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1 Introduction

Embedding the Standard Model (SM) partially or completely in a composite sector can

solve the hierarchy problem, by making the Higgs boson composite. Often such a compos-

ite sector arises as the low-energy limit of an approximately scale invariant theory, where

scale invariance is broken somewhere above the weak scale. If the breaking of scale in-

variance is spontaneous, then it is accompanied by a light dilaton (the Goldstone boson of

spontaneously broken scale invariance) σ that couples to the fields in the composite sector

through the trace of the energy-momentum tensor1 of that sector [2–7]

− σ

f
TrT. (1.1)

1To be precise the conserved, symmetric Callan-Coleman-Jackiw energy-momentum tensor [1] of the

composite sector.
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For massive particles, the coupling to σ is proportional to the particle masses, with the

suppression scale f corresponding to the breaking of scale invariance. Similar couplings

will be obtained to fields that mix the composite and elementary sector, except in that case

the anomalous dimensions of the elementary fields will also appear in the formula. For a

detailed discussion of the couplings of dilatons to various fields see [8].

The canonical dilaton Lagrangian (1.1) offers an economical way to couple the SM to

new fields that could be singlets under the SM gauge symmetries and thus form an otherwise

dark sector. In this paper we study the possibility that dark matter (DM) belongs to such

dark sector and couples to the SM through eq. (1.1). In the minimal set up that we explore

here, three parameters determine the dynamics of thermal freeze-out in the early Universe:

the breaking scale f , the dilaton mass mσ, and the dark matter mass mχ. Fixing one of

these parameters such that the observed dark matter relic abundance is reproduced leaves

a rather predictive framework. We show that a large parametric region exists where the

solution is perturbative and produces cold, weakly interacting massive particle dark matter

(WIMP), with f, mσ, mχ of roughly similar magnitude and in the range ∼ 1− 10 TeV.

Null results from dark matter direct detection experiments like LUX [9], XENON100 [10]

and CDMS [11] put considerable pressure on WIMP models where DM couples to the SM

through exchange of SM particles. The annihilation cross section σann ∼ 10−36 cm2,

required for WIMP relic abundance consistent with observations, is some ten orders of

magnitude larger than the WIMP-nucleon elastic scattering cross section now probed by

the direct detection experiments. This excludes Z boson exchange in all but fine-tuned

corners of the parameter space, and requires some tuning for Higgs mediation as well. In

contrast, the dilaton portal we analyze here quite generically evades the direct detection

constraints in the bulk of the relevant parameter space, as the DM coupling to the SM

resembles the case of Higgs exchange but with extra suppression of order (v/f)2 (mh/mσ)4

with v = 〈H〉 = 246 GeV and mσ and the scale f automatically lying in the TeV ballpark

to provide the correct relic abundance.

The idea that dark matter could couple to the SM via dilaton exchange was analyzed

previously in ref. [12] (where the dilaton was taken to be massless) and in ref. [13] (for

some specific warped extra dimensional models where the role of the dilaton was played by

the radion). Our work generalizes the results of ref. [13] and extends the analysis of [12]

by adding the dilaton mass as a free parameter. This allows a more complete exploration

of the parameter space and reveals effects such as Sommerfeld-enhanced annihilation. We

also incorporate the most recent experimental bounds from direct and indirect detection

as well as collider experiments.

The outline of this paper is as follows. In section 2 we summarize the basic properties

of the dilaton. We present its couplings, fixed mainly by the scale f with a few additional

parameters characterizing the embedding of the SM matter into the composite sector, com-

ment on expected NDA bounds on the dilaton mass, and present two benchmark models to

be studied in the paper. Section 3 contains a calculation of the DM annihliation cross sec-

tion due to dilaton exchange. After deriving a unitarity bound on the DM mass, we present

the parameter space of the theory where the observed relic abundance is reproduced. In

section 4 we compare the DM-nucleon scattering cross sections to the experimental bounds
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from the latest round of direct detection measurements, finding that large regions of the

parameter space are compatible with the bounds. In section 5 we consider constraints from

indirect detection of gamma rays and cosmic ray antiprotons. We conclude in section 6.

Appendix A summarizes collider bounds on the dilaton, considering LEP, Tevatron and

the LHC. Appendix B contains cross-section formulae for the sub-leading annihilation

channels that we omit in the body of the text for clarity.

2 The dilaton mediated dark matter model

We start by considering the effective theory describing an approximately scale invariant

sector with scale invariance spontaneously broken at the scale f . The Goldstone boson

corresponding to this breaking, called the dilaton σ̃(x), can be parametrized via a spurion

field Φ(x) as [8]

Φ(x) ≡ feσ̃(x)/f (2.1)

such that under a scale transformation x → xeλ we have Φ(x) → eλΦ(eλx) and 〈Φ〉 = f .

This Φ is not (necessarily) an elementary scalar - rather it is the analog of the Σ field of

non-linear σ-models for the case of spontaneously broken scale invariance, which allows one

to construct the low-energy effective Lagrangian for the dilaton that captures the essential

features of the broken symmetry. To obtain a canonically normalized dilaton kinetic term

it is convenient to do a field redefinition such that Φ(x) = σ(x) + f [6] where σ is now the

canonically normalized dilaton field. Using a spurion analysis one can then find the low

energy theory below the cutoff scale 4πf by inserting powers of Φ/f in the SM Lagrangian

to make it scale invariant. After electroweak symmetry breaking one finds the following

effective action describing the interactions of the canonically normalized dilaton with the

SM fields [5, 6, 8]

Lσ =
1

2
∂µσ∂

µσ − 1

2
m2
σσ

2 − 5

6

m2
σ

f
σ3 − 11

24

m2
σ

f2
σ4 + . . .−

(
σ

f

)∑
ψ

(1 + γψ)mψψ̄ψ

+

+

(
2σ

f
+
σ2

f2

)[
m2
WW

+µW−µ +
1

2
m2
ZZ

µZµ −
1

2
m2
hh

2

]
+
αEM

8πf
cEMσFµνF

µν +

+
αs

8πf
cGσGaµνG

aµν . (2.2)

The sum on ψ runs over the SM fermions, which are assumed to be partially composite

with light fermions being mainly elementary and the top quark mainly composite. γψ
corresponds to the anomalous dimension of fermionic operators responsible for generating

the SM fermion masses after mixing between the elementary and composite sectors. For

composite fermions the anomalous dimension is expected to be small γψ ' 0, while for

light fermions the anomalous dimension may be sizable.

