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Cold interstellar gas clouds provide an exciting new method to discover dark matter. Their immense size
makes them uniquely sensitive to interactions from the heaviest, most rarefied dark matter models. Using
gas cloud observations, we derive constraints on heavy composite dark matter coupled to the Standard
Model through a light dark photon for dark matter up to a thousand solar masses. We find that gas clouds
are also sensitive to very large composite dark matter that interacts with nuclei through a fixed contact
interaction cross section. We also study the contact interaction model and implement multiscatter and
overburden analyses to obtain bounds from experiments like CDMS, CRESST, DAMA, XQC, and

XENONIT.
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I. INTRODUCTION

Cosmological observations and galactic dynamics have
established that dark matter provides the bulk of matter in
our Universe. As a consequence, it is imperative that we
determine the nature of dark matter as we advance knowl-
edge of fundamental physics and the beginnings of the
Universe. Rather little is known about dark matter’s mass
and its couplings to known particles, and so we must
develop new methods to unmask all plausible dark matter
candidates.

Although there is a vast body of literature investigating
weakly interacting particle dark matter (also known as
WIMPs) with a mass near that of the proton, comparatively
less is known about heavier dark matter. Nevertheless, it
has been clear since the first proposal of quark droplet dark
matter [1], and more recent composite dark matter models
[2-17], that dark matter may be a rather heavy composite
state. Despite the existence of these heavy dark matter
models, it has been an ongoing challenge to obtain
sensitivity to dark matter heavier than the Planck mass,
because the Planck mass is the maximum mass a human-
scale dark matter detector can find in a background-free
run-time of about a year [18,19]. In this paper, we will find
that cold gas clouds in our Milky Way Galaxy provide
unparalleled sensitivity to composite dark matter models
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with masses ranging from the mass of a proton up to many
times the mass of the Sun. Prior publications have studied
interstellar gas clouds as dark matter detectors for strongly
interacting, millicharged, and ultralight dark photon dark
matter models [20-22]. There have also been recent
proposals to use the cold and hot phases of interstellar
gas in dwarf galaxies to look for dark matter and, in
particular, primordial black hole dark matter [23-25]. Here,
we will focus on how cold gas clouds near the Milky Way
Galactic Center can provide leading sensitivity to models of
composite dark matter.

The remainder of this paper proceeds as follows. In
Sec. II, we find gas cloud sensitivity for composite
asymmetric dark matter which interacts with Standard
Model particles through a long-range dark photon media-
tor. In Sec. IIl, we detail gas cloud sensitivity for an
effective model of composite dark matter with a fixed
contact interaction cross section for scattering with nuclei;
bounds on this model are also obtained from terrestrial
experiments, including CDMS, CRESST, DAMA, XQC,
and XENONIT. In Sec. IV, we conclude. In the Appendix,
we present a summary of bounds on composite dark
matter’s contact interactions from a search for tracks in
mica and Skylab’s plastic etch detectors.

II. COMPOSITE ASYMMETRIC DARK MATTER

Interstellar gas clouds have been observed with temper-
atures around 100 K and lengths spanning tens of parsecs
[26]. These characteristics result in exquisite gas cloud
sensitivity to very heavy composite dark matter that interacts
primarily through long-range forces. Here, we will focus on
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explicit models of composite bound states detailed in
Refs. [6-8,13,14], where the composites are comprised of
asymmetric dark matter constituents bound together by a
scalar field. For a review of asymmetric dark matter (ADM),
see, e.g., [27-30]. A sufficiently strong and long-range force
between asymmetric fermion dark matter will result in many
dark fermions being bound together after an early period of
“dark nucleosynthesis.” As more constituents are added, the
combined state of dark fermions will saturate to a constant
density once the Fermi degeneracy pressure dominates the
state. The terrestrial direct detection prospects for these
asymmetric composite states (dubbed ADM nuggets) have
been recently studied in Ref. [31]. Although ongoing and
future underground low-threshold direct detection experi-
ments can potentially put quite stringent bounds on nugget
masses below 10'7 GeV, their sensitivities are lost quickly
for larger masses due to intrinsic flux sensitivity problems
along with the overburden problem, where the expected
interaction can be so strong that nuggets are slowed to small
speeds by scattering against Earth’s crust before they reach
the detector. These nuggets fail to trigger the detector with
their small thermal velocities. One advantage of gas clouds
as dark matter calorimetric detectors is that they are sensitive
to nuggets with masses below ~10° GeV [21] as a
consequence of the extremely low baryon number density.

