of mr so as to study the
behaviour of the cross-section outside of the resonant window for the
radion mass. For radion masses in the range of the DM masses studied
here, a resonant peak in the cross-section is obviously found. However,
the width of the radion peak is so small that a significant fine-tuning
should occur in order for mDM ⇠ mr . We have decided not to consider
this particular case in the absence of a theoretical motivation for this
fine-tuning relating the mass of the Dark Matter and the mass of the
radion.
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Figure 2: Annihilation channels of DM into SM particles via gravitons and radion exchange.

Here X and X̄ should be read as a placeholders for all kinds of SM particles.

approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section
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where �n is the width of the graviton. In this limit a good approximation of the width is

�n ⇡ 0.0968m3
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2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one
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where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.
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diagrams for the case of annihilations into two gravitons is shown in Fig.4. The relevant

Feynman rules and expressions for the coe�cients of the graviton/radion interactions are re-

ported in the appendix of [18]. Treating processes with external gravitons correctly is subtle.

In the following, we briefly recapitulate the results of [18] where we discussed the challenges

associated with graviton production in the Randall-Sundrum in detail, see also [20, 21] for a

related discussion on graviton scattering.
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to s/m2 which leads to a strong growth of the matrix elements with external gravitons in

the high energy limit. Taking only the lightest graviton into account the matrix element
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grows as M / s3. Specializing to the case of DM annihilations this would

imply a very strong growth of the associated cross section with m�, see for example [7, 10].

This behavior is not altogether unexpected since an even worse growth of the amplitudes has

been observed in spin-2 particle scattering amplitudes before [19, 36, 37]. In the absence of

additional new physics, this leads to a breakdown of perturbative unitarity at a scale well

below the naive e↵ective scale of the theory ⇤ [38]. This is puzzling as the 5D graviton

whose 4D decomposition leads to the Randall-Sundrum model does not have this issue. The

9

Figure 2: Annihilation channels of DM into SM particles via gravitons and radion exchange.

Here X and X̄ should be read as a placeholders for all kinds of SM particles.

approximated by a polynomial in v2 or, equivalently, 1/x. Due to the KK-tower resonances

and thresholds are ubiquitous in our model and we always use the full thermal average in our

analysis. We also do not report approximate expressions in the velocity expansion but prefer

to present �(s) instead. Two classes of final states contribute to the � annihilation rates, SM

particles, and gravitational fields (i.e. gravitons and radions).

3.1 SM final states

Annihilations into SM fields are mediated by the exchange of KK-gravitons and the radion

in the s-channel 3. A set of representative Feynman diagrams is shown in Fig.2. If the DM

is heavy such that the masses of SM particles can be neglected one finds a relatively simple

expression for the cross section

�(��
Gn! SM SM) ⇡ 73

1440⇡

 
1� 4m2

�

s

!
3/2

s3

⇤4

�����
X

n

1

s�m2

n + i�nmn

�����

2

, (3.3)

where �n is the width of the graviton. In this limit a good approximation of the width is

�n ⇡ 0.0968m3
n

⇤

2 ; more detailed expressions that take all masses into account can be found in

Appx. A. The whole KK-tower contributes and the cross section is characterized by a series of

resonances. The thermal average smooths these out a bit but the resonance structure remains

clearly visible in h�vi. In addition, there is a contribution from radion exchange which does

not interfere with the gravitons. If the masses of the final state particles are neglected one

finds

�(��
r! SM SM) ⇡ 1

288⇡

 
1� 4m2

�

s

!� 1
2
 
1 +

2m2

�

s

!
2

s3

⇤4

����
1

s�m2

r + i�rmr

����
2

, (3.4)

where we have neglected the contribution of massless gauge bosons. These do not couple to

the radion at tree level and their contribution at freeze-out is small. Expressions for the cross

3
In principle also the massless graviton contributes but since its interaction strength is fixed by MPl it can

be neglected here.