Naive dimensional analysis (NDA) limits the plausible size of the dilaton mass. For

example, considering the dilaton self-energy loop from the trilinear coupling in eq. (2.2) we

find that

mσ ≤ 4πf (2.3)
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to ensure that the one-loop correction of the dilaton mass remains below the tree-level

mass, and that the couplings of the dilaton to matter remain under control [14]. This is

just the reflection of the fact that this theory has an intrinsic cutoff of order Λ ∼ 4πf , and

we should treat it as an effective theory valid below that scale. Note also that it is difficult

to make the dilaton much lighter than the cutoff scale. In generic models there is a tuning

of order mσ
Λ necessary to lower the dilaton mass [8, 14, 15], though special constructions

can potentially alleviate this tuning [16, 17]. We will require that the dilaton is not lighter

than f/10.2

A few additional comments are in order about eq. (2.2). The cubic and quartic dilaton

self interaction arise from expanding the effective dilaton potential which includes a scale

invariant term, Φ4, and small explicit sources of scale symmetry breaking such as Φ4−ε.

These two terms are expected to be the dominant ones in the effective potential of the non-

linear field Φ, and is applicable to all types of theories with spontaneous breaking of scale

invariance, irrespective of whether there is an elementary scalar breaking the symmetry, or

the breaking happens dynamically. The Φ4−ε term represents the effect of small explicit

breaking of scale invariance. The effect of any explicit breaking term will be to generate

a term in the effective potential with power different from 4. If the breaking is small,

the power is expected to lie close to 4, hence the usual choice of power 4 − ε, where ε

usually represents the anomalous dimension of an explicitly non-scale invariant operator.

We want to emphasize again that this parametrization of the potential is expected to be

quite general, covering both cases of breaking via an elementary scalar and dynamical

breakings of scale invariance. Requiring that 〈Φ〉 = f and that d2V (Φ)
dΦ2 = m2

σ fixes the

parameters of the dilaton potential. The full expression for the cubic self-coupling of the

dilaton is 5−ε
6

m2
σ
f , which for small ε we can approximate as 5

6
m2
σ
f ,3 while for small ε the

quartic is 11/24m
2
σ

f2 . Away from the ε→ 0 limit, the prefactor of the cubic coupling can lie

anywhere in the interval [2/6, 5/6] [6]. For simplicity, throughout this paper we have used

the limiting value 5/6 for the cubic, though we have verified that this does not influence

our results significantly. The coupling of the dilaton to massless gauge bosons arises from

two sources; just like for the SM Higgs, the dilaton receives a contribution from top quark

and W boson loops, but in addition there is a direct contribution from the trace anomaly.

The trace anomaly is proportional to the β-functions: the actual contribution will be

the difference between the β-function above and below the symmetry breaking scale. Thus

this contribution depends on the details of what fraction of the composite sector is actually

charged under the unbroken SM gauge symmetries, and what fraction of the SM fields are

composites. For example, the coupling to gluons cG receives a contribution from the trace

2Very light dilatons (while generically tuned) can have interesting phenomenology. For example it could

be a dark matter component itself, or lead to a form of dark radiation. However in that scenario several

additional important cosmological and astrophysical constraints have to be satisfied, including overclosure

of the Universe, star and supernova cooling and fifth force constraints. An exploration of these constraints

and the viability of the very light dilaton mass region is beyond the scope of this work.
3Note that for ε = 0 both the mass m2

σ and the cubic coupling vanish. Here we are assuming that ε is

small but non-vanishing.
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anomaly and from a top loop and is given by

cG = b
(3)
IR − b

(3)
UV +

1

2
F1/2(xt) (2.4)

where b
(3)
UV,IR are the QCD β-function coefficients above and below the scale f . This is

a free parameter of the theory, which gives a measure of the QCD charges of the scale

invariant sector. The function F1/2 is the usual triangle diagram contribution of a fermion

given by

F1/2(x) = 2x [1 + (1− x)f(x)] (2.5)

f(x) =


[
sin−1 (1/

√
x)
]2

x ≥ 1

−1
4

[
log
(

1+
√
x−1

1−
√
x−1

)
− iπ

]2
x < 1

(2.6)

where xt = 4m2
t /m

2
σ [5, 8]. A similar expression applies to the coupling to photons.

Some of the results in the following sections (in particular the direct detection and col-

lider signals) depend on the parameters cG and cEM . To this end we define two benchmark

model examples which we will study in detail.

Model A: This is the well-studied case proposed in [6] where the entire SM is composite,

corresponding to bUV = 0, bIR = bSM , giving rise to the parameters b3UV − b3IR =

−7, bEMUV − bEMIR = 11/3. Note that for a light dilaton these b’s depend somewhat on

the dilaton mass: for example b3UV − b3IR = −11 + 2n/3, with n denoting the number

of quarks whose mass is smaller than mσ/2.

Model B: This is a limit of the well-motivated case when only the right-handed top and

the Goldstone bosons needed for electroweak symmetry breaking are composites,

while we minimize the β-functions of the UV to be as small as possible, resulting in

b3UV = bEMUV = 0, b3IR = −1/3, bEMIR = −11/9. Note however that bUV is in fact a free

parameter depending on the actual UV theory, and its value here has been chosen

only for illustration.

The final ingredient of the model is χ, the dark matter particle, which can be spin 0,

1/2 or 1. We assume that χ is a composite of the conformal sector, and does not have any

direct coupling to the standard model fields which are mainly elementary. The couplings of

χ to the dilaton are fixed by a spurion analysis and follow the rules of couplings of generic

massive composites [12]:

LDM ⊃


−
(

1 + 2σ
f + σ2

f2

)
1
2m

2
χχ

2 Scalar

−
(

1 + σ
f

)
mχχ̄χ Fermion(

1 + 2σ
f + σ2

f2

)
1
2m

2
χχµχ

µ Gauge boson.

(2.7)

For simplicity we assume that a Z2 symmetry renders χ to be a stable particle. For the

fermionic case, we assume that χ is a Dirac fermion.
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Figure 1. Leading annihilation diagrams of dark matter in the regime mχ � mt. For fermionic

dark matter there is no direct annihilation to dilatons.

