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Ultraheavy FIMP dark matter and conformal sectors
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We point out a dark matter candidate that arises in a minimal extension of solutions to the hierarchy
problem based on compositeness. In such models, some or all of the Standard Model fields are
composites of a conformal field theory (CFT), which confines near the electroweak scale. We posit an
elementary scalar field, whose mass is expected to lie near the cutoff of the CFT and whose couplings to
the Standard Model are suppressed by the cutoff. Hence, it can naturally be ultraheavy and feebly
coupled. This scalar can constitute all of the dark matter for masses between 10'° GeV and 10'8 GeV,
with the relic abundance produced by the freeze-in mechanism via a coupling to the CFT. The principal
experimental constraints come from bounds on the tensor-to-scalar ratio. We speculate about future

detection prospects.
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I. INTRODUCTION

The preponderance of evidence for dark matter (DM)
provides strong experimental motivation for new physics
beyond the Standard Model (SM). Despite this, the micro-
scopic nature of DM remains unknown, with a range of
about 80 orders of magnitude allowed for the mass of its
dominant component [1,2]. Conversely, one of the strongest
theoretical motivations for new physics is the Higgs hier-
archy or naturalness problem. Within the SM, the Higgs
mass is a relevant operator not protected by any symmetries,
and thus, it is unstable against radiative corrections.

For several decades, there has been speculation of a
connection between DM and the hierarchy problem. Most
solutions to the hierarchy problem involve new particles
appearing near the TeV scale, and if they are stable, they can
constitute the dark matter. These “weakly interacting mas-
sive particles” (WIMPs) typically have weak-scale couplings
to the SM particles. Such couplings are of the right size to
generate the observed DM relic abundance via thermal
freeze-out, a numerical coincidence dubbed the “WIMP
miracle.” The WIMP paradigm has been extensively studied
in the literature, manifesting as various avatars in popular
solutions to the hierarchy problem [3—7]. Examples include
the lightest Kaluza—Klein particle in extra-dimensional
settings, stabilized by KK-parity [4,5], and the lightest
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neutralino in the minimal supersymmetric standard model,
stabilized by R parity [3]. (Imposing R parity is also
motivated by phenomenological bounds on proton decay,
which perhaps renders the WIMP miracle more miraculous.)
But ever-tightening direct detection bounds have now ruled
out many simple WIMP models [8,9]. This has encouraged
intense exploration of other DM frameworks beyond
WIMPs, with varying degrees of theoretical motivation.
For example, ultralight DM has seen a flurry of activity in
recent years (for reviews, see Refs. [10-12]), with the
prototypical candidate being the QCD axion, whose exist-
ence is motivated by the strong CP problem [13,14].

For the purposes of this paper, we will be concerned with
ultraheavy particle DM, roughly defined as DM with a
mass above the WIMP unitarity bound of ~100 TeV but
below the Planck scale. This regime has received relatively
little attention, perhaps due to a lack of model-building
efforts and the experimental challenges of detection. For a
recent review including existing models and efforts for
detection, see Ref. [15].

In this work, we draw attention to an ultraheavy DM
candidate that arises in the context of solutions to the
hierarchy problem based on a conformal sector. This
popular paradigm (reviewed in [16,17]) posits that the
Higgs, as well as possibly the SM gauge bosons and
fermions, are composites of a conformal field theory (CFT)
that confines around the TeV scale. Scale invariance allows
for a large, radiatively stable hierarchy between the ultra-
violet (UV) cutoff of the CFT and the infrared (IR) scale at
which it confines, protecting a small Higgs mass. Our key
idea is that if one introduces a scalar field that is elementary
(as opposed to being a composite of the CFT), its mass will
naturally lie close to the UV cutoff, which may easily be
ultraheavy. This scalar can constitute the DM, with the relic

Published by the American Physical Society



AMEEN ISMAIL

PHYS. REV. D 108, 095049 (2023)

abundance set by the freeze-in mechanism [18,19]. The
initial abundance after inflation is negligible, and the DM is
generated through a coupling to the CFT, while the CFT is
still in its hot, deconfined phase.