7

Figure 3: �� �! rG

n

— Representative diagrams contributing at leading order.

which leads to our only sum rule from radion final states:

X

m

k

2
e

�2µ⇡ �̃nmr

m

2
m

= 1� �nrr . (3.10)

This condition relates the graviton-radion-radion coupling and the graviton-graviton-radion

coupling.

4 Sum rules

After having identified the sum rules that ensure the cancellation of contributions that grow

faster than s, we now show that these hold in the Randall-Sundrum model. Before starting

in earnest, it is important to note that the sum rules for the �-couplings can be derived from

relations that only involve �̃ since their sums are related. In fact this even goes beyond the

large µ limit and one can already show this at the level of the a and b coupling. Integration

by parts of b
nkm

leads to

b

nmk
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= (m
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)2a
nkm

� b

mkn

.

(4.1)

The large µ limit we are interested in allows to separate the part that depends on µ from the

rest. This was already achieved with the use of �, �̃ that are related to a, b through

a

nmk

= �

nmk

p
µe

µ⇡

,

b

nmk

= �̃

nmk

µ

5/2
e

�µ⇡

.

(4.2)

13



Anomalous enhancement due to the sum over massive KK 
graviton polarizations
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Scalar Fermion Vector 

fermion: 

scalar, vector:

mr = 100GeV,MG1 = 1TeV,⇤ = 10TeV

�(DM,DM ! GnGn) /
s

⇤2

✓
s

m2
n

◆k k = 2

k = 4



Scalar DM

• It is needed to sum over the infinite tower of KK gravitons in 
the s channel

Giorgi, Vogl, JHEP 04 (2021) 143; 
JHEP 11 (2021) 036

Subtle cancellations due to sum rules of Bessel functions (wave 
funtions of KK gravitons )
Radion contribution is also essential 
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(a) (b) (c)

Figure 5: Thermally averaged cross section into the a) G
1

G
1

, b) G
1

G
2

, and c) G
1

-radion final

state for a representative set of parameters (⇤ = 20 TeV, m
1

= 1 TeV and mr = 100 GeV).

The full numerical result obtained by including the KK-tower up to the first 20 gravitons is

shown in red (solid) while the naive result obtained by truncating the tower after the highest

graviton in the final states is shown in black (dashed). In blue (dot-dashed) we show our

approximation for the high m� limit. The temperature is taken to be T = m�/20 as in Fig. 3.

above (blue, dashed). While this result is not able the capture to behavior for masses close

to the threshold, the agreement with the numerical computation is quite good for m� & 3m
1

and it reproduces the large mass behavior correctly.

3.3 Total cross section

Let us now turn to the total annihilation cross section. The cross section into SM particles is

well described by Eq. 3.3 and Eq. 3.4 provided m� � mt. In the case of graviton and radion

final states, the situation is a little bit more involved. Here, we have to take into account

that more channels open as m� increases. The analytic approximations do not capture the

channels with mn close to m�. Nevertheless, if more channels are open the bulk of them can

be captured by Eqs. 3.12-3.15. and the total cross section in RS-particles is given by

�RS =
X

i+j2N

�GiGj +
X

i2N

�rGi + �rr ⇡ cN2�G1G1 , (3.16)

where GN is taken to be the heaviest graviton pair that can be produced. Due to their larger

multiplicity, the sums are dominated by the mixed GiGj final. Identifying N =
p
s/2�m

where �m is the mass spacing between the gravitons we find an estimate of total cross section

into gravitational fields that captures the scaling in the large mass limit. The parameter c

is an O(1) number that corrects for the fact that not all final state gravitons masses can be

neglected in this sum. Weighting every channel by the phase space factor
q
�(s,m2

i ,m
2

j )/s,
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Figure 2: Representative set of diagrams contributing to �� ! G

k

G

n

annihilations.

in � annihilations (�� ! G

n

G

m

) and 2) mixed graviton-radion production (�� ! G

n

r). The

first class is most interesting from a theoretical point of view and will allow us to identify

new sum rules for the couplings of three gravitational fields while the second class leads to

an independent relation for the radion couplings.