The ADM nugget can be parameterized by two quan-
tities, the reduced constituent mass /m,,, which incorporates
the in-medium contribution to the bare constituent
mass, and the total nugget mass My [31]. A nugget with
Nx = My/m, constituents has a radius given by

9m My \ /3
re= (o) m

my
assuming a saturated constituent density inside the
nugget. With the nugget so defined, we turn to dark matter
interactions with Standard Model particles. We will be
primarily interested in the interaction cross section between
an ADM nugget and a Standard Model (SM) target due to a
long-range interaction:

do q
— =——5(q)N%|Fx(q). 2
4o =2z TN Ex(9) @
where py; is the reduced mass between the nugget and
the target electron or nucleon, ¢ denotes the momentum
transfer, and & reads

4me’ appmax iz,
(> +m3)?

(3)

o=

We assume that the nugget-SM interaction is dominated by
the exchange of a dark photon mediator A’ which Kineti-
cally mixes the SM photon with the mixing parameter e.
Here, apy >~ 1/137 is the fine structure constant, and

ay = g3/ (4x) defines the gauge coupling between the
dark photon and nugget constituent y.

Because the vector A" will couple to X particles and
provide an additional repulsive force between them, a few
comments are in order about the validity of Eq. (1) and the
stability of very large dark matter composites under the
influence of a vector mediator. In the Standard Model,
the presence of a vector force can destabilize nuclei and
specifically prevents the formation of large nuclei. This is
related to the fact that the binding potential of quantum
chromodynamics is limited by the QCD confinement scale
to lengths <fm. In the case of ADM nuggets bound
together by a scalar field, these nuggets can remain stable
up to very large masses [13], so long as this scalar field is
less massive and couples more strongly than the vector
mediator A’, i.e., gfb/m{/, > g2/m3, with g, (g,) and my
(my4) the coupling and mass of the scalar (vector) mediator,
respectively. We will always assume this regime, where the
nugget binding energy is large enough to overcome the
repulsive force introduced by the vector mediator and
the nugget can become arbitrarily large—we consider
nugget masses ranging up to hundreds of solar masses.
As the constituents of nuggets can be modeled as relativ-
istic Fermi gas, Fermi pressure will prevent the nuggets
from collapsing. Consequently, fine-tuning of the vector
force is not required to balance the attractive potential of the
scalar mediator. However, the vector mediator tends to
affect the saturation density of nuggets. We refer readers to
Ref. [13] for detailed discussions.

If scattering with SM nuclei, an additional factor
Z*|Fy(q)|* needs to be introduced to Eq. (2), where the
Helm nucleus form factor is given by

3j1(qRy) _ 0
Fy(q) 2#6 T2 (4)

where s = 0.9 fm, the nucleus radius is roughly Ry ~
1.2 fm x A'/3, and j, is the Bessel function of the first
kind. Since the ADM nugget has a finite radius Ry, a
nugget form factor is also required to account for the mass
distribution of the nugget, which we take to be

Fy(q) = 3’;%’” (5)

When traversing the gas cloud, the ADM nugget will
heat the gas cloud by scattering with the nuclei and free
electrons in the gas cloud. The energy deposited per scatter
is g%>/2my for nuclear scattering or g*>/2m, for electron
scattering. In the case that nuclear scattering dominates
DM-gas cloud energy transfer, the dark matter gas cloud
volumetric heating rate (VDHR) is given by
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Px myny 1 dv
VDHR = —fi — | —f(v
Z,»:MX Cmy, 245, ) v )
2
Gimax q- do;
X dqq —_. 6
/qmin 2mN[ dq ( )

In Eq. (6), we also sum up the contribution from dark
matter scattering with different nuclei. The predominant
elements in gas clouds are hydrogen, helium, oxygen, and
iron with mass fractions

{F fries for foo fre} = {0.71,0.27,0.01,0.004, 0.0014},
(7)

where these relative abundances assume a solar metallicity.
Dark matter’s volumetric heating of the gas cloud can also
be predominantly from the ADM nugget’s interaction with
electrons, in which case

