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ABSTRACT: We introduce a model of dark matter (DM) where the DM is a composite of a
spontaneously broken conformal field theory. The DM is a thermal relic with its abundance
determined by the freeze-out of annihilations to dilatons, the Goldstone boson of broken
conformal symmetry. If the dilaton is heavier than the DM this is an example of forbidden
DM. We explore the phenomenology of this model in its 5D dual description, corresponding
to a warped extra dimension with the Standard Model on the ultraviolet brane and the DM
on the infrared brane. We find the model is compatible with theoretical and experimental
constraints for DM masses in the 0.1-10 GeV range. The conformal phase transition is
supercooled and strongly first-order. It can source large stochastic gravitational wave
signals consistent with those recently observed at pulsar timing arrays like NANOGrav. The
majority of the viable parameter space will be probed by future detectors designed to search
for long-lived particles, including most of the region favored by the NANOGrav signal. The
rest of the parameter space can be probed at future direct detection experiments.
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1 Introduction

Understanding the microscopic nature of dark matter (DM) is a paramount goal of elemen-
tary particle physics. The evidence for DM provides a strong experimental indication of
new physics beyond the Standard Model (SM). The best-studied DM scenario is probably
the weakly interacting massive particle (WIMP) paradigm, involving DM near the weak
scale whose relic abundance is determined by the thermal freeze-out of annihilations to SM
particles. This has a good theoretical motivation in that WIMPs arise naturally in many
solutions to the Higgs hierarchy problem, and that weak-scale masses and cross sections
coincidentally yield the observed DM relic abundance (the WIMP miracle). However,
WIMP models face increasing pressure from the null results of direct detection experiments,
motivating the exploration of other DM frameworks. In particular, the past 15 years have
seen the emergence of a plethora of models in which the DM is a thermal relic, but much
lighter than a typical WIMP [1-12].

In this paper we introduce a model of thermal GeV-scale DM from a dark sector with
spontaneously broken conformal symmetry. The DM is a composite of the conformal sector
and the SM fields are taken to be elementary. Interactions between the dark and visible
sectors are mediated by the dilaton, the Goldstone boson of spontaneously broken scale
invariance. The DM relic abundance is set by 2 — 2 annihilations to dilatons. We will see



that to achieve the observed relic abundance Qpyh? ~ 0.1, the DM must be somewhat
lighter than the dilaton, making this model an example of forbidden dark mattter [4].

The AdS/CFT correspondence relates spontaneously broken conformal field theories
(CFTS) to 5D warped setups with UV and IR branes [13, 14]. The location of the UV brane
corresponds to the cutoff of the CFT, while the IR brane is identified with the radion degree
of freedom, which is dual to the dilaton [15, 16]. Elementary states are localized towards
the UV brane and composites of the CFT are localized towards the IR brane. Thus, the 5D
dual description of our model involves a warped extra dimension where the DM propagates
on the IR brane and the SM fields propagate on the UV brane.

In the context of physics beyond the SM, spontancously broken CFTs are probably best
known for their role in solutions to the Higgs hierarchy problem based on compositeness and
their 5D duals [17-21] (as well as in some cosmological naturalness models [22, 23]). The
conformal symmetry stabilizes a large UV/IR hierarchy. The lightest Kaluza-Klein (KK)
particle in these models can be a WIMP DM candidate, stabilized by KK-parity [24-27],
or by a Z3 symmetry resulting from a requirement of proton stability [28, 29]. There are
numerous other DM models based on conformal sectors which go beyond the canonical
paradigm of WIMP DM in a composite Higgs setting. These include conformal freeze-in [30—
33], continuum dark matter [34-37] and other models featuring continua [38-41], freeze-in
from warped extra dimensions [42-47], dilaton-mediated models [48-52], and others [53-56].
Some of the freeze-in models accommodate light DM candidates, but to our knowledge, our
model is the first example of light conformal DM with a thermal dark sector.’

We first motivate our model in section 2, arguing that the simplest way to achieve
light, thermal, conformal DM is through the forbidden DM scenario. We realize our model
through an extra-dimensional construction and compute the DM relic abundance. We also
sketch how the model can easily be UV-completed into a composite Higgs model, although
the DM physics is independent of the UV completion.

At high temperatures, we expect that the conformal sector is in its hot, deconfined
phase with unbroken conformal symmetry. As the universe cools, a first-order phase
transition takes place in which conformal symmetry is spontaneously broken. In section 3
we investigate the conformal phase transition in the context of our model, studying under
what conditions the phase transition is able to complete.