3.1 Helicity matrix elements for �� ! G
k

G
n

We are interested in the high energy limit of the �� ! G

n

G

k

matrix element. There are four

classes of diagrams that contribute. First, there is the emission of G via t- and u-channel �

exchange and a contribution from the ��G

n

G

k

contact interaction. In addition, there is an

infinite set of diagrams with all possible graviton-modes in the s-channel and one diagram

from s-channel radion exchange. A representative set of diagrams is shown in Fig. 2.

We work in the center of mass frame and take the initial state particle to travel along the z-

axis while the final state particle are emitted back to back in some arbitrary direction. Using

the helicity formalism for spin-2 fields, the spin-2 polarization tensor can be decomposed as

a combination of spin-1 polarization tensors [34]:

✏

µ⌫

0 =
1p
6

�
✏

µ

±1✏
⌫

⌥1 + 2✏µ0 ✏
⌫

0 + ✏

µ

⌥1✏
⌫

±1

�
,

✏

µ⌫

±1 =
1p
2

�
✏

µ

±1✏
⌫

0 + ✏

µ

0 ✏
⌫

±1

�
,

✏

µ⌫

±2 = ✏

µ

±1✏
⌫

±1 .

(3.1)

An explicit form for the spin-1 polarization tensor of a massive particle moving in an arbitrary

direction, i.e. a particle with with massm and momentum ~p = |~p| (sin ✓ cos�, sin ✓ sin�, cos ✓),

9

mr = 100GeV,MG1 = 1TeV,⇤ = 20TeV



Final result, as expected :  

Analogous result for 

- Vector and fermion DM, as well as CW/LD: work in progress 
with A. Donini, G. Landini, A. Muñoz
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Bounds from resonance searches at LHC

ATLAS:	Search	for	new	
phenomena	in	high-
mass	dilepton final	
states	using	37	
(1707.02424)

ATLAS:	Search	for	new	
phenomena	in	high-
mass	diphoton final	
states	using	37		
(1707.04147)
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3) Freeze-in DM
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DM is a Feebly Interacting Massive Particle (FIMP)
It never reaches thermal equilibrium



Scalar DM

Direct Freeze In Sequential Freeze In

• DM production via virtual 
graviton and radion
exchange
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• DM production via graviton 
and radion decay.
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Relevant when G,𝝓 are in 
thermal equilibrium
or T < mr, m1



• Sequential freeze-in: Boltzmann equations for DM, G and 𝝓

• SM-Gn Gm scattering suffers from unphysical divergence when
m1 << s ∼ T2  (work in progress)

• Approx. solutions:
1) Direct freeze-in: T < mr
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2) Sequential freeze in via inverse decays:

Summing over Gn with mn < Trh:
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3) Sequential freeze in via annihilations

(to be corrected) 
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Fermionic DM
• Only sequential freeze-in via inverse decays
• Radion contribution suppressed, since ∝ m2

DM 

• Constraints from velocity distribution of DM: too fast due to 
KK graviton late decays

Thermalization
BBN (𝝉1 > 10s)
Warm DM bound
meshed: KK no LL
Strong dependence
on Trh

Constant Trh

Giorgi, Vogl, arXiv:2208.03153
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4) Summary and outlook
• Importance of summing over all KK graviton modes to recover

unitarity

• WIMP DM freeze-out strongly constrained by LHC (unless SM 
is not confined on the IR brane)

• Giving up the hierarchy problem, plenty of room for FIMP DM 
freeze-in

• To do: 
Ø Sum rules for fermion and vector scattering to 

Gn Gm, and Gn r in RS scenario (Donini, Landini, Muñoz)
Ø Sum rules for other Xdim models: CW/LD, Flat 
Ø Construct full inflationary models (Bernal, Cosme, Donini)Gravitational	portal	to	DM	in	

Xdims	
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