3 Relic abundance

In this section we present the calculation of the relic abundance of the dark matter field

χ, where annihilations into SM states are assumed to proceed via dilaton exchange, and

exhibit the relevant parameter space of the theory. As usual, for small relative velocities v

the velocity-weighted annihilation cross section can be expanded as σv = a + bv2. At the

freeze-out temperature TF we have 〈v2〉 = 6/xF where xF = mχ/TF . The value of xF can

then be determined by solving the Boltzmann equation in an expanding Universe:

xF = ln

(
5

4

√
45

8

g

2π3

MPlmχ(a+ 6b/xF )√
g∗
√
xF

)
, (3.1)

where g is the number of degrees of freedom of the dark matter particle and g∗ is the effective

number of relativistic degrees of freedom in thermal equilibrium during dark matter freeze-

out. Once xF is determined the dark matter relic abundance is given by

Ωχh
2 ≈ 1.07× 109

GeVMPl
√
g∗

xF
a+ 3(b− a/4)/xF

. (3.2)

As we show below, the dark matter annihilation cross section (and thus the parameters

a, b) in the model considered here is calculated in terms of mχ,mσ and f . Requiring that

the observed relic abundance Ωχh
2 = 0.1199 ± 0.0027 [18] is reproduced will thus impose

one non-trivial relation and reduce the parameter space of the model. Next we map out

this relation in detail, obtaining the reduced parameter space of the theory to be tested by

direct and indirect detection experiments as well as collider searches.

3.1 Annihilation cross sections

The dominant dark matter annihilation channels for mχ � mt are χχ → σσ,WW,ZZ,

shown in figure 1. The dominant channels contain factors of mχ/f , to be compared with all

other sub-leading channels (for example s-channel dilaton exchange with quark or higgs final

states) that contain factors of mq/f or mh/f instead and are thus suppressed by relative

powers of mq,h/mχ. Below we present analytical expressions for the dominant channels in

the limit mχ � mt, for the cases of scalar, fermion and vector dark matter. Formulae for

the sub-leading annihilation channels can be found in appendix B. For numerical results

all of the allowed annihilation channels are included.

– 6 –
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Scalar dark matter. Scalar dark matter annihilation is dominated by s-wave processes.

The approximate expressions of the cross sections are

σv(χχ→WW ) '
mχm

4
W

√
m2
χ −m2

W

(
2 +

(2m2
χ−m2

W )2

m4
W

)
2πf4|4m2

χ −m2
σ − iIm

(
Π(4m2

χ)
)
|2

, (3.3)

σv(χχ→ σσ) '
mχ

√
m2
χ −m2

σ|2(2m2
χ −m2

σ)2 + 2m4
σ − iIm

(
Π(4m2

χ)
) (

2m2
χ +m2

σ

)
|2

16πf4(2m2
χ −m2

σ)2|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

.

(3.4)

Note that the second term in the parenthesis of eq. (3.3), corresponding to the formation of

longitudinal gauge boson modes, becomes proportional to m4
χ/m

4
W in the limit mχ � mW .

In this limit, the m4
W pre-factor is cancelled such that the overall cross section scales like

m2
χ/f

4.

In the expressions above Π(p2) is the 1PI self-energy insertion for the dilaton, which

on-shell is related to the width via mσΓσ = −Im
(
Π(m2

σ)
)
. Note that we only include the

imaginary part in our calculations. The real part (once properly renormalized) is expected

to be a moderate correction to the existing real part of the propagator, which will result in

small shifts to the precise shape of the contours presented below, but can not qualitatively

change the results, as long as the NDA bound (2.3) on the dilaton mass is obeyed. On the

other hand properly incorporating the non-vanishing imaginary part can give significant

shifts in the resulting cross sections especially close to the resonance.

The total width of the dilaton is the sum of the partial widths to Higgs, quarks, massive

gauge bosons and dark matter, which in the limit mσ � mt is dominated by the decays to

massive gauge bosons

Γσ(σ →WW ) =
m4
W

4πmσf2

√
1− 4

m2
W

m2
σ

(
2 +

(m2
σ − 2m2

W )2

4m4
W

)
. (3.5)

The processes χχ→ ZZ and σ → ZZ are obtained from eqs. (3.3)–(3.5) by replacing mW

by mZ and dividing by 2 to account for the phase space of identical final state particles. In

appendix C we collect the contributions of the other channels to the dilaton decay width.

Fermionic dark matter. For fermionic dark matter, the annihilation channels have no

s-wave contribution, thus the dominant contribution is a p-wave process which is suppressed

– 7 –
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by a factor of v2. We find

σv(χχ̄→WW ) ' v2
mχm

4
W

√
m2
χ −m2

W

(
2 +

(2m2
χ−m2

W )2

m4
W

)
16πf4|4m2

χ −m2
σ − iIm

(
Π(4m2

χ)
)
|2

(3.6)

σv(χχ̄→ σσ) ' v2

[
m5
χ

√
m2
χ −m2

σ

(
9m4

χ − 8m2
σm

2
χ + 2m4

σ

)
24πf4

(
16m8

χ − 32m6
χm

2
σ + 24m4

χm
4
σ − 8m6

σm
2
χ +m8

σ

)
+

25mχm
4
σ

√
m2
χ −m2

σ

128πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

−
5m3

χm
2
σ

√
m2
χ −m2

σ(5m2
χ − 2m2

σ)

48πf4
(
4m4

χ − 4m2
σm

2
χ +m4

σ

) Re

(
1

4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
))].
(3.7)

Vector dark matter. For vector boson dark matter the annihilation is again dominated

by s-wave processes:

σv(χχ→WW ) '
mχm

4
W

√
m2
χ −m2

W

(
2 +

(2m2
χ−m2

W )2

m4
W

)
6πf4|4m2

χ −m2
σ − iIm

(
Π(4m2

χ)
)
|2

(3.8)

σv(χχ→ σσ) '
mχ

√
m2
χ −m2

σ

144πf4(2m2
χ −m2

σ)2|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2
(

708m8
χ

+44m2
σm

2
χIm2

(
Π(4m2

χ)
)
− 28m4

σIm2
(
Π(4m2

χ)
)
− 1600m2

σm
6
χ

+1424m4
χm

4
σ − 576m6

σm
2
χ + 11m4

σIm2
(
Π(4m2

χ)
)

+ 96m8
σ

)
. (3.9)

3.2 Unitarity considerations

We emphasize again that the WW and ZZ annihilation channels are important because of

the enhanced contributions of the longitudinal modes. Note that ref. [12] neglected these

channels due to the suppression of the W/Z couplings by mW,Z/f . However as we have

shown in the previous section, these factors are cancelled in the limit mχ � mZ due to

the contributions of the longitudinal modes which grow with the CM energy/dark matter

mass.