A complementary motivation for studying the phase transition is the recent observation
of a nanoHertz (nHz)-scale stochastic gravitational wave background at multiple pulsar
timing arrays [57-60]. Such a signal has an astrophysical explanation, arising from inspiraling
supermassive black hole binaries [61], although it can also originate from various new
physics scenarios. The NANOGrav collaboration released an analysis of their signal in the
context of a handful of well-motivated frameworks for new physics [62], finding that cosmic
inflation [63], scalar-induced gravitational waves [64, 65], first-order phase transitions [66, 67],
and topological defects [68-70] are all consistent with their results. Curiously, these models
(with or without a contribution from supermassive black hole binaries included) actually

'The model in [55] can accommodate light DM in a small region of parameter space, but the authors
primarily focus on masses heavier than ~ 20 GeV.



provide somewhat better fits to the NANOGrav data than supermassive black hole binaries
alone. The conformal phase transition has recently attracted renewed attention as a possible
source of the NANOGrav signal [71, 72]. For this reason, in section 3 we also examine the
gravitational wave signals from the phase transition in our model. We find a gravitational
wave signal consistent with the NANOGrav result for dilaton masses ranging from 0.1-3 GeV.

Section 4 focuses on the phenomenology of our model. The requirement that the dark
sector is thermalized with the SM after the conformal phase transition and bounds from
direct detection experiments constrain the dilaton and DM masses to lie around 0.1-10 GeV.
Much of the viable parameter space for masses below ~ 5 GeV, including that favored by
the NANOGrav signal, will be probed in the near future by experiments searching for light,
weakly-coupled particles. In a complementary fashion, the remaining parameter space in
the 5-10 GeV mass range can be explored at future direct detection experiments.

2 Through the dilaton portal

2.1 Why forbidden DM?

Before introducing our detailed model, it is instructive to consider DM from a spontaneously
broken conformal sector more generally. We will see that the requirements that the DM lies
near the GeV scale and that the dark sector is thermalized with the SM naturally lead us
to forbidden DM.

The dark sector must contain a dilaton field o, the Goldstone boson of broken scale
invariance, so one might minimally consider a model where the dilaton is the DM. However,
one expects the dilaton to have couplings to the light SM fermions, suppressed by the
cutoff scale of the CFT. This typically allows the dilaton to decay to eTe™ pairs, which
rules out the dilaton as the DM unless its lifetime is larger than about 10%° s [73]. Tt is
possible to avoid this issue by taking the cutoff of the CFT sufficiently high, but then the
interactions between the SM and the dark sector are too feeble to keep them in thermal
contact. In that case one could still generate the DM relic abundance by a nonthermal
mechanism, such as conformal freeze-in. Note that in this case the dark sector would need
to be cooler than the SM sector to obtain the correct relic abundance, which severely damps
the gravitational wave signals from the conformal phase transition [74-76]. An observable
stochastic gravitational wave background is only generated if the dark sector temperature
is comparable to or larger than the visible sector temperature.

This motivates the introduction of a composite field ¢ (in the 5D picture, a field
localized on the IR brane) to be the DM. What mechanism can set the relic abundance of
¢? The simplest option is for ¢ to be a canonical WIMP that freezes out through 2 — 2,
dilaton-mediated annihilations to SM particles. At T < mg, the thermally averaged cross
section for this process is at most of order {(ov) ~ mé /A%, where A is the cutoff of the CFT.
For my ~ GeV and A ~ TeV, we obtain (ov) ~ (10% TeV)~2, which is much smaller than
the value that would reproduce the observed DM relic abundance, namely (20 TeV)~2. One
might attempt to solve this issue by reducing the cutoff to O(100 GeV), but this would
result in a large DM-nucleon cross section in tension with direct detection bounds. (We
will further discuss the experimental bounds on our model in section 4.



We conclude that ¢ cannot be a minimal WIMP because its interactions with the SM
are too weak. However, its interactions with the dilaton are suppressed by the symmetry-
breaking IR scale f, not by A, so the freeze-out of ¢ may be controlled by annihilations to
dilatons instead. If my > mq this is a secluded DM scenario [77], while if mg < m, it is a
forbidden DM scenario [4] (see [78-83] for other forbidden DM models). In the secluded
case, we can estimate the ¢¢ — oo annihilation cross section at T' S my as 1/ mi For
GeV-scale dark matter this is too large to obtain the right relic abundance.