/)X 1 d/[} Gmax q2 do'e
VDHR, =% p, —— [ — d . (8
=m0 [ daayt e

min

Here, we will set bounds using gas cloud G357.8-4.7-55
[26], which is characterized by a temperature 7, = 137 K,
a baryon number density n, = 0.42 cm?, and a free
electron number density n, = 107> cm™. The dark matter
density near the gas cloud is approximately 17 GeV/cm?,
assuming standard DM Milky Way halo density distribu-
tions [21]. We take the dark matter velocity in the rest frame
of the gas cloud to follow a Maxwellian distribution where
we assume a characteristic velocity v, = 220 km/s and a
relative gas cloud velocity v, = 180 km/s, as detailed in
Ref. [21]. In order for the gas cloud to cool to the
temperature observed today, we require the dark matter
heating rate to not exceed the volumetric cooling rate
(VCR) today, i.e.,

VDHR < VCR, (9)

where the average cooling rate is estimated to be
3.4 x 1072 ergem 357! [21].

Since we will be most interested here in a light dark
photon mediator where m, < ¢, the dark matter heating
rate dVDHR/dgq is proportional to 1/g. The dark matter
heating of the gas cloud in this case is dominated by the
contribution from low-momentum transfer interactions. For
the dark matter velocities we are considering, it will be the
case that ¢ < agym,, which is to say electronic ionization
of gas cloud atoms is prohibited and only free electrons and
ions will contribute to the DM-gas cloud heating rate.
Furthermore, it is evident from comparing Egs. (6) and (8)
that the heating rate in nuclear scattering is suppressed by a
factor of m,/m,. We have verified throughout the param-
eter space we consider that the dark matter—gas cloud

heating rate is dominated by the nugget scattering with free
electrons in the gas cloud for a light dark photon mediator.
We now turn to the response of the gas cloud medium to
long-range interactions with the ADM nugget. The ionized
part of the gas clouds can be modeled as a nonrelativistic
plasma. The effective Compton wavelength of a dark
photon in the plasma is described by the Debye length
Aq of the plasma, beyond which any electromagnetic
interaction is screened. This sets the lower limit of the
momentum transfer ¢, = 1/4,4, which also regulates the
divergence of the integral in Eq. (8). In the gas cloud,

A ApMmNe
o= | e 10
qmln Tg ’ ( )

where T, is the temperature of the gas cloud. The maximum
momentum transfer ¢,,.x = 24x.v depends on the dark
matter velocity explicitly. However, as we mentioned
before, the dark matter heating rate is dominated by lower
momentum transfer. We consequently set g, = 2m, v,
as the nugget mass My > m,. We have verified through
numerical evaluation of the energy deposition integral that
this simplification does not change our results.

Figure 1 shows gas cloud sensitivity to asymmetric dark
matter composites interacting with electrons through a dark
photon. For the formalism laid out above, we require the
dark photon to mediate a long-range interaction, where the
effective Compton wavelength of the dark photon is larger
than the size of the dark matter nugget. This implies

1
min {—,ﬂd} > Ry(My,m,). (11)
mA’

This restriction on the dark photon as a long-range mediator
is shown by the shaded gray region in Fig. 1. Similar to
this Debye screening, we also expect the dark photon
could have an in-medium correction from the plasma of y
particles inside the dark matter nugget. Here, as in

Ref. [31], we refer to this as the in-medium correction

to the dark photon mass émi, ~ 3T
my

~ 4zaym;. We require
that the nugget-SM interaction is not screened by the
plasma inside the nugget, i.e.,

1
——— > Ry(My.,m,). 12
\/4?“)(771)( X( X m)() ( )

The region where in-medium corrections would need
to be accounted for lies above the dashed purple line
in Fig. 1.