For large DM mass, the gauge boson longitudinal modes might violate unitarity. This

is analogous to the unitarity violation in elastic WW scattering in the standard model

without the Higgs. However here the Higgs does not save unitarity. Thus we will have a

unitarity bound on the DM mass, related to the built-in cutoff for the theory above which

it is expected to be strongly coupled. One can estimate the unitarity bound on mχ by

considering the contribution of the longitudinal mode to the scattering amplitude in the

large DM mass limit, given by M≈ 2m2
χ/f

2 for either scalar, fermion or vector DM. The

resulting s-wave partial wave amplitude a0 ≈ m2
χ/(16πf2) satisfies the unitarity bound

|<(a0)| ≤ 1/2 if

mχ ≤
√

8πf. (3.10)
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This unitarity bound on mχ is slightly more constraining than the NDA estimate for the

cutoff mχ . ΛNDA = 4πf . A similar analysis for the annihilation to dilatons results in the

same upper bound.

3.3 The basic parameter space

We now analyze the parameter space of the model that is compatible with the observed

dark matter relic density. Figure 2 shows the available parameter space where the observed

relic density can be reproduced by an appropriate choice of the symmetry breaking scale f .

The top left, top right, and bottom panels show the results for scalar, fermion, and vector

dark matter, respectively. The x- and y-axes correspond to the dilaton and dark matter

mass, while the contours show the value of f that is required to obtain the observed dark

matter relic density.

For concreteness, in the rest of this section we discuss the scalar dark matter case.

We later summarize the results for fermion and vector dark matter. To understand the

results shown in figure 2 (top left, as we are focusing on the scalar example), we consider

the different parametric regions in turn. Consider the case mχ,mσ � mZ , where annihi-

lation to WW,ZZ and, if kinematically allowed, σσ dominates. Assume first mχ > mσ,

corresponding to the upper-left region in figure 2. Here we have

〈σv〉 ≈
m2
χ

4πf4
≈ 3× 10−26

(
f

6 TeV

)−2(mχ

f

)2

cm3/s (valid for mχ � mσ). (3.11)

Recall that relic abundance consistent with observations requires 〈σv〉 ≈ 3× 10−26 cm3/s,

and that Ωχh
2 ∝ 〈σv〉−1, imposing the relation mχ = f2/(6TeV). Combining this with

the unitarity bound mχ ∼
√

8πf obtained above, we find an upper bound f < 30 TeV.

Violating this bound leads to DM annihilation cross section that is too small, and so DM

relic density that is too high to match observations. A caveat in this derivation is that

our dark matter particle may co-annihilate with extra particles in the dark sector. If this

co-annihilation is efficient, due to some mass degeneracy in the dark sector and large cross

sections, then it would relax the bound on f , allowing f to be somewhat larger than 30 TeV.

Even taking this caveat into account, a rough bound f . 100 TeV is still expected to hold.

We note that this derivation of the bound on f is compatible with the unitarity argument

of [19], that showed that mχ . 100 TeV is required in general from S-matrix unitarity (we

update their early result here by using the currently measured DM relic density). Plugging

the model-independent upper bound on mχ from ref. [19] into eq. (3.11), we obtain again

f . 30 TeV. The consistency between eq. (3.10) and the unitarity bound of [19] implies

that eq. (3.10) is satisfied throughout the parameter space shown in figure 2.

Next, consider the region with mσ � mχ, so that the χχ→ σσ channel is kinematically
forbidden. This region corresponds to the lower-right part of figure 2. In this regime, and
still assuming mχ � mZ , one finds the following approximate form for the cross section:

〈σv〉 ∼
3m6

χ

πf4m4
σ

≈ 2 · 10−26
( mχ

350 GeV

)6
(

TeV

f

)4(
TeV

mσ

)4

cm3/s (mχ � mW , mσ � mχ).

(3.12)
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Figure 2. Parameter space for scalar (top left), fermion (top right) and vector (bottom) dark

matter with freeze-out mediated by dilaton exchange. The x and y axes correspond to the dilaton

and dark matter mass, respectively. Contours show the value of the symmetry breaking scale f ,

that is required in order to obtain the observed dark matter relic density. In the blank region

in the lower-right part of the plot, there is no real solution for f that provides the correct relic

density while satisfying eq. (2.3). Above the red dashed line mσ < f/10, signaling some degree of

fine-tuning. Note that the model-independent unitarity bound of ref. [19] implies mχ . 105 GeV

(see text).
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As one increases the dilaton mass mσ the symmetry breaking scale f needs to decrease

in order to keep the relic abundance fixed. However, one will very quickly need to lower f

below the value mσ/4π, implying that we have left the regime of validity of our effective

theory. Therefore most of the lower left region will be excluded based on this criterion. Of

course the exact shape of the excluded region will be somewhat uncertain: it depends on the

exact onset of strong coupling, and can also be slightly modified by strong co-annihilations

in the dark sector. Nevertheless, even in this case we expect that the allowed region would

shift only slightly.

The resonance at mσ = 2mχ is clearly visible in figure 2. The approximate expression

of the cross section close to the resonance region is

〈σv〉 ∼
3m6

χ

π
[
(∆m)4f4 +

9m8
χ

4π2

] , (3.13)

where ∆m2 = 4m2
χ−m2

σ, measuring the deviation from the exact location of the resonance.

In this region (but above the blank region corresponding to eq. (3.12)), a large value of

f is required to reduce the otherwise too high annihilation cross section. Note, that once

mχ ∼ 40 TeV the cross section falls below the observed value even without a contribution

from the resonance. Above those masses one does not expect any more resonant behavior,

which is indeed what is reflected in figure 2. We note that numerical resolution affects

the size of f that is displayed in figure 2 exactly on the resonance line, as f → ∞ for

∆m2 → 0. Of course, living exactly on resonance corresponds to an extremely fine-tuned

parametric set-up. Note that beyond the mere parametric fine-tuning, another issue here

is that f � mσ would imply dynamical fine-tuning as well.

We conclude the discussion of the scalar DM case by considering the scenario proposed

in ref. [8], that entertained the possibility of having the newly discovered Higgs-like particle

itself be the dilaton. For the dilaton to mimic the Higgs, we must have mσ ≈ mh = 126 GeV

and f ≈ v = 246.2 GeV. For these values of mσ and f , we find that the dark matter mass

that is needed for correct relic abundance is mχ ≈ 52 GeV if the dark matter is a scalar.