This leads us to the forbidden DM case. GeV-scale dark matter is viable in this case
because the annihilation cross section is exponentially suppressed by Boltzmann factors.
To summarize, we assume that conformal symmetry is broken at a scale m, ~ f ~ GeV
and that mg < my. The process governing the freeze-out of the ¢ is 2 — 2 annihilations to
dilatons, ¢p¢p — oo

2.2 5D model

We now realize this picture of forbidden composite DM in the 5D warped description of the
CFT [17]. Consider a slice of 5D AdS space with curvature k, described by the metric?

ds® = é ('r]u,,dw“d:v” - dzz) ) (2.1)
where the extra dimension extends from a UV brane at z = R ~ 1/TeV to an IR brane at
z = R' ~ 1/GeV, as shown in figure 1. This is a solution to the Einstein equations with
bulk cosmological constant Acc = —24M, 3k2 and brane tensions +Acc/k, where Ms is the
5D Planck scale. With the cosmological constant and brane tensions set to these values,
the 5D Einstein-Hilbert action is

5(z—R')

- (2.2)

SEn = /d%\f —2M3R — Acc) \[Acc + Vihce——=
where § denotes the induced metric.
We identify the dilaton field y = 1/R’ with the location of the IR brane [13, 15, 16].
For simplicity, we take ¢ to be a real scalar field which propagates on the IR brane, and
assume that ¢ is odd under a stabilizing Zo symmetry. The action for ¢ is

A
So= [ @av/Goe — B) [500) - ymie* 20, (2.3)

The dark sector consists of x and ¢, where ¢ will ultimately play the role of the DM. The
quartic coupling A4 will only play an important role when we consider DM self-interactions
and can otherwise be ignored.

Note that R > 1/k in our model, unlike a typical RS model where the UV brane lies at
R = 1/k and corresponds to the cutoff scale of the dual CFT. We expect this setup could be
UV-completed into a three-brane model (see figure 1 and for examples see [84-87]), where
the true, Planck-scale UV brane lies at z = 1/k, and the SM fields propagate in the bulk

2We use Greek indices for 4D coordinates and Latin indices for 5D coordinates. 4D (5D) coordinates are
raised and lowered with the Minkowski metric 7, (the full metric gy ).
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Figure 1. 5D setup of forbidden conformal DM (see text for details). The Goldberger-Wise
stabilization field n propagates in the bulk of a warped extra dimension, the DM field ¢ propagates
on the GeV-scale IR brane, and the SM fields propagate on a TeV-scale UV brane. The inset depicts
how this setup may be UV-completed into a typical composite Higgs model, where the TeV brane is
an intermediate brane and there is a true UV brane at a much higher scale.

between the Planck and TeV branes similar to a holographic composite Higgs or realistic
RS model. In this case the light fermions would be mostly elementary and thus localized
toward the Planck brane, while the right-handed top quark and Higgs would be localized
toward the TeV brane. However, for the purposes of our DM model the details of the UV
completion do not matter, and we simply take the SM fields to lie on the TeV brane.

Finally, we introduce a bulk real scalar field n which will serve to stabilize the radius of
the extra dimension (dual to the scale of conformal symmetry breaking) via the Goldberger-
Wise mechanism [88]. For simplicity we also assume 7 is odd under an unbroken Zj
symmetry, leading to the action

Sow = [ /g |5 @nm)? ~ Gmike| = 35z~ RIViv(n) = 35z ~ R)Vinln). (2.4)

For the brane-localized potentials, we choose

X 0N 2 1
Vuv(n) =8 (772 - kdvf,) s ViR = §kmm772 (2.5)

such that n gets a vacuum expectation value (vev) on the UV brane.



2.3 4D effective Lagrangian

One can integrate out the bulk to obtain an effective 4D action for the model [89 91]. The
dilaton kinetic term arises from the 5D Einstein-Hilbert action, while the vev of the bulk
field  induces a potential for the dilaton oc x*+%, where o = 2(,/4 + m2 —2). The effective
dilaton action, not yet including interactions with brane-localized fields, takes the usual
Goldberger-Wise form

VaAta

[—)\X4 + Aaw )];_a

 3N?
o2

2
[ 000 V00, V() }-FVO- (2.6)

Here N is the number of colors in the dual CFT, related to the 5D parameters by N? =
167m2(Ms/k)? (for example, see [92]). The dilaton quartic A and constant term Vj arise from
a mistuning of the IR brane and UV brane tensions, respectively. The coefficient of the

Goldberger-Wise term Agw is an order-one function of v,, mir, and a.
The dilaton acquires a vev

=1 () " (2.7)

Aaw

For small o an O(1) ratio A\/Agw < 1 creates a large UV-IR hierarchy, (y) < R~
For a modest TeV-GeV hierarchy a typical value of « is 1/1og(10%) ~ 0.1 0.2. We then
reparametrize the dilaton potential in terms of its vev and tune the constant term so that
V({x)) = 0, corresponding to the vanishing of the 4D cosmological constant. This yields

2
Vi) = 2! [1 /) +

_ 44«
e

The dilaton mass-squared is 4aX(x)>.