A nugget with long-range interactions will also have
substantial long-range self-interactions. These self-
interactions are bounded by observations of the Bullet
Cluster [31,36,37], which restricts ay:
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FIG. 1. Constraints are shown for the coupling e>ayagy of an asymmetric dark matter nugget of mass My interacting with SM
electrons through a dark photon mediator. The pink region is excluded by cold gas clouds near the Milky Way Galactic Center. Also
shown on the left is the black region excluded by XENONI10 [31]. The cyan region describes a perturbativity bound which restricts
g, < 1. The dashed purple and dash-dotted blue lines correspond to in-medium and self-interacting dark matter (SIDM) bounds,
respectively (see the text for details). Regions where the Compton wavelength of a dark photon is smaller than the nugget size are shaded
gray on the right. In the upper two panels, we assume the dark photon mass m, = 1073 eV. For the in-medium, perturbativity, and
SIDM bounds, we take e = 2 x 107, which is the solar lifetime constraint [32]. The lower two panels depict the bounds for
my = 10715 eV. For these panels, in deriving non-gas-cloud bounds, we fix the mixing parameter € = 0.1 to be consistent with Jupiter
magnetic field bounds [33,34]. Depending on the radius of the ADM composite, microlensing will impose additional constraints when
the dark matter mass My = 10%° g [35]; see the text for details. This mass threshold is marked by the gray dashed lines. In the left and
right panels, we use constituent masses /m, = 10 MeV and 10 GeV, respectively.

1 _4 4 2\ 172 1 2 M 5 stars. can be.deﬂ.ected by dark matter due t.o gravitational
axy S — (E% X ﬂ) exp | = Max X o lensing. As is evident from Eq. (1), the radius of a nugget
4 \4 My 9 - 4 g is much smaller than the Einstein radius; consequently,

(13) microlensing constraints apply for nuggets as pointlike
lenses when My > 10%0 g [35]. This mass scale is marked
as dashed gray lines in the lower panels in Fig. 1, above

This self-interaction constraint is labeled “SIDM” with ~ which ADM nuggets that have radii smaller than the
dash-dotted blue lines in Fig. 1. We also show the region  Einstein radius cannot constitute 100% of dark matter.
g, > 1 in cyan where the theory becomes nonperturbative. ~ Given the nugget fraction in dark matter f, the bound on

When the nugget mass is comparable to the mass of an e?apyay scales as 1/fy. However, care should be taken
asteroid or the mass of the Sun, the light of background  when applying this bound to ADM nuggets, since, in the
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case of nuggets with an internal vector potential, it is
possible to consider ADM nuggets with radii much larger
than Eq. (1), which could have radii much larger than their
Einstein radius. We leave exploration of this class of
models to future work.

The parameter space explored by gas clouds is enclosed
by the pink region in Fig. 1. We see that, for a dark photon
mass m, = 1073 eV and a constituent mass m, =10 MeV,
gas clouds set a leading bound on dark-photon-mediated
nugget interactions for nugget masses between 10! and
10%” GeV, at which mass the mediator Compton wave-
length limit begins restricting interactions. For a larger m,,
the bound would be safe from these Compton consider-
ations up to larger My, since the dark matter nugget will be
more compact for larger constituent masses. The gas cloud
bound scales as 1/My at a relatively small nugget mass
because of the N% factor arising from the coherent
scattering between the nugget and electrons in Eq. (2).
We see that, for some parameters, the bound saturates at a
fixed coupling at large enough My; this is a consequence
of suppression from the nugget form factor |Fy|?> when
qRy > 1—for a large enough ADM nugget, the coherent
enhancement from constituents collectively coupling to
electrons is weakened. On the other hand, the couplings
constrained in this case are rather tiny, extending well
below e?ayapy = 107

III. COMPOSITE DARK MATTER WITH
CONTACT INTERACTIONS

Next, we consider a strongly interacting composite dark
matter model, where the composite has a fixed cross section
for elastic scattering with nuclei oyy, which does not
depend on the size or mass of the nucleus. This prescription
applies to dark matter that is strongly interacting with
nuclei at short range and is physically larger than any
Standard Model nucleus, i.e., oyy > 7r2, for nuclear
radius r,. In this case, the differential cross section for
scattering with a nucleus i is given by

do; my.oxN
dEg 2/@(,\,_1)2’

(14)

where my is the mass of the nucleus and pyy. is the dark
matter—nucleus reduced mass. Some examples of this sort
of dark matter include quark nugget matter [1] and other
large dark matter composite states with strong, short-range
interactions. In these cases, the dark matter elastically
scatters with all nuclei it contacts, and so the total cross
section on any nucleus is equal to the physical area
subtended by the dark matter composite.