One could also describe the same scenario in the 5D dual
picture through the AdS/CFT correspondence [20,21].
Composite Higgs models are dual to warped extra dimen-
sions, involving a slice of 5D AdS capped by UV and IR
branes [22,23] (see also [24] for a recent study of 5D duals
of composite models). The Higgs and possibly the other
SM fields propagate on the IR brane or in the 5D bulk. The
model we are suggesting corresponds to a scalar DM
candidate that lives on the UV brane.

For our mechanism to work and be natural, it is essential
that the Higgs is composite. Otherwise there would be a
renormalizable coupling of the Higgs to the DM, which
would lead to an unstable hierarchy between the electro-
weak scale and the ultraheavy DM mass, as well as possibly
affecting the DM abundance. We will see that the fermions
and gauge bosons may be elementary, depending on the
details of reheating.

The DM has small scattering cross sections with SM
particles, since they are highly suppressed by the UV scale
or the large mass. Such weak interactions are reminiscent
of models of feebly interacting massive particles (FIMPs)
[18,25]. FIMPs have been previously studied in the context
of warped extra dimensions, but only in the case where the
DM propagates on the IR brane or in the bulk. If the SM
lives on the UV brane but the DM is in the bulk, the 4D dual
describes an elementary SM and composite DM, which is
basically opposite in spirit to this work. This setup has been
explored in the conformal freeze-in scenario [26-28],
as well as with non-FIMP DM in warped/conformal dark
sectors [29-34]. (See also continuum freeze-out, which
features a WIMP-like DM state living in the bulk while
the SM lies on the UV brane [35-39].) Another case
that has been studied in the literature is the SM and DM
both localized on the IR brane, with a feeble SM-DM
coupling [40-43]. One can also consider IR-localized
WIMPs in a composite Higgs setting, which arise naturally
as pseudo-Nambu—Goldstone bosons in models with
extended global symmetry [44-56]. What we are proposing
here is fundamentally different. Our DM is elementary and
thus naturally ultraheavy and feebly coupled to the SM.
Since it is heavier than a typical FIMP, it is fitting to call it a
“FIMPzilla,” in analogy with WIMPzillas. FIMPzillas have
been considered elsewhere in the literature; the best-known
model is probably Planckian interacting DM, involving
Planck-scale DM interacting just gravitationally with the
SM [57,58]. FIMPzillas with a mass around 10'° GeV in
the context of a seesaw mechanism for neutrino masses
were discussed in [59].

In what follows, we illustrate our ideas with a minimal
model and then explore its phenomenology. The calcula-
tion of the relic abundance is complicated by the fact that

the DM freezes in before the conformal phase transition
occurs, when the theory is described by a hot CFT coupled
to the DM. To compute the production rate, we leverage
techniques previously used to study scale-invariant sectors
in the context of unparticle physics [60]. Our simple
model successfully reproduces the observed DM relic
abundance while being consistent with experimental
bounds for masses up to 1 or 2 orders of magnitude
below the Planck scale. The principal experimental con-
straint on the model arises from limits on the tensor-to-
scalar ratio. We speculate about other approaches for
detection, including the cosmological collider and direct
gravitational detection.

II. MODEL

We suppose that the SM degrees of freedom are
composites of a conformal sector that confines not too
far above the electroweak scale. The dark matter is an
elementary scalar, SM singlet y, which is naturally
expected to lie near the cutoff scale of the CFT A. We
require a mild hierarchy between the mass of y and the
cutoff, m < A, so that we can reliably perform calculations
in the effective theory, without the need for a UV
completion. We assume that y is odd under a discrete Z,
symmetry so that it is stable. Lastly, since we eventually
will set the relic abundance of y through the freeze-in
mechanism, we assume that the initial abundance of y is
negligible. This is possible if, for example, inflationary
dynamics only reheat the conformal sector.