The couplings of the dilaton to ¢ are fixed by scale invariance and can be computed
with a simple spurion analysis [48, 50, 52, 93]. The only scale in the ¢ Lagrangian is its
mass mg. Thus we make the replacement mgy — mg - x/(x) to make the action for ¢
scale-invariant, resulting in

[t 0.0 - X mic (29)

27 a0 ’
Note that the mass of ¢ gets warped down, so the natural size of mg is determined by
{x) and not by R~!. The leading-order couplings of the dilaton to the SM are obtained
in a similar way: we replace each mass as m — m - x/{x) - (R(x))?. The extra factor of
(R(x))? is the wavefunction suppression arising from the fact that the dilaton wavefunction
is peaked on the IR brane [16, 94].

Finally, we rewrite the Lagrangian in terms of canonically normalized fluctuations about
the dilaton vev x = (x)+ /272/3N20. We further eliminate the dilaton quartic A in favor of
the dilaton mass m2 = 4aX(x)?, define f = \/3N2/2x2(x) (the symmetry-breaking scale),



and define A = \/3N2/2m2R~! (the UV cutoff). Our final tree-level effective Lagrangian
is then

_ 1 21225m§311m§4
1 2 o%\ 1 2,2
5( 0.0)° — *mqbd’ ¢ - 7"'] §m¢¢ (2.10)
- A2L > myph + mph® — 2m WEW TH — mQZZHZ“] :
/f fermions

In the above equation, the first line includes terms up to order x* in the dilaton potential
and at leading order in «; the second line is the Lagrangian for the DM ¢ and its couplings
to the dilaton; and the last line is the interactions of the dilaton with SM fields, where
the sum runs over all SM fermions. We have only written the dilaton-SM interactions at
leading order in 1/A.

Due to the trace anomaly, the dilaton further acquires couplings to the gluon (photon)
proportional to the QCD (QED) S-function and couplings to fermions proportional to their
anomalous dimensions v, [95-97]. These take the form

a ﬂe > /3 a 2 _
AYf 2£§)F3”+ E;E]ggg) (Gh) + > %MW]? (2.11)

where (. (f3) is the S-function for the electromagnetic (QCD) coupling e (g3). The net

fermions

effect of these couplings is that the dilaton effectively couples to the total mass of hadrons.
The photon coupling is also phenomenologically important when the dilaton is lighter than
~ 1MeV and o — v is the only accessible decay mode.

2.4 Relic abundance

Armed with the effective Lagrangian in eq. (2.10), we can compute the relic abundance of
¢. The Boltzmann equations for the DM ¢ and the dilaton o are given by

g + 3Hng = nZ{ov(co — ¢¢)) — ni(av(qﬁd) — 00)),

2.12
Ne +3Hn, = ni(av(qxé — 00)) — n2{ov(co — ¢p)) + SM interactions. (212)

In the second line, the SM interactions refer to both 2 — 2 processes of the form oo < ff,
where f is any light SM fermion, and decays and inverse decays o <> ff. These interactions
are responsible for keeping the dilaton in thermal equilibrium with the SM. As a first
approximation, we assume that the dilaton remains in equilibrium while ¢ freezes out.
Under this assumption we have a straightforward forbidden DM model [4]. (In practice, the
dilaton may freeze out somewhat before the DM, so we will numerically solve the Boltzmann
equations to obtain more precise results for the relic abundance.)

Using eq. (2.10), we find the thermally averaged s-wave annihilation cross section for
oo — ¢¢ in the nonrelativistic limit:

m 4
(ov(00 — ¢¢)) = 97;% (Jf) (ffz)f) (1-4a- 2A2)2 (2.13)



where A = (m, —mg)/my is the relative mass splitting. Note that we have ignored p-wave
and higher-order contributions, which are only important for A very close to /3/2—1 ~ 0.22,
where eq. (2.13) vanishes. The cross section for the reverse process follows from the principle
of detailed balance [4],

2
nod
(ov(¢pp — 00)) = (neq> (ov(oo — ¢9))
¢ | EET (2.14)
1 me 2+ N2 o
=—— _(=2) X=="_=/(1-4A —2A v
9ﬂmg<f> 1+ A ( ) e
with © = mg/T.
Following [4], the DM relic abundance is given by
9m(f /me)'m?
0 2 . 1 O] T 20y
e (2.15)
4 00 —t -1 :
A2+ A) (1 —4A —2A2) 28z, t

In the above equation, xy ~ 20 is the value of x at which the DM freezes out. One solves
for zy by determining the temperature at which nz)q (ov(¢pp — o)) = H. We reiterate that
this computation of the relic abundance makes the simplifying assumption that the dilaton
is in thermal equilibrium with the SM; to obtain a precise result one must numerically solve
the Boltzmann equation.