This can be contrasted with the more common spin-
independent nucleon contact interaction formalism, where
the nuclear cross section is associated to a dark matter—
nucleon interaction cross section oy, through the relation

2

SI Hxn,

o) = oxaA? N F2 (g). (15)
ﬂXn

We stress that Eq. (15) will not be used in this analysis,
except to translate between prior results obtained with this
formula and the model given by Eq. (14). In the per-
nucleon expression, F is a nuclear form factor, A is the
number of nucleons in the nucleus, and, at small momen-
tum transfer ¢ < 1/Ry, Fy ~ 1. For dark matter much
heavier than the nucleus pyy =~ my, this low-momentum

transfer limit allows for a simple scaling relation

655{,2 ~ oy,A*. Equation (15) has been employed in most

direct detection experiments to obtain the per-nucleon
scattering cross section. However, as suggested by large
composite dark matter models [12,19,38] and notably
enunciated in Ref. [39], this relation can break down at
a large cross section for pointlike dark matter particles due
to the breakdown of the first Born approximation and the
fact that the cross section for contact interactions cannot be
larger than the geometric size of the nucleus. On the other
hand, exceptions to this argument include composite dark
matter and long-range interactions between dark matter and
nuclei. In both these cases, the interaction between dark
matter and the nucleus can have a supernuclear-sized cross
section. In Sec. II, we have considered the case where dark
matter composite interactions are mediated by a long-range
force. Here, we investigate the simple possibility stated
above [Eq. (14)], that a supernuclear-sized composite dark
matter particle interacts elastically with all nuclei it con-
tacts. In this case, dark matter is opaque to nuclei, so that
the scattering cross section is determined only by the
geometric size of the composite state, and the same cross
section applies to all nuclei.

Gas clouds will have special sensitivity to large
composite dark matter that scatters elastically with nuclei.
As detailed in Refs. [20,21], gas clouds have the unique
advantage of being extremely large detectors that are
sensitive to thermal energy dark matter can deposit. In
gas clouds, the volumetric heating rate from the dark matter
contact interaction given above is

VDHR = anniaXN<vER>, (16)

where the sum runs over all nuclei in gas clouds and n; is
the number density of the nuclei. The average recoil energy
(ER) = u%yv*/my, which implies

Px , Mplly
VDHR:ZM—Xfim—lz\,_ﬂiN"GXN/v3f(v)' (17)

In Fig. 2, by requiring the dark matter heating rate to not
exceed the gas cloud cooling rate for some particularly cold
gas clouds near the Galactic Center, we place constraints on
dark matter’s geometric cross section with nuclei. Here, we
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FIG. 2. Constraints on large composite dark matter—nuclear
contact interaction cross section. The pink region above the red
line is excluded by gas cloud heating. Bounds from the CRESST
2017 surface run [40] and CDMS-I [41,42] are revisited with a
modified version of the code VERNE [43,44]. The dotted line
represents a multiscatter cross section above which dark matter
may scatter multiple times in CDMS-I detectors. The Skylab and
mica bounds are described in the Appendix. The bound from the
x-ray quantum calorimetry experiment (XQC) is rescaled from
above with nitrogen overburden and from below with silicon
scattering following Eq. (15). The DAMA upper bound is
obtained from the overburden of the Earth crust, and the lower
bound in Ref. [45] is recast assuming iodine scattering. The top of
the XENONIT bound [46,47] is determined by both overburden
and multiscatter considerations as detailed in the text. A new
bound from a shallow-depth experiment carried out at the
University of Chicago (here labeled “Chicago”) is taken from
Ref. [48]. Constraints from spectral distortions of the cosmic
microwave background due to dark matter-nucleon couplings
(CMB) [49,50] are shown in purple. A weaker bound from
interstellar gas cooling [22] is not shown in this figure. A
comparable bound can be placed based on the Milky Way
satellite observations subject to cosmological and astrophysical
assumptions [51]. Other possible constraints could be derived
from dark matter induced nuclear transitions [52,53]. We have
indicated a typical nuclear cross section with a dashed line
labeled “nucleon size.” Below this line, a strongly interacting
composite dark matter model must be reconsidered: For such
small cross sections, dark matter cannot elastically scatter with
every nucleus it encounters and also be larger than a nucleus.

have used all the same parameters, provisos, and proce-
dures laid out in Sec. II. In addition, we have performed a
good amount of additional analysis, in order to include
additional bounds on this parameter space from direct
detection experiments on Earth, along with Skylab and
mica bounds detailed in the Appendix.