The leading annihilation channels at this value of mχ are to bottom and charm quarks

and tau leptons. Larger values of mχ result in relic abundance that is too low, while lower

values of mχ give a too-high relic abundance. This means that mχ ≈ 52 GeV is an upper

bound for scalar dark matter mass in our framework in the Higgs-like dilaton scenario. As

we show in section 4, such a low scalar dark matter mass is excluded by direct detection

limits. Similar results are obtained for the case of fermion and vector DM, as presented

in the second and third plots in figure 2. The higgs-like dilaton scenario would require

fermion dark matter of 61 GeV, or vector DM of 56 GeV. As we will see both of these cases

are excluded by the direct detection bounds.

Finally, note that in part of the parameter space depicted in figure 2 the DM annihila-

tion cross section receives large non-perturbative corrections at low center of mass velocities

(Sommerfeld enhancement). In our model, at large DM mass when the effective coupling

mχ/f is not far from the perturbativity limit, the effect induces a sizable correction to

the relic abundance calculation. We compute the Sommerfeld enhancement in section 5
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and include it in a simplified form in the calculation of figure 2, by rescaling the tree-level

annihilation cross section by the Sommerfeld enhancement factor at relative DM velocity

v = 0.3, corresponding roughly to the thermal freeze-out kinematics. In most of the pa-

rameter space, corresponding to perturbative coupling (mχ/f)2/4π � 1, the correction to

the derived value of f(mχ,mσ) fixed by the relic abundance requirement is insignificant.4

4 Direct detection

Having defined the parameter space of the theory that reproduces the correct relic abun-

dance, we now study direct detection constraints. For direct detection we need to consider

the elastic cross section of a dark matter particle that scatters off a nucleon. The dilaton

interacts with quarks q and the gluons Gaµν inside a nucleon [21, 22]. Thus the relevant

part of the dilaton effective Lagrangian is

L ⊃ −
∑
q

σ

f
(1 + γq)mqqq̄ +

αs
8πf

cGG
2 . (4.1)

To estimate the anomalous dimension for quarks, one can consider the corresponding

warped extra dimensional models where the anomalous dimension is determined [5] by

1 + γ = cL − cR, where cL,R are the bulk fermion mass parameters. For typical warped

fermion scenarios we find for example γs ∼ 0.16, which we neglect in the bounds below.

Taking the matrix element between nucleon states yields the effective nucleon-dilaton

Lagrangian

Lσnn = ynσnn̄ (4.2)

where the coefficient yn is determined by the fnq , R
n hadronic matrix elements:

yn ≡ −
∑
q

fnq
mn

f
+Rn

cG
8πf

. (4.3)

For these matrix elements we use the values from [22–24]:

fnq = 〈n|q̄q|n〉mq

mn

fnu ' fnd ' 0.022

fns ' 0.043

fnc ' 0.0814

fnb ' 0.0785

fnt ' 0.0820

Rn = αs〈n|GaµνGaµν |n〉 ' −2.4GeV (4.4)

4In fine-tuned regions of the parameter space, where the Sommerfeld effect hits a resonance, DM anni-

hilation re-coupling can significantly affect the relic abundance calculation [20]. We ignore this effect here

and comment about it in section 5.
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With this effective interaction the scattering cross section between dark matter and nucle-

ons is given by

σχ,n ≈
y2
n

π

(
mχ

f

)2 m2
n

m4
σ

(4.5)

for either scalar, fermionic or vector dark matter.

Fixing the scale f for given mσ and mχ to match the relic abundance, we plot the

DM-nucleon elastic scattering cross section as a function of the dark matter mass for a few

dilaton mass values. The results are illustrated on figure 3 along with the recent direct

detection constraints from the LUX experiment [9]. We have also included the effects of the

collider bounds on the dilaton from the LHC and other machines (see appendix A). These

plots show that most of the parameter space is currently allowed both by the dark matter

direct detection experiments and also by the collider constraints, as long as mσ & 200 GeV.

As discussed in section 3.3, for mχ � mt and away from the resonance the annihilation

cross section is proportional to m2
χ/f

4. Moreover, since yn ∝ 1/f , we can see that the

elastic scattering cross section is proportional to the same combination m2
χ/f

4. Thus in

the appropriate regime the elastic cross section will be independent of the dark matter

mass, as can be seen in figure 3.

5 Sommerfeld enhancement and indirect detection

We now consider the prospects for indirect detection of dark matter annihilation via gamma

ray and cosmic ray antiproton flux measurements.5 We limit the discussion to the case in

which the DM χ is a real scalar field. We expect similar results for the vector DM case;

the fermion DM case will not have significant cosmic ray signatures as its annihilation is

p-wave suppressed in the small virial velocity of the Milky Way and its dwarf satellite

galaxies.

The parameter space of interest for the model includes the regime where mχ > mσ.

In this regime, dilaton exchange produces an attractive Yukawa potential −α
r e
−mσr, with

α =
m2
χ

4πf2 , that affects the dark matter annihilation process giving rise to Sommerfeld

enhancement (SE; see e.g. [26, 27]) that needs to be taken into account in the indirect

detection estimates. In the top panel of figure 4 we plot the effective SE factor (denoted

SEeff) in the {mσ,mχ} plane, fixing the value of the scale f at each point to match the

observed dark matter relic abundance. We define SEeff as the value of the SE today in

the Galactic halo, normalized to its value during DM freeze-out when v ∼ 0.3. In our

5Additional constraints can be derived from neutrino experiments. These constraints are typically weaker

than those arising from gamma ray and antiproton data (see e.g. [13] for discussion of the ν flux in the

context of a related model) and we do not consider them in this work. Under specific cosmic ray propagation

model assumptions, constraints can also be derived from the high energy positron flux. In comparison to

the p̄ calculation, however, the theoretical uncertainties for e+ are larger as the results depend crucially on

the cosmic ray propagation time in the Galaxy that dictates the amount of e+ radiative energy loss [25],

and so we do not consider e+ constraints in this work.
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Figure 3. Nucleon-dark matter elastic cross section as a function of dark matter mass. The

red arrows point towards the non-excluded region. The lighter portion of the curves are already

excluded by bounds from collider experiments searching for a dilaton.
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calculation we use an approximate formula for the SE factor [20, 28, 29],

SE ≈ π

εv

sinh
(

12εv
πεφ

)
cosh

(
12εv
πεφ

)
− cos

[
2π

√
6

π2εφ
−
(

12εv
πεφ

)2
] , (5.1)

where εv ≡ v
2α = 2πvf2

m2
χ

and εφ ≡ mσ
αmχ

= 4πmσf2

m3
χ

. We set the value of the dark matter

particles’ relative velocity to v = 10−3, appropriate for annihilation in the Galactic halo.