Ultimately, only the Higgs needs to be composite to
stabilize a large hierarchy. In realistic models addressing
the hierarchy problem (e.g., the minimal composite
Higgs [61]), one typically takes some of the SM fields
to be composite while others, particularly the light fer-
mions, are elementary. It is quite feasible to construct a
composite Higgs model in which all of the SM fermions
and gauge bosons are elementary [62]. If any elementary
SM states are reheated after inflation, they could contribute
to and even dominate DM production. This is not the
situation we are interested in, so for now, we work under the
assumption that only the conformal sector is reheated. Then
taking some of the SM particles to be elementary has no
substantial effect on DM production. Later we will relax
this assumption and consider the conditions for production
from the CFT sector to dominate.

In the confined phase of the CFT, the holographic
dual of our setup is essentially a Randall-Sundrum
model [22,62]—a slice of 5D AdS space where the
composite and elementary fields are, respectively, local-
ized toward the IR and UV branes—plus a scalar y that
propagates on the UV brane. The cutoff of the CFT is
identified with the location of the UV brane, as well as the
inverse AdS curvature of the bulk. At high temperatures,
the CFT is in its deconfined phase, and the dual theory
is instead described by AdS-Schwarzschild space with a
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UV brane (where y is still localized). The usual AdS/CFT
relations allow us to write the number of colors of the
CFT, N, in terms of the unreduced Planck scale Mp and
the cutoff [63]:

Mp
N = \/2_”7' (1)

The holographic theory is only under theoretical control
in the large N limit, N > 1. Note also that the 5D Planck
scale M is related to the 4D Planck scale and the cutoff as
M3 = M3A/8xz. We will not make any further use of the
holographic dual than this, but it is still a useful picture to
keep in mind.

The relic abundance of y is generated via the freeze-in
mechanism in the early Universe, when the CFT is in its
hot, deconfined phase. We introduce a coupling of the
DM to the CFT sector through an effective interaction of
the form

2
K x“Ocrr
Eint :E Ad_2 ’ (2)

where « is a dimensionless coupling, and Ocgr is a CFT
operator of dimension d. In the 5D picture, this corresponds
to a UV brane-localized coupling. DM can be produced
through the process CFT stuff — yy.

Note that the operator dimension d need not be an
integer. We do require d > 1 from CFT unitarity. Also
when the operator is relevant, d < 4, Ocpr needs to be
forbidden from appearing in the Lagrangian by itself—
otherwise we would have a large explicit and relevant
symmetry-breaking term, causing the CFT description to
break down not far below the UV scale. The details of
how this is achieved are not important to our mechanism,
but one way would be to charge Ocpr under a discrete
symmetry.

In the next section, we will perform a detailed calculation
of the relic abundance resulting from the coupling in
Eq. (2). Technically we have an IR freeze-in scenario for
d <2 and UV freeze-in for d > 2. However, it turns out
that to get the right relic abundance, the reheating temper-
ature must be less than the DM mass. The hallmark of IR
freeze-in is DM production dominantly occurring at T ~ m,
but for our case, the temperature is never this large even at
early times. Instead, the DM production rate is always
suppressed by Boltzmann factors e~"/T, so production
dominantly occurs at early times, which is characteristic of
UV freeze-in. Hence, the situation resembles UV freeze-in
even when d < 2.

The DM mass is naturally expected to lie near the UV
cutoff scale (or perhaps a loop factor below). Moreover,
the UV cutoff can in principle be as large as desired so
long as the energy densities involved are sub-Planckian

(m2A% < M%)," and thus, the DM can easily be ultraheavy.
In fact, the benchmark points we will study turn out to only
be experimentally viable for masses larger than about
10'° GeV. The DM interacts very feebly with SM particles
because the cross sections are suppressed by its mass (for
d > 2, the DM-SM cross section is further suppressed by
the cutoff scale). Because of the FIMP-like interactions but
large mass, it is appropriate to refer to y as a FIMPzilla.

Furthermore, the weak coupling and large mass make it
infeasible to detect this DM through direct or indirect
detection. Instead, the principal experimental bounds
arise from constraints on the CMB. In particular, we
will see that the requirement of matching the observed
DM relic abundance makes sharp predictions for the
reheating temperature, allowing us to constrain the model
through the tensor-to-scalar ratio in the CMB power
spectrum. In this regard, the phenomenology of our
model is most similar to the Planckian interacting dark
matter scenario [57].