In figure 2 we show a contour in the (mg,A) plane that yields the observed relic
abudance Q,h% ~ 0.1 [98], fixing A = 5TeV and f = m,. We include both the analytical
approximation, eq. (2.15), and numerical results computed using micrOMEGAs [99]. For
mg 2, 0.2GeV there is good agreement between the numerical and analytical results. We
have not yet fully understood the origin of the discrepancy at smaller masses, but we suspect
it is due to the dilaton falling out of thermal equilibrium before the DM, which renders the
analytical approximation in eq. (2.15) invalid.

3 Conformal phase transition

At high temperatures we expect the conformal sector to be in its hot, deconfined phase with
unbroken conformal symmetry. In the 5D picture this corresponds to a geometry with a UV
brane and a black brane horizon instead of an IR brane. (When the UV brane is taken to
the AdS boundary at z = 0, the hot phase geometry coincides with an AdS-Schwarzschild
spacetime.) As the universe cools, we expect conformal symmetry to be broken as the CFT
undergoes a phase transition to the cold, confined phase, which is dual to the 5D model
described in the previous section. The phase transition proceeds via nucleation of bubbles of
the TR brane. The conformal phase transition in holographic settings has been extensively
studied in the literature [91, 92, 100-114], so here we just summarize the essential aspects.

It is important to study the phase transition in our model for two reasons. First, we
must check that the phase transition is actually able to complete — otherwise the conformal
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Figure 2. The mass splitting A = my/mg — 1 which yields the observed DM relic abundance as a
function of the DM mass my, fixing f = m, and A = 5TeV. We show the analytical approximation
eq. (2.15) (red line) as well as numerical results computed using micrOMEGAs (gray line).

sector remains in the hot phase and there is no DM candidate. Second, bubble collisions
during the phase transition can source stochastic gravitational waves, and we are interested
in whether the phase transition could yield a gravitational wave signal consistent with that
recently seen at the NANOGrav experiment.

3.1 Phase transition completion

Before checking whether the phase transition can complete, we first extract the critical
temperature T, as a function of our model parameters by equating the free energies of the hot
and cold phases. The free energy of the conformal sector in the cold phase is approximately
(assuming a low critical temperature) given by Feonfined(X) = V(x), with V(x) defined in
egs. (2.6)—(2.8). Note that this vanishes at x = (x) due to the tuning of the constant in the
dilaton potential Vj. In the hot phase, the free energy is Feconfined (1) = Vo—m2N2T* /8 [100].
We can then identify the critical temperature:

N \4+ «
Note that in deriving T, we have neglected the contribution of ¢ to the free energy of the

e 9 \1/4
Fconﬁned(<x>> = Fdeconﬁned (Tc> =t Tc . f < ) ¢ (31)

confined phase. Including this effect would give a 1/N?-suppressed correction to T..
To check whether the phase transition completes (and find the nucleation temperature
T,, at which it does so), we require that the probability of bubble nucleation per unit



volume per unit time I' is greater than the Hubble parameter H*. This probability can

be approximated as [' ~ Tée‘sb

, where Sy is the Euclidean bounce action. As long as
T, /T, is not very close to 1, we have Tt < T, meaning the vacuum energy of the CFT
dominates over the energy of the radiation bath before the phase transition: p ~ w2 N2T%/8.
Therefore the Hubble parameter is approximately H ~ \/p/Mp; ~ TC2 /Mp), and we find
that the phase transition only completes if [92, 115]

T,

Mpy
S 54(10 +lo —) 3.2
b & e (3-2)

For a GeV-scale T, the phase transition does not complete until Sy < 170 + 4log(T,,/Te).
The O(3)-symmmetric bounce action in our model Sy, = S3/T,, can be calculated in
the thick-wall limit, which is a good approximation for a supercooled transition [92, 116]:

V3 N33
72 VIO T/ T = Vxe)

where x, is the “release point” of the phase transition (the value of the dilaton field that

1%

3 (3.3)

minimizes S3). The nucleation temperature T, is found as the point at which the inequality
eq. (3.2) is saturated.