We have verified that the approximation above reproduces the full Sommerfeld calculation

to a good accuracy.

The top panel of figure 4 shows that for DM mass above a few TeV, large values of the

SE factor are possible with SEeff > 102 in resonance regions. As we show below, this result

may have interesting implications — striking indirect detection signatures are possible if the

model happens to live at an SE resonance. However, resonant SE is limited to fine-tuned

regions in the parameter space. To illustrate this point, in the bottom panel we plot the

value of SE vs. the DM mass fixing mσ = 3 TeV (corresponding to a vertical slice through

the center of the top panel, marked by an arrow). For generic parameter configuration the

effective SE factor is modest, and only grows above 102 near resonances and for extremely

heavy DM mass, close to the unitarity limit where our calculation breaks down. Note that

we truncate the value of SEeff at 103 in resonance peaks. As the resonance regions are

fine-tuned, this has limited impact on our analysis. According to the analysis of [20], the

relic abundance is depleted at the tip of these SE resonances due to chemical re-coupling of

DM at low redshifts, an effect that we do not include here and that would reduce the value

of SEeff . In addition, the low velocity divergence of the SE at the resonance tip should be

regulated by bound-state decay that would also suppress the peak SE.

In sections 5.1 and 5.2 below we calculate antiproton and gamma ray constraints

on the model. For antiprotons we adopt a conservative model-independent approach to

the problem of cosmic ray propagation, and provide some extra details to explain our

method. The summary of our results is that the bulk of the parameter space of figure 4

(or equivalently figure 2) is allowed by current constraints. This is not a surprise: much of

the parameter space consistent with the DM relic density corresponds to rather heavy mχ

at the several TeV, where current indirect searches do not yet constrain the thermal relic

cross section. Indirect detection constraints do exclude, or make promising predictions for,

the near-resonant SE regions seen in figure 4. If one accepts the assumption of a cusp DM

density profile in the Milky Way Galactic Center, for example, then HESS gamma ray data

already excludes much of the parameter region in the upper-left corner of the top panel of

figure 4. Finally in 5.3 we end with a brief discussion of the constraints on dark matter

self-interaction.

5.1 Antiprotons

The PAMELA satellite experiment reported a measurement of the high energy antiproton

flux in interstellar space, extending up to 350 GeV [30]. The PAMELA measurement is
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Figure 4. Top panel: Sommerfeld enhancement factor (SE) in the {mσ,mχ} plane. Above the

dashed line mσ < f/10, indicating fine-tuning. Bottom panel: SE vs. dark matter mass, fixing the

dilaton mass to mσ = 3 TeV (marked on top panel with an arrow). The region above the red and

green dashed lines is excluded by FERMI and HESS gamma ray observations (the latter depend

strongly on assumptions regarding the DM distribution in the Galaxy; see section 5.2). The dark

matter particles’ relative velocity today is set to v = 10−3.

consistent with model-independent calculations of the antiproton flux expected due to

fragmentation of high energy primary cosmic ray nuclei on ambient interstellar gas in the

Galaxy [31].

Following ref. [13], we derive a bound on the antiproton production in dark matter

annihilation by imposing that the dark matter annihilation source of antiprotons in the

local Galactic gas disc does not exceed the source due to the astrophysical production, in

the energy range covered by the current measurements. The bound derived in this manner

is independent of modeling assumptions regarding the propagation of charged cosmic rays
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Figure 5. Left: differential p̄ spectrum per DM annihilation, computed for mχ = 6.3 TeV, mσ =

427 GeV, and f = 6.2 TeV. Right: same for the gamma ray spectrum; the purple line shows

the spectrum from the full annihilation process including all dominant partial channels (χχ →
WW,ZZ, tt, σσ, . . .), while the blue line shows the spectrum due to χχ→ bb alone.

in the Galaxy. The bound is conservative because it does not include the possible additional

contribution of DM annihilation in the cosmic ray halo that may extend well above and

below the gas disc.

The injection rate density of antiprotons due to DM annihilation is given by

Qp̄,DM (E) =
1

2
n2
χ〈σv〉

dNp̄

dE
≈ 5× 10−36cm−3s−1GeV−1 ×( ρχ

0.4 GeVcm−3

)2
(

〈σv〉
3× 10−26 cm3s−1

)( mχ

1 TeV

)−3
(
mχ

dNp̄

dE

)
. (5.2)

Here, ρχ = mχnχ ≈ 0.4 GeV cm−3 is the DM mass density in the local halo and
dNp̄
dE is the

differential antiproton spectrum per annihilation event. To compute
dNp̄
dE we use the code

provided in ref. [32], that directly produces the differential p̄ spectrum for the channels

χχ → WW,ZZ, hh, tt̄ accounting for the decay and hadronization of the intermediate

unstable states. To include the contribution of χχ → σσ we proceed in two steps. First

we use ref. [32] to calculate the p̄ spectrum arising in the dilaton rest frame due to dilaton

decay; define this spectrum by
[
dNp̄
dE (E)

]
σ→p̄X

. We then convolve the dilaton decay p̄

spectrum with the isotropic boost factor of the σ in the DM annihilation center of mass

frame, obtaining

[
dNp̄

dE
(E)

]
χχ→σσ

=
1

γσβσ

∫ β−1
σ +1

β−1
σ −1

dx

x

[
dNp̄

dE

(
E

xγσβσ

)]
σ→p̄X

(5.3)

where γσ = mχ/mσ and βσ =
√

1− γ−2
σ . We neglect DM annihilation into gluons, since

the branching fraction of annihilation to this state is small compared to that of annihilation

to quarks and massive gauge bosons. In the left panel of figure 5 we plot the differential

flux of p̄ from DM annihilation with mχ = 6.3 TeV, mσ = 427 GeV, and f = 6.2 TeV

reproducing the observed DM relic abundance.
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The injection rate density due to primary cosmic rays colliding with interstellar gas in

the disc is [31]

Qp̄,CR(E) ≈ 8.4× 10−33cm−3s−1GeV−1 ×(
E

100 GeV

)−2.8 [
1− 0.22 log2

10

(
E

500 GeV

)]
Jp(1 TeV)

Jp,0(1 TeV)
, (5.4)

where Jp(1 TeV) is the local proton flux sampled at E = 1 TeV and scaled to the measured

value Jp,0(1 TeV) ≈ 8 × 10−9 GeV−1cm−2s−1sr−1. The uncertainties in the derivation

of eq. (5.4) are at the ∼50% level. Our conservative bound on the DM annihilation rate

amounts to imposing that the ratio Qp̄,CR(E)/Qp̄,DM (E) is larger than unity for E in the

range 10-300 GeV.