ITII. RELIC ABUNDANCE

We now proceed to calculate the DM relic abundance
in this model. For completeness, let us first write the
Lagrangian for y:

1 1 ky*O
£){ = 5(6){)2 - Emz)f + ETT (3)

As usual for freeze-in DM, we assume the initial abundance
of y is negligible, so we can ignore annihilation of y into
CFT stuff. The Boltzmann equation for y is then

i, + 3Hn, = ni{1(cv(CFT - yy)), (4)

where n denotes a number density, n®d an equilibrium
number density, (ov) a thermally averaged cross section,
and H is the Hubble parameter. The right-hand side of this
equation should be understood as a schematic representa-
tion of processes that produce DM pairs out of the hot CFT.
It should not be taken literally—it is unclear how to even
define a scattering process with CFT stuff in the initial state,
due to the lack of asymptotic states in a CFT.

Nevertheless, one can make sense of the production rate
by relating it to the inverse process yy — CFT using the
principle of detailed balance:

neir(ov(CFT = yx)) = (ny')*(ov(xy — CFT)) =y. (5)

'A slightly stronger but safer condition is to simply require
A < Mp. Super-Planckian values of A raise difficulties in UV-
completing to a theory of quantum gravity, but these issues can be
avoided if the large size of A is generated by, for example,
clockwork [64—66] or monodromy [67]. In any case, this point
has no qualitative bearing on our model.
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The rate y can be computed using unparticle methods for
the CFT phase space [60]; we provide the calculational
details in the Appendix. One could also calculate the
rate using the techniques in [68]. (Presumably, we could
perform this calculation in the 5D picture, too, by consid-
ering an AdS-Schwarzschild metric with a UV brane on
which y propagates.) One finds

T 2m 244
— KA 2m)> (22
v =K Ay am) <A>
X /o0 dun*=* u? = 1K,(2mu/T), (6)
!

where Ay = 162°/2(22)729T(d + 1/2)/(T(d — 1)['(2d)) is
the usual unparticle phase space normalization, and K is a
modified Bessel function of the second kind.

It is convenient to write the Boltzmann equation [Eq. (4)]
in terms of the abundance Y = n,, /s (where s is the entropy
density) and x = m/T, leading to

dy y
—_— = 7
dx Hsx )

We then substitute in Eq. (6) for y, use H = 1.66\/g_*T2/MP
and s = 27%g, T3 /45, and integrate the Boltzmann equation
to obtain the DM abundance today:

) 45Ad %<2_m>2d—4
(1.66)8z8¢3/* m \ A

X /oo dx/oo dun® = u? = 1x°K (2xu).  (8)
Xp |

o — K

Here, xj is the value of x at the reheating temperature T:
xg =m/Tg. Also, when the CFT is in the hot phase,
the effective number of relativistic degrees of freedom
is controlled by the number of colors in the CFT,
g, ~N?* =2zM3% /A%

The relic abundance is sensitive to the reheating temper-
ature, which is typical of UV freeze-in. Assuming efficient
reheating, the reheating temperature is related to the Hubble
parameter at the end of inflation H; as

AT Tk

H = .
! 45 M,

©)

This is important because H; is constrained by the CMB
bound on the tensor-to-scalar ratio r.

IV. PHENOMENOLOGY

In Fig. 1, we show curves in the (m, H;) plane that yield
the observed DM relic abundance [69,70]. We fix d = 3.5
and x = 1 and vary m/A = 0.1,0.01,0.001 over the three
curves. We indicate the maximally allowed value of H;
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FIG. 1. The value of H; that yields the observed DM relic
abundance [69,70] as a function of the DM mass m. We fix d =
3.5 and x = 1. We show results for m/A = 0.1 (black line),
m/A = 0.01 (blue line), and m/A = 0.001 (green line). The
dashing of these lines indicates where the energy density is super-
Planckian. We show bounds from the nonobservation of isocur-
vature perturbations, which excludes m < Hy (red line) [57,72];
from the CMB upper limit on the tensor-to-scalar ratio, r < 0.036
(purple line) [70,71]; and a projection for a future bound r < 107*
(dashed purple line).