In the remainder of this section, we discuss our pro-
cedure for obtaining bounds from a number of direct
detection experiments. We have rescaled the XQC rocket
bound on dark matter for the contact interaction model
of this paper, using Eq. (15). The XQC experiment has an
overburden which comes from the atmosphere. So we set

A ~14 when recasting the upper bound obtained in
Ref. [54] while assuming F = 1. Dark matter interacts
primarily with the silicon targets in the XQC detector,
so we assume A ~ 28 to recast the XQC lower bound on
per-nucleon scattering.

We obtain CRESST [40] and CDMS-I [41,42] bounds
on strongly interacting composite contact interaction dark
matter with a modified version of the VERNE code [44]. We
have used the VERNE code to compute dark matter particle
energy loss on its path through Earth and structural over-
burdens, to obtain an accurate spectrum of dark matter
particle energies at CRESST and CDMS-I. The average
loss of kinetic energy when dark matter traverses the
overburden can be approximated as

diE,)
dr —Z”KER%JW’ (18)

where Ej is the nuclear recoil energy and the sum runs
over all nuclei in the overburden. After traveling a distance
D, the change in the dark matter velocity is obtained from
Eq. (18):

dv OxNU ”%{N.ni
—_— = i, 19
dD MX Z my; ( )

The overburden modifies the final velocity distribution of
dark matter reaching the detector, and the nuclear scattering
rate in the detector is expressed as

Ermx do

p
R = ”TM*X dUdeet(U)/ TERdER, (20)

X ¢ Vmin ER4min

where the dark matter velocity distribution upon arrival
faet(v) differs from the initial Maxwellian distribution. For
each experiment, we use the threshold energy to define
Vmin» the minimum dark matter velocity necessary to trigger
the detector after traversing the overburden. Using this,
an upper limit to the excluded region is determined by
requiring the number of nuclear recoil events in the detector
to be less than the events observed. This procedure was
undertaken for both the CRESST and CDMS-I detectors,
for which we used recoil energies of 20-600 eV and
10-100 keV, respectively.

If the contact cross section is large enough, dark matter
will scatter multiple times in a dark matter detector [18,19].
Our multiscatter treatments for CRESST and CDMS-I
are as follows. The CRESST detector in the 2017 sapphire
crustal surface run configuration consisted of a cooled
(5 mm)? Al;O, crystal [40]. Dark matter with a cross
section larger than oy = 3.5 x 10723 cm? will be able to
scatter more than twice and deposit more than 600 eV
nuclear recoil energy in the crystal. Consequently, we
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truncate the CRESST exclusion region at this multiscatter
threshold cross section.

To estimate multiscatter dark matter bounds for
CDMS-I, we first characterize the physical dimensions
of the detector. A single CDMS-I detector (BLIP) consists
of a cylindrical crystal of high-purity germanium with 6 cm
diameter and 0.3 cm thickness. Three such detectors were
employed in the CDMS-I shallow site search [41,42]. A
threshold cross section o, = 1.5 x 10722 cm? is required
for dark matter to scatter twice in these detectors. This
multiscatter threshold is marked with the blue dotted line in
Fig. 2. We will find that we can obtain a bound that extends
slightly into this multiscatter region, by requiring that
prospective dark matter events saturate the number of
candidate events reported in Ref. [42]. However, our
approach will be limited by the fact that Ref. [42] did
not report detailed data for events with nuclear recoil
energies exceeding 100 keV.