The basic result we find is that the model survives our antiproton constraint by a

large margin, unless it lives right on top of an SE resonance. If the model is near an SE

resonance, then a detectable rise in the antiproton flux at high energy is predicted. For DM

mass below about ∼ 10 TeV, the rise would be in tension with currently available p̄ data

and the model is observationally disfavored (again, only the region near an SE resonance,

as seen in figure 4). For mχ & 10 TeV, though, the rise in the p̄ flux sets in at high energy

with only a moderate effect in the energy range where current data exists. In this case,

improved high energy cosmic ray measurements expected in the near future [33] may detect

the model in the p̄ flux.

We illustrate these findings in figure 6 where we plot the expected antiproton flux in our

model near an SE resonance for two chosen points. The data points (last one being an upper

bound) and the green curve denote the PAMELA data and the secondary astrophysics

prediction, respectively. The red and magenta curves give an estimate of the antiproton

flux that would occur for the parameter points {mχ = 6.3 TeV,mσ = 300 GeV} and

{mχ = 31 TeV,mσ = 4.7 TeV}, respectively, where the effective SE factor is SEeff ≈ 103

(fixing f to obtain the observed DM relic abundance).

Above we chose tuned points with large SEeff to illustrate the possible p̄ signal; as

mentioned earlier, this large SE near the resonance peak can be damped somewhat by a

more careful treatment of the relic abundance. However, we stress that the DM-induced

signal depends on unknown cosmic ray propagation features. The red and magenta curves

in figure 6 should be considered as a robust lower bound on the DM-induced flux. Con-

sidering disc+halo diffusion models [34], for example, the actual flux could be as high as a

factor of ∼ 100 above the result we show here.6 A future detection of the model through

cosmic ray p̄ is therefore conceivable also away from SE resonance peaks.

5.2 Gamma rays

The FERMI gamma ray telescope reported limits on DM annihilation based on a stacking

analysis of dwarf spheroidal galaxies [35]. The analysis is relatively insensitive to the

assumed DM mass distribution in the target galaxies. Ref. [35] reports limits directly

on the annihilation cross section for the specific channel χχ → bb̄ as a function of the

6See appendix B of ref. [13] for a detailed discussion.
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Figure 6. Antiproton flux with DM annihilation at a Sommerfeld factor resonance. Data points

and green curve denote PAMELA data and secondary astrophysics prediction, respectively. Red and

magenta curves give a lower estimate of the p̄ flux with DM annihilation for the model parameter

point with {mχ = 6.3 TeV,mσ = 300 GeV} and {mχ = 31 TeV,mσ = 4.7 TeV}, respectively,

where the SE factor is SEeff ≈ 103.

DM mass. Using the code of ref. [32] and following a similar method as that described

above for the p̄ spectrum calculation, we verified that the spectrum of continuum gamma

rays obtained in our model agrees to within a factor of 2-3 with the gamma ray spectrum

resulting from a pure χχ → bb̄ channel. In what follows we therefore assume that the

constraints quoted in [35] apply to our model directly. In the right panel of figure 5 we plot

the differential gamma ray flux from DM annihilation with mχ = 6.3 TeV, mσ = 427 GeV,

and f = 6.2 TeV reproducing the observed DM relic abundance. The purple line shows

the spectrum from the full annihilation process including all dominant partial channels

(χχ→WW,ZZ, tt, σσ, . . .), while the blue line shows the spectrum due to χχ→ bb alone.

We extrapolate the bound to mχ = 100 TeV, using the scaling m−2
χ

dNγ
dE ∼ m−1

χ that

applies for photon energies in the FERMI range, E . 500 GeV � mχ. The resulting

bound is illustrated by the red dashed line in the bottom panel of figure 4, focusing on a

slice in the parameter space with mσ = 3 TeV.

Stronger, but more model-dependent limits are obtained from ground-based air-Che-

renkov telescopes. The HESS gamma ray observatory reported limits on DM annihilation

based on Galactic Center observations [36]. Due to the background subtraction method

of the experiment, the analysis is not sensitive to shallow DM density profiles, and so the

results are only applicable under the assumption of a cusp profile such as the Navaro-

Frenk-White [37] distribution. Assuming a cusp distribution, neglecting the O(1) spectral

difference between the χχ → qq̄-induced gamma ray spectrum assumed in [36] and the

actual spectrum in our model, and extrapolating their limits from mχ = 10 TeV up to

mχ = 100 TeV, we obtain the bound depicted by the green dashed line in the bottom panel

of figure 4.
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Finally, both FERMI [38] and HESS [39] reported limits on DM annihilation to a

gamma ray line. We calculate the branching fraction 〈σv〉(χχ → γγ)/〈σv〉(total) using

eq. (B.3). This branching fraction is very small in our model, reminiscent of the result

for a heavy Higgs. Consequently the gamma ray line constraint is sub-dominant compared

to the continuum emission bounds. We comment that the HESS limit [39] have recently

been used to put significant pressure on supersymmetric Wino dark matter [40, 41]. This

situation is not reproduced here; for the Wino example, the strong exclusion is primarily

due to the presence of an electromagnetically charged state that is mass-degenerate with

the neutral DM particle, amplifying the di-photon annihilation diagram. Without a spe-

cial construction of this kind, our dilaton-mediated DM scenario passes the line searches

unscathed.

5.3 Self-interaction and dipoles

Self-interaction of dark matter could occur in our model via two mechanisms. First, dila-

ton exchange leads to self-interaction cross sections per unit mass that scale roughly as

σ/mχ ∼ mχ/f
4 (assuming mσ . mχ; otherwise there is an additional suppression by

(mχ/mσ)4). Imposing the unitarity constraint as implemented in eq. (3.10), mχ . 5f ,

we have σ/mχ < 600/m3
χ ∼ 10−10 (TeV/mχ)3 cm2/g. Throughout our relevant parameter

space, this is many orders of magnitude below the observational constraints on the self in-

teraction of dark matter, of order ∼ 1 cm2/g [42]. A second potential source of dark matter

self-interaction could arise from the CFT side. Given the weakness of the astrophysical

constraints, some amount of self-interaction is not excluded. However, without accounting

for the details of the assumed (broken) CFT in which χ is embedded, we cannot address

this issue quantitatively.