3.2 Gravitational wave signal

If the phase transition can complete, we can describe the stochastic gravitational waves
that it sources. Two characteristic features of the signal are the peak fractional abundance
and the peak frequency of the gravitational waves. Assuming the signal is dominated by
bubble wall collisions and the bubble wall velocity is 1, these are given by [66, 67]

) 2 1/3
Quwh? ~ 1.3 urb(i) (100)

Baw G
BGW> Tr (9* )1/6
~ 0.04 mHz( 2V ) LR 4
faw ~0.04 m Z( H )Tev\100) ° (3.4)

which depend on the duration 1/8gw and the reheating temperature Tr of the phase
transition. (In the case of a phase transition without substantial reheating, one would use
T, instead of Tr.) For a phase transition dominated by bubble collisions and including a
contribution from supermassive black hole binaries, referred to as PT-BUBBLE+SMBHB in [62],
the NANOGrav data favor Ty € (0.017,3.3) GeV and Sgw/H < 27 at the 95% credible
level [62].3 Strictly speaking, g, in eq. (3.4) counts the number of relativistic degrees of
freedom in both the SM and dark sectors. The inclusion of the two dark sector degrees of
freedom does not make a substantial numerical difference, since for a GeV-scale reheating
temperature g.(Tg) = 70.
The phase transition duration can be extracted from the bounce action via [66, 67]

Paw _ 45

7 =T, (3.5)

SWe neglect correlations between Baw/H and Tg in this work.
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Free energy released during the phase transition is dumped into the SM and the conformal
sector, reheating the universe. The reheating temperature Tr can be calculated using energy
conservation. Immediately after the phase transition the energy density is 72g«(Tg)T 1‘% /30.
As previously mentioned, the vacuum energy m2N2T:/8 is dominant before the transition,
so the reheating temperature is

BT 4T ¢ 20+ ) 0. (Th)

using eq. (3.1) in the last equality. For a GeV-scale phase transition g¢.(Tr) ~ 70, so
Tgr ~ 0.2y/m, f.

It is also important to ensure we have a strong phase transition in our model, which is
characterized by the ratio of the energy released during the phase transition to the energy
of the radiation bath [66, 67]:

15N2 /T4
= (=< _1). .
agw 19.(T0) (T;} ) (3.7)

The gravitational wave amplitude is proportional to a2y /(agw + 1)?, which results in a
damping of the signal for a weak phase transition with agw < 1. Also, the assumptions
of relativistic bubble walls and a signal dominated by bubble collisions are only valid in
the large agw limit. For a supercooled phase transition T > T3, eq. (3.7) predicts a
strong phase transition, agw > 1 (for a more careful analysis see [91]). In the region of our
parameter space where the NANOGrav signal can be reproduced, T,,/T, is at most O(1%);
therefore we expect a strong phase transition in this region.

4 Phenomenology

4.1 The dilaton

There is a rich phenomenology associated with the dilaton in our model. From eq. (2.10),
we see that the dilaton has the same couplings to the SM fermions and gauge bosons as the

Higgs, but rescaled by a factor
vf

K= (4.1)
In figure 3 we show theoretical and experimental constraints on the dilaton in the (m,, x?)
plane, fixing the cutoff scale A = 5TeV and the dilaton potential parameters A = 1 and
«a = 0.15. The latter are only relevant for phase transition calculations. We also present a
contour for m, = f in figure 3 and indicate where the conformal phase transition yields a
stochastic gravitational wave signal consistent with the NANOGrav result (see section 3).

There are three important theoretical bounds we consider, which we depict by gray
shaded regions in figure 3. First, for the dilaton effective theory to be valid we must have
me < 4w f. Second, there is a lower bound on dilaton mass imposed by the requirement
that the conformal phase transition can complete, as discussed in section 3. Finally, it is
crucial that the dilaton is in thermal contact with the SM following the conformal phase

transition, or the dark sector can never thermalize with the SM. We crudely estimate this

— 11 —
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Figure 3. Exclusion plot for the dilaton as a function of its mass m, and coupling strength
k2, fixing A = 5TeV, A = 1, and @ = 0.15. We include a contour for f = m, (black line).
The gray shaded regions indicate the theoretical bounds that the dilaton thermalize with the SM
(“thermalization”), that the dilaton effective theory is valid (“perturbativity”), and that the phase
transition completes (“PT completion”). We show experimental bounds, adapted from [117], from
late decays (blue) [98, 118], from supernova cooling (red) [119], and from the CHARM experiment
(purple) [120], as well as projected sensitivities for DUNE (pink line) [121], FASER2 (turquoise
line) [122], MATHUSLA (brown line) [123], and SHiP (orange line) [124]. We also show the
parameter space which reproduces the NANOGrav signal at the 95% credible level (green).