from the CMB bound on the tensor-to-scalar ratio r <
0.036 [70,71]. We also include a bound m > H;, which
safely avoids DM isocurvature perturbations [57,72].
Note that the DM mass cannot be taken arbitrarily close
to the Planck scale. Quantum gravity effects become
important as the energy density of y, which is of order
m*A?, becomes comparable to M%. For this reason, we

have dashed the curves in Fig. 1 for m/Mp > /m/A,
where our calculations are not reliable. Also, there is a
minimum mass below which, the relic abundance is too
small no matter how large the reheating temperature is,
which is why the curves do not extend below m ~ 1077 M p.
We further caution that we have neglected direct gravita-
tional production of y, which may be important when m is
very close to H; [57].

Together, the benchmark points in Fig. 1 provide
experimentally viable DM candidates for masses ranging
from 107"Mp ~ 10'2 GeV to 0.1Mp ~ 10'® GeV. As pre-
viously stated, it is difficult to search for the DM with direct
or indirect detection because it is ultraheavy and couples
feebly to the SM. However, the model is in principle
testable through the bound on the tensor-to-scalar ratio.
As the bound on r becomes tighter, one needs to fine-tune
m/A to smaller values to evade the bound. In Fig. 1, we
show a projection for a bound r < 10™*, which would
probe a substantial region of parameter space. (The specific
choice of 10~ was quoted as a “futuristic bound” in [57];
for comparison, the upcoming CMB-S4 experiment is
projected to be sensitive to r down to about 1073 to
10~ [73].)
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FIG. 2. Same as Fig. 1, but fixing m/A = 0.1 and « = 1 while
choosing different values of d: d = 1.5 (orange line), d = 2.5
(turquoise line), d = 3.5 (black line), d = 4.5 (blue line), and
d = 5.5 (green line).

Figure 2 illustrates the effect of changing the operator
dimension, fixing m/A = 0.1 and x = 1 while varying d
from 1.5 to 5.5. The choice of half-integer values is merely
to emphasize that d does not need to be an integer. The
bounds are the same as in Fig. 1. As d increases, the DM
production rate is suppressed by a larger power of the cutoff
A, and so obtaining the correct relic abundance requires a
larger reheating temperature and thus, a larger H;.

For d Z 5, it is difficult to satisfy the existing bound on r
while generating the right relic abundance. Since CFT
unitarity implies d > 1, there is a narrow permitted window
for the operator dimension 1 < d <5 (the exact upper
bound depends weakly on the value of m/A). This provides
a complementary view on how constraining the tensor-to-
scalar ratio probes our model: As the maximum allowed r
becomes smaller, the viable window for the operator
dimension d shrinks.

We can also see from Fig. 2 that lowering the dimension
allows for a smaller DM mass, although still firmly in the
ultraheavy regime; for d = 1.5 (and m/A = 0.1), m can
be as low as ~107°Mp. One might worry about direct
detection bounds becoming important for d < 2, as the
coupling between y and the CFT becomes relevant. Recall
the DM couples to the CFT like A>~?y2Ogr, enhanced by
powers of A when d < 2. To obtain the resulting interaction
with a composite fermion y, we match the CFT operator
onto the low-energy theory as Ocgr — N/ (4zAx )y 'y,
where A is the scale at which the CFT confines. This
scaling is suggested by dimensional analysis, Lorentz
invariance, and large-N arguments [27]. We can then
calculate cross sections for direct detection in the normal
way. Taking Ajr ~ TeV and using the holographic relation
Eq. (1), we obtain a DM-nucleon cross section of

2 A 2—d M 3
~ ]0—75 Zme pals , 10
° A\ T Tev m (10)

where fy is an O(1) nuclear form factor. Even for the
smallest masses in Fig. 2 (that is, m ~ 10°°M p and
d =1.5), the cross section is of order 107 cm?, well
below direct detection bounds.