In more detail, the BLIP detectors were covered with a
4.1-cm-thick plastic scintillator as muon veto, with a veto
threshold of 2.6 MeV. There were 27 single-scatter candi-
date events that passed the muon veto and 3287 muon-
coincident (vetoed) “neutron candidate multiscatter events”
[42] that failed the muon veto. Therefore, it would be
conservative to assume multiscatter dark matter failed the
muon veto if it deposits enough energy in the scintillator to
trigger the veto. (To conservatively limit our bound, we
could assume multiple scattering dark matter nuclear
scattering interactions can efficiently deposit all their recoil
energy in the scintillator—in fact, nuclear scattering in
scintillators is usually less efficient at creating detectable
photoelectrons than scattering of charged particles like
muons [19].) However, our analysis will not have to
consider the muon veto, because, using a typical scintillator
composed of ’C with 1 g/cm?® density, dark matter would
need a cross section larger than ~4.2 x 102! cm? to trigger
this muon veto. Nevertheless, well below this cross section,
dark matter is already depositing more than 100 keV in a
single passage through a BLIP detector, at a cross section
~4.2 x 102> cm?. As already mentioned, beyond recoil
energies of 100 keV, multiscattering data are not available
in the CDMS-I publication [42]. So we truncate our
CDMS-I multiscattering bound at the 100 keV detector
energy deposition cross section 4.2 x 10722 cm?, which lies
below the muon veto threshold cross section. In other words,
because we do not have high-energy CDMS-I event data, our
analysis can consider only events that did not trigger the
muon veto. Throughout our CDMS-I sensitivity region,
we require that 27 dark matter particles cross the detector
in 99.4 live days. This limits the dark matter mass range to
below 4 x 103 GeV. A future analysis which has access to
the number of muon-coincident multiscattering events with
BLIP detected energies exceeding 100 keV could bound
larger nuclear scattering cross sections, utilizing high-energy
events that did not pass the muon veto.

To derive the XENONIT upper bound, we can rewrite
Eq. (19) as

dE E — Hxw, M
4t _ _,0%xn Z% (21)
dD M X ; mpy;
The cross-section upper bound can be estimated by
requiring the dark matter particles with maximum kinetic
energy E( .y to barely trigger the detector threshold after

traversing the overburden of length L, i.e.,

M /”%(N,-ni -1
OxXN — Tli(ln(EO,max/Ef,min) (Z > s (22)

i my;

where Ey i, is the minimum dark matter kinetic energy
upon reaching the detector. The XENONIT experiment
[46] was carried out at the INFN Laboratori Nazionali
del Gran Sasso (LNGS) about 1400 m underground.
We assume the Earth crust consists of (O, Si, Al, Fe, Ca,
Na, K, Mg) with the mass fraction (0.466, 0.277, 0.081,
0.050, 0.036,0.028, 0.026, 0.015). The detector threshold
for nuclear recoil is 4.9 keV. The threshold cross section
for dark matter to scatter twice in the meter-scale detector
is 64, = 1.4 x 1072* cm?, above which XENONIT loses
its constraining power. The threshold cross section oy, is
combined with the overburden to set the upper limit in
the cross-section exclusion region. As with XQC, the
XENONIT lower bound is rescaled from per-nucleon
cross section to contact interaction cross section with
xenon nuclei. We note that our results appear in good
agreement with a recent per-nucleon bound obtained
in Ref. [47].

In 1998, the DAMA Collaboration constructed two
coplanar configurations of sodium iodide crystals to
search for strongly interacting dark matter, including dark
matter that would interact multiple times in these detectors
[45]. Similar to XENONIT, we use Eq. (22) to set the
overburden upper bound by taking into consideration the
major elements in the Earth crust and by assuming 4 keV
detector threshold. We have checked that this prescription
for the overburden upper bound, which in the case of

the dark matter-nucleon scattering cross section is
4 2

Oxn = %1H(E0,max/Ef,min)<Zi%)_19 y1€1dS a Shghtly

more conservative bound than reported in Ref. [45].

In rescaling the Ref. [45] lower bound, we assume dark

matter scatters predominantly with iodine, which is the

heaviest nucleus in the detector and will yield the most

conservative bound.

IV. CONCLUSIONS

We have found that interstellar gas clouds can be
repurposed as exquisitely sensitive calorimetric detectors
in the hunt for heavy composite dark matter. In particular,
cold gas clouds are sensitive to models of composite dark
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matter that interact through a long-range force or through a
contact interaction with a cross section in excess of a
nuclear cross section. Here, we have focused on constraints
from cold gas clouds identified near the Galactic Center,
which span tens of parsecs and have lifetimes spanning
over a hundred million years. These gas clouds are
thermally sensitive to dark matter interactions for masses
extending to 10°° GeV. In the case of long-range inter-
actions, we focused on a particular model of asymmetric
composite dark matter coupled to Standard Model particles
through a dark photon mediator. We also considered heavy
composite dark matter with a supernuclear-size contact
interaction cross section with nuclei. In both cases, we
found that cold gas clouds about a kiloparsec from the
Galactic Center appear to place leading bounds on
composite dark matter, assuming a standard Milky Way
dark matter halo density profile.