Similarly, limits from electric or magnetic moments are not constraining this model.

Indeed, by assumption, our dark matter is only connected to the SM fields via dilaton

exchange. Thus any magnetic or electric dipole moment must be induced through dilaton

exchange (the latter necessitating, in addition, CP violation), with the exchanged particle

being at the TeV scale, leading to induced couplings that are much too small to affect

cosmological or astrophysical observations. For instance, considering the magnetic dipole

moment (MDM) limit reported in [43], an MDM of M ∼ 1/GeV is still easily consistent

with cosmological data.

6 Conclusions

In this paper we explored the possibility that the dilaton could mediate dark matter anni-

hilation. Such models have the appeal that the couplings are largely determined by scale

invariance. The breaking scale of scale invariance f is fixed by requiring that the relic

abundance matches the observed value, leaving the dark matter and dilaton masses as

the main free parameters. We mapped the relevant {f,mχ,mσ} parameter space taking

the various dark matter annihilation modes into account and imposing unitarity bounds.

We showed that large regions of parameter space, with f,mχ,mσ all in the ∼ 1 − 10 TeV
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range, can correctly reproduce the observed relic abundance. We find an upper bound

f ≤ 30− 100 TeV, implying a similar bound on mσ,χ.

Collider searches for Higgs-like particles, including LHC, Tevatron and LEP analyses,

put model dependent lower bounds on f for dilaton masses up to ∼ 1 TeV. The collider

bounds exclude dilaton-mediated dark matter for mχ . 200 GeV. Current direct detec-

tion experiments yield similar model dependent exclusions for the lower end of the mass

spectrum, requiring mχ & 300 GeV for mσ . 300 GeV. The predicted dark matter-nucleon

elastic scattering cross section becomes independent of the dark matter mass for heavy

dark matter.

Our analysis of indirect detection included antiproton and gamma ray data and shows

that the bulk of the parameter space is consistent with the current constraints. A possible

signal in high energy cosmic ray antiprotons could appear for favorable cosmic ray propa-

gation scenario for models with parameters close to a Sommerfeld enhancement resonance.

A promising avenue for probing the model all the way to very high DM mass is in high

energy ground-based gamma ray measurements, see e.g. [44, 45] for recent reviews. For

scalar or vector DM, future gamma ray experiments should detect or exclude the entire

parameter space of the model.
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Note added. While completing this project we became aware of [46] which investigates

similar issues.

A Collider bounds

As mentioned in the main text, in addition to the direct detection bounds there are also

collider bounds from the LHC and earlier experiments. The dilaton (roughly) mimics a

Higgs boson, with couplings to massive SM fields suppressed by the factor v/f compared to

that of the Higgs and couplings to massless gauge bosons that involve contributions from

the matter content of the conformal sector. Collider bounds on the dilaton can thus be

obtained by recasting the results of direct production limits from Higgs boson searches. We

use the HiggsBound [47–49] code version 4.1.2, that incorporates all the currently available

experimental analyses from LEP, the Tevatron, and the LHC [47–49].

The resulting collider bounds on the conformal symmetry breaking scale f as a function

of the dilaton mass is presented in figure 7 for the two benchmark models A and B defined in
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Figure 7. 95% C.L. collider exclusion limit on the scale of conformal symmetry breaking, f , with

respect to mσ for our benchmark models A and B.

section 2. In obtaining these bounds we assumed, for simplicity, no invisible decay channels

for the dilaton. We can see that the collider bounds are strongly model dependent: model

A has a large coupling to gluons, and thus is very strongly constrained throughout the

parameter space relevant for LHC kinematics. Model B has small couplings to gluons and

photons, and is only weakly constrained for dilaton masses above 200 GeV.

The resulting bound on f can be turned into a bound on mχ using figure 2. For

example the f & 2 TeV bound for mσ . 400 GeV in model A implies mχ & 300 GeV, with

the exception for a narrow resonance region.

B Additional annihilation channels

B.1 Scalar dark matter

Annihilation to fermions of mass mψ:

σv(χχ→ ψ̄ψ) '
m2
ψmχ

(
m2
χ −m2

ψ

)3/2

πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.1)

Annihilation to a real scalar of mass mh:

σv(χχ→ hh) '
mχm

4
h

√
m2
χ −m2

h

4πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.2)

While annihilation to photons is negligible for the relic abundance calculation, it is impor-

tant for indirect detection. We get

σv(χχ→ γγ) '
3m6

χα
2
EMc

2
EM

16π3f4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.3)
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where cEM encodes the coupling of photons to dilaton:

cEM =

FW (xW )−
∑
f

NcQ
2
fFf (xf ) + b

(EM)
IR − b(EM)

UV

 (B.4)

xi =
m2
i

m2
χ

(B.5)

FW (x) = 2 + 3x+ 3x(2− x)f(x) (B.6)

Ff (x) = 2x[1 + (1− x)f(x)] (B.7)

f(x) =

 arcsin(1/
√
x)2 : x ≥ 1

−1
4

[
log
(

1+
√
x−1

1−
√
x−1

)
− iπ

]2
: x < 1

(B.8)

B.2 Fermion dark matter

Annihilation to fermions of mass mψ:

σv(χ̄χ→ ψ̄ψ) ' v2
m2
ψmχ

(
m2
χ −m2

ψ

)3/2

8πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.9)

Annihilation to a real scalar of mass mh:

σv(χ̄χ→ hh) ' v2
mχm

4
h

√
m2
χ −m2

h

32πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.10)

B.3 Vector dark matter

Annihilation to fermions of mass mψ:

σv(χχ→ ψ̄ψ) '
m2
ψmχ

(
m2
χ −m2

ψ

)3/2

3πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.11)

Annihilation to a real scalar of mass mh:

σv(χχ→ hh) '
mχm

4
h

√
m2
χ −m2

h

12πf4|4m2
χ −m2

σ − iIm
(
Π(4m2

χ)
)
|2

(B.12)

C Dilaton decay channels

For decay to a real scalar of mass mh we get

Γσ(σ → hh) =
m4
h

8πmσf2

√
1−

4m2
h

m2
σ

(C.1)

For decay to fermions we get

Γσ(σ → ψ̄ψ) =
mσm

2
ψ

8πf2

(
1−

4m2
ψ

m2
σ

)3/2

(C.2)
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[4] C. Csáki, M.L. Graesser and G.D. Kribs, Radion dynamics and electroweak physics, Phys.

Rev. D 63 (2001) 065002 [hep-th/0008151] [INSPIRE].
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