Lastly, we speculate about further opportunities for
detection. For masses near the inflationary Hubble scale,
m ~ Hy, one could potentially see imprints of y in cosmo-
logical collider observables [74]. A more involved analysis
than what we have done in this work is required to
understand the details of this. In particular, one would
need to take into account gravitational production of DM
when computing the relic abundance, since that is impor-
tant in the very regime m ~ H; relevant for the cosmo-
logical collider.” Another compelling avenue for detection
is to directly probe the gravitational coupling of y to
ordinary matter. This is the ultimate goal pursued by the
Windchime project: gravitational detection of Planck-scale
DM [75,76]. Our model provides another physics case for
Windchime in the form of a well-motivated, ultraheavy
particle DM candidate that is difficult to detect through
other means.

V. ELEMENTARY PRODUCTION

As we emphasized earlier, we have heretofore assumed
that any elementary SM particles are not reheated. We now
relax this assumption, which allows for additional freeze-in
DM production from annihilation of SM fermions or gauge
bosons to yy. We want to consider under what circum-
stances these processes provide the leading contribution to
DM production.

An elementary SM fermion y or gauge boson A, can
couple to y through a dimension-six operator:

K v

e F”,JF*”’)(Z. (11)

Kr
‘Cfermion = Tlizl//plllﬂfz» Evector =

If y* can couple to a CFT operator with dimension 1 <
d < 4 [see Eq. (2)], then yy production from fermions and
gauge bosons is suppressed by more powers of A than CFT
production. Hence, we expect CFT production to domi-
nantly produce the DM relic abundance. On the other hand,
if d > 4, then production from gauge bosons, AA — yy,
dominates. (We argue in the Appendix that production from
fermions is subdominant.)

For completeness, in the Appendix, we study the latter
scenario in the extreme case where all SM particles are
elementary and reheated at the end of inflation. This is a
standard UV freeze-in calculation, in contrast to the
main focus of this paper, CFT-dominated production,
where we had to use unparticle tricks. In this case, y can

*This is really a trivial statement. Particles with masses near the
Hubble scale have interesting effects on cosmological correlators
because they can be produced during inflation.
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still be a viable DM candidate for masses between
108Mp and 1072Mp.

We reiterate that freeze-in production from elementary
SM particles is only pertinent when those particles are
reheated at the end of inflation. If only the CFT is reheated,
the elementary fields do not impact DM production. The
central conclusion of this discussion is that even when
some elementary fields are reheated, CFT production may
dominate anyway if d < 4, in which case, the results of the
previous section still apply.

VI. DISCUSSION

We have demonstrated here that solutions to the hier-
archy problem based on a conformal sector easily accom-
modate an ultraheavy and feebly interacting DM candidate
in the form of an elementary scalar. Focusing on a minimal
realization of this scenario, we studied the case where
freeze-in production of the DM occurs dominantly through
a coupling to the CFT. This led to a viable DM candidate
for ultraheavy masses upward of 10™°Mp ~ 10! GeV.

The principal experimental constraints arose from the
CMB bound on the tensor-to-scalar ratio r, which bounds
the inflationary Hubble scale. In the future, the parameter
space will be further constrained by improved bounds on r
from experiments like CMB-S4. It is possible that the
cosmological collider could probe masses not too far above
the inflationary Hubble scale, although we leave a detailed
study of this for future work. Larger masses close to the
Planck scale could provide an additional physics case for
proposals for direct gravitational detection.

The importance of the conformal symmetry to our model
should not be understated. Otherwise, one might simply
posit an ultraheavy Dirac fermion as a DM candidate; it
would only have nonrenormalizable couplings to the SM,
and thus, one could obtain the right relic abundance
through UV freeze-in, but this misses the point: There is
a large hierarchy between the UV scale at which the
ultraheavy DM lies and the IR scale at which the SM
particles lie. This hierarchy is fine-tuned in the absence of
any symmetries protecting it. The essential role of the
conformal sector is to dynamically generate a large and
stable UV/IR hierarchy.