In addition to our work investigating gas clouds as
composite dark matter detectors, we have also recast
bounds from experiments like CDMS, CRESST, DAMA,
and XQC on strongly interacting composite dark matter
that has a fixed contact interaction with nuclei. In the case
of our CDMS-I reanalysis, the treatment was necessarily
rudimentary and conservative—in order to make sure our
bounds were not overstated, we treated every event in
CDMS-I BLIP detectors as a potential multiscatter event.
Stronger bounds could be obtained in the future with a
more complete analysis of the full CDMS-I dataset.

Much about the thermal properties of interstellar gas
clouds remains to be explored in future work. In our
treatment of gas cloud sensitivity to dark matter here, we
attributed all gas cloud heating to dark matter heating in
order to set conservative bounds. In doing so, we neglected
gas cloud heating contributions from cosmic rays, starlight,
and other galactic sources that would tend to inject more
energy into gas clouds. Incorporating realistic values for
these heating sources would further limit the heating
contribution from dark matter, resulting in a tighter bound
on dark matter couplings. However, this requires careful
modeling of gas cloud characteristics while marginalizing
over gas cloud parameters. We will address these gas cloud
calibration considerations in forthcoming work.

ACKNOWLEDGMENTS

The work of A.B.,J. B, S. S., and N. S. is supported by
the Natural Sciences and Engineering Research Council of
Canada (NSERC). We thank Levente Balogh, Fatemeh
Elahi, Matt Leybourne, Nirmal Raj, and Aaron Vincent for
useful discussions. Research at Perimeter Institute is
supported in part by the Government of Canada through
the Department of Innovation, Science and Economic
Development Canada and by the Province of Ontario
through the Ministry of Colleges and Universities.

APPENDIX: BOUNDS FROM EXPERIMENTS
NEAR EARTH

1. Mica

An experiment looking for tracks in ancient mica
set a bound on a cosmogenic particle flux @ ., <
1078 em™2s7'sr™! [55]. Assuming a local dark matter
density of py = 0.4 GeV/cm?, this implies a bound on dark
matter particles for masses My < 10%° GeV. The energy
deposition threshold at which etchable tracks were detect-
able in mica is given by p-l dE/dx > 2.4 GeVem? g7l
Reminding ourselves that the energy deposition rate for a
strongly interacting composite will be p} dE/dx = oxy1?,
this corresponds to a threshold scattering cross section
oxy ~4 x 10718 cm?. To determine the overburden, we
conservatively set the cross section at which Earth’s
crust would slow the DM and prevent it from leaving
an etchable track in mica, as the cross section at which
50% of the DM’s kinetic energy would be lost by transiting
3 km of crust. This sets an overburden cross section
OxXN = Log[Ei/Ef]MX/(pcrl’ﬂcr)’ where we take Per ®
3 g/cm?® and #Z,, = 3 km as the density and span, respec-
tively, of Earth’s crust above the mica, and we take
E;/E; < 2. This restricts mica bounds to cross sections

oxny < 10_15 sz (1‘4)(/1015 GCV)

2. Skylab

In upcoming work, we address plastic etch bounds on
dark matter in greater detail [56]; here, we provide a
conservative bound and brief summary. One of many
experiments conducted on board the Skylab space station
was the study of the high-Z composition of cosmic rays
[38,57]. The detector used was a 1.17 m* array of 36
modules of Lexan plastic track detectors, each containing
32 sheets 250 um thick. Over a data collection period
lasting 253 days, about 150 events were observed to have
passed through all sheets. Assuming conservatively that
all of these were dark matter particles interacting with
the detector, we can constrain dark matter for masses
My <4 x 10 GeV. The Lexan (L) detector threshold
given in Ref. [57] is p;' %6 = 0.4 GeVem™' g~'. For this
threshold, the threshold scattering cross section is
oxy =7 x 10712 cm?. To set the overburden bounds, we
require that the dark matter passing through the 1 gcm™>
aluminum wall against which the plastic track detectors are
mounted retain 90% of their energy, giving an overburden
constraint % <1 g 'cm?. Our overburden constraints
here are similar to those obtained in Ref. [38], which
imposed a 90% energy retention criterion, but for dark
matter passing through 0.25 cm of Lexan, which translates
to G~ <3 g lem?.
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