bound by computing the decay width T of the dilaton, following [125], and requiring that
I' > H at T = m,. From figure 3 we see that these three constraints are quite powerful,
together implying that the dilaton must be heavier than ~ 0.1 GeV and have a coupling
strength k2 > 10712,

The experimental bounds are similar to a scalar singlet mixing with the Higgs through
an angle sinf = k. In figure 3 we present the following constraints adapted from [117]:
cosmological bounds on late decays of the dilaton to SM particles® [98, 118], astrophysi-
cal bounds from supernova cooling [119], and bounds from the beam dump experiment
CHARM [120]. Only the last of these excludes parameter space not already ruled out by
the theoretical constraints discussed above. There also exist constraints from searches for

41t is nontrivial to properly compute the decay width for masses close to a GeV due to the QCD phase
transition. The dip in the bound in figure 3 at mo, ~ GeV corresponds to kaon threshold and the f,(980)
resonance, which couples to kaons [125].

SLate decays can alter the effective number of relativistic neutrino species Neg [98], the baryon-to-photon
ratio ng [118], and the light element abundances predicted by big bang nucleosynthesis (BBN) [118].
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rare meson decays, but these are too weak to exclude any relevant parameter space, so we
omit it from figure 3 for clarity.

We also show projections for future experimental bounds in figure 3. Experiments
searching for light, weakly-coupled particles such as FASER2 [122], MATHUSLA [123], and
SHiP [124] (and also DUNE [121]) will probe much of the remaining parameter space around
m, ~ 1 GeV. Notably, this includes nearly all of the region favored by the NANOGrav signal.

4.2 DM phenomenology

Having studied the phenomenology of the dilaton o, we now turn to the DM ¢. In figure 4
we show contours in the (mg, A) plane that yield the observed DM relic abundance for
f/me =1and f/m, = 4.5 (still fixing A = 5TeV), as well as all the relevant constraints.
The choice of f/m, = 4.5 allows for a stochastic gravitational wave background consistent
with the NANOGrav signal for a range of dilaton masses, which we indicate by a green band
in the lower panel of figure 4. We additionally include theoretical and experimental bounds
on the dilaton, which were discussed above, and bounds on ¢ from DM self-interactions
and direct detection, which we discuss below.

Evidence from merging galaxy clusters places a limit on DM self-interactions ogr/mg <
0.5 cm?/g ~ 2000 GeV 3 [126-128]. Self-scattering ¢¢ — ¢¢ can be mediated by dilaton
exchange or proceed through the contact interaction /\¢¢4 /4!. In the nonrelativistic limit,
we find a transfer cross section of

m2 8 4 2
“ e T A T B TeGeT M (42)

The presence of the contact term can either increase or decrease ogr due to interference

081

with the dilaton exchange diagrams. For concreteness we set Ay = 0 to compute explicit
bounds in figure 4.

The most stringent experimental bounds on ¢ arise from direct detection constraints
on the DM-nucleon cross section. Due to the QCD trace anomaly, the dilaton effectively
couples to the total mass of hadrons [95, 96]. Furthermore we can integrate out the dilaton
at small momentum transfer, leading to the effective DM-nucleon interaction

15 2my,
- - 4.3
where m,, is the nucleon mass. Using this we find a DM-nucleon cross section of
4
N7 (4.4)

TeN = (1 + A)AAY(mg + my)?
Comparing this to the leading bounds from PandaX-4T [129], XENONnT [130], and LZ [131]
allows one to place a lower bound on the mass splitting A as a function of my. From
figure 4 we see this effectively rules out DM with mass larger than 7 GeV.

We also include projections for future direct detection bounds in figure 4 adapted
from [132]. In particular, the DarkSide-LowMass experiment [134] would be seunsitive to
DM masses above a GeV. This complements the bounds from future searches for long-lived
particles (like FASER2, MATHUSLA, and SHiP): all together these experiments will probe
the entire remaining parameter space of our model.
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Figure 4. Exclusion plot as a function of DM mass mg and mass splitting A for f/mg, =1 (top)
and f/m, = 4.5 (bottom), fixing A = 5TeV, A = 1, and a = 0.15. The gray lines reproduce
the observed DM relic abundance. We include applicable bounds on the dilaton (see figure 3 for
details). We present bounds on the DM from self-interactions (red) [126-128] and direct detection
(magenta) [129-131], as well as projections, adapted from [132], for LZ with 15 ton-years exposure
(gray line) [133] and for DarkSide-LowMass with 1 ton-year exposure (turquoise line) [134].
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4.3 Other constraints