Throughout this work, we have neglected any discussion
of the conformal phase transition, and in fact, we have
tacitly assumed that the phase transition occurs promptly,
without supercooling. A large amount of supercooling
would dilute the DM abundance, potentially posing prob-
lems for our production mechanism.> Whether a prompt
phase transition can be achieved is dependent on the

3Possibly, one could evade this issue by overproducing DM in
the early Universe, such that after being diluted in a period of
supercooling, one is left with the right relic abundance. It would
be interesting to study how much supercooling can be accom-
modated in this way.

stabilization mechanism; the prototypical Goldberger—
Wise mechanism often leads to a supercooled transition
[77-81]. Nevertheless, alternative approaches to stabiliza-
tion that avoid supercooling have been proposed [82-88].
Another option is that the CFT is always in the confined
phase, as suggested in [89]. This would alter the calculation
of the relic abundance, however, since we assumed freeze-
in occurs when the CFT is in the deconfined phase.

We have also remained largely agnostic about the details
of inflation. Freeze-in requires that the initial abundance of
the DM is negligible. The obvious way to achieve this is to
assume that the inflationary dynamics cause only the
conformal sector to be reheated. There is a rich literature
on inflation in warped throats, mainly in the context of
string theory (e.g., [90-94]). In light of this, it would be
interesting to study the interplay of inflationary model-
building with our DM model—perhaps this could lead to
additional phenomenological signatures. Furthermore,
one could explore the scenario in which some of the SM
fermions and/or gauge bosons are elementary, but still only
the conformal sector is reheated. Would this have any
consequences for the cosmological history of these mod-
els? We leave all these exciting questions for future
projects.
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APPENDIX A: DM PRODUCTION
CALCULATION

Here, we provide some further details of the calculation
of Eq. (6). We first calculate the cross section ¢ for the
process yy — CFT. The CFT phase space factor is given
in [60], and we find

o= Ad
4/ (p1-p2)*—m*
[ SEAMP @R (1 = )00 ()

(A1)

where p; and p, are the momenta of the initial y particles,
and A, = 1627/2(27)72T(d + 1/2)/(T(d — 1)['(2d)).
From Egq. (2), the matrix element is just |[M| = x/A972.
The phase space integration is trivial, and we are left with
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s \42 1
Py <—2) (A
A 2+/s(s — 4m?)

where s = (p; + p,)>.
We can now use the standard formula for the thermally
averaged cross section [95]:

(n")*(ov) =

LAOO dso(s—4m?*)\/sK,(\/s/T). (A3)

327 S

Upon plugging in Eq. (A2) for the cross section (and
changing integration variables to u = +/s/2m), one readily
obtains Eq. (6), as desired.

APPENDIX B: FREEZE-IN FROM ELEMENTARY
PARTICLES

Here, we consider the case where production is domi-
nated by elementary SM particles, rather than CFT pro-
duction. The cross section for AA — yy, where A, is a
massless gauge boson that couples to y as in Eq. (11), is

2 2

o= v <i) B S (B1)
87 \A*) 2./s(s — 4m?)

We remark that this is identical to the CFT production cross

section, Eq. (A2), with d = 4 and the replacements k — «,,

Ay — 1/8z. Thus, the production rate (n,")?(cv) is simply

given by Eq. (6) with those replacements.

Using the equation of motion in Eq. (11), or by direct
calculation, one can show that the corresponding produc-
tion rate for a fermion yw must scale as smi//\“, so it
vanishes in the massless limit. Therefore, the contribution
of an elementary fermion to the DM relic abundance is
suppressed with respect to the contribution from an
elementary gauge boson.
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FIG. 3. Values of H; and m that yield the observed DM relic

abundance [69,70] in the case where freeze-in production from
elementary gauge bosons dominates over CFT production
(black line). We assume all of the SM gauge bosons are
elementary, are reheated at the end of inflation, and couple
universally to the DM with x, = 1. We fix m/A = 0.1. The
bounds are the same as in Fig. 1.

Let us study this scenario in the case where all of the
SM gauge bosons are elementary and suppose that they
all couple to y with x, = 1. The production rate we just
computed must be multiplied by 12 to account for the
number of gauge boson species in the SM. In Fig. 3, we
show the corresponding curve yielding the observed DM
abundance, fixing m/A = 0.1. The bounds are the same as
in Fig. 1.

From Fig. 3, we see this scenario reproduces the correct
relic abundance while being consistent with all experimen-
tal bounds for masses between 1078Mp and 107>Mp. The
prospects for detection are similar to those discussed in the
main text for the case where CFT production dominates.
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