The DM may annihilate to SM fermions through the dilaton portal, but the resulting cross
section is well below observational limits. In the limit where the fermion is much lighter
than the DM, the thermally averaged annihilation cross section is

m 2 [§] 4
(o0(00 - F7)) ~ 107 e’ s (1= M@+ 8) 7 (o) (F) @)

where my is the fermion mass. For all annihilation channels, this cross section is several
orders of magnitude below the experimental constraints on electromagnetic energy injection
in the early universe [135]. In principle the cross section gets a Sommerfeld enhancement,
but the effect is far too small for it to approach the experimental bounds. To see this, observe
that the dilaton mediates a force between DM particles with an effective “fine-structure
constant” of aer = m2 /(4w f%). Sommerfeld enhancement is only a large effect when the
quantity |

mO'

€ =
aeﬁm¢

2
=4r(1+ A)3% (4.6)

is much smaller than 1 [49, 136]. This is only satisfied for a relatively heavy dilaton.
Numerically, for f = my and a DM velocity of 0.5 x 1073, we find an enhancement of 2%
to 17%, depending on the value of A.

Lastly, the Higgs can decay to KK modes of the dilaton through a brane-localized
interaction with the Goldberger-Wise scalar. Although we did not write such an interaction
in the 5D Lagrangian in section 2, it is allowed by the symmetries of our model. These
decays contribute to the invisible width of the Higgs, which is constrained by collider
experiments. We can estimate the decay width to KK modes as follows. We expect that the
amplitude for the process h — KK + KK is given by A times a wavefunction suppression
factor. Since KK wavefunctions are given by Bessel functions which asymptotically grow
like 2%/2 (with z the coordinate along the extra dimension as in eq. (2.1)), we expect a
wavefunction suppression of (f/A)? for a final state with two KK modes. Thus the decay
width should scale like

A2 f 6

I'(h - KK+ KK) ~ =~ . 4.

( + ) 8mmy, (A) (4.7)

The number of KK modes lighter than the Higgs is of order my/f, so the total number of

decay channels — each with a width as in eq. (4.7) — is of order mj /f?. Thus, the total
invisible decay width is

o my (f\*
I'(h — ble) ~ — (= | . 4.8
( invisible) o ( A> (4.8)

ATLAS constrains the Higgs invisible branching ratio to be less than 0.11 [137], which

implies a very weak bound A/f 2 10. This is clearly satisfied for our case of interest with
f ~GeV and A ~TeV.
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5 Discussion and conclusions

In this paper we have explored a model of forbidden conformal DM. General considerations
of GeV-scale, thermal relic DM from a conformal sector naturally led us to the regime
where the dilaton ¢ is heavier than the DM ¢, such that the forbidden channel ¢¢p — oo
determined the relic abundance. We studied this model in a 5D dual implementation,
consisting of a warped extra dimension where the DM propagates on the IR brane and the
SM propagates on the UV brane. We studied the conformal phase transition in our model
and found that for a range of dilaton masses around 0.1-2 GeV, the phase transition can
source a nHz-scale stochastic gravitational wave background consistent with that observed
at NANOGrav. Note that this setup can be easily UV-completed into a composite Higgs
model by extending it to a three-brane model. In this case we would have an additional
phase transition that would show up as a double peak signature which can be probed by
future space-based gravitational wave experiments.

Theoretical and experimental bounds pointed to dark sector masses in the range
0.1-10 GeV. Imposing the requirements that the dark sector thermalizes with the SM, that
the conformal phase transition completes, and that the dilaton effective theory is valid led
to a lower bound on the dilaton mass of about 0.1 GeV; meanwhile, direct detection bounds
constrained the DM mass to be less than 10 GeV. The viable parameter space below a
few GeV will be probed by experiments searching for light, weakly-coupled particles like
FASER2, MATHUSLA, and SHiP. Future direct detection experiments specialized for low
mass WIMPs, in particular DarkSide-LowMass, will be sensitive to the remaining parameter
space up to 10 GeV.

To the best of our knowledge, our work represents the first extensive study of light
thermal relic DM which is a composite of a CFT. We have focused on forbidden DM here,
but there is probably a wealth of model-building opportunities to be found in exploring
other thermal mechanisms for generating light conformal DM. The detection of keV-GeV
DM is a very active area of research with exciting recent developments [138]. Thus, it would
be particularly interesting to identify a mechanism that allows for conformal DM lighter
than the 0.1 GeV lower bound we found in our model.
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