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We study the reach of direct detection experiments for large bound states (containing 104 or more dark
nucleons) of asymmetric dark matter. We consider ordinary nuclear recoils, excitation of collective modes
(phonons), and electronic excitations, paying careful attention to the impact of the energy threshold of the
experiment. Large exposure experiments with keV energy thresholds provide the best (future) limits when
the dark matter is small enough to be treated as a point particle, but rapidly lose sensitivity for more
extended dark bound states, or when the mediator is light. In those cases, low threshold, low exposure
experiments (such as with a superfluid helium, polar material or superconducting target) are often more
sensitive due to coherent enhancement over the dark nucleons. We also discuss indirect constraints on
composite asymmetric dark matter arising from self-interaction, formation history, and the properties of the
composite states themselves.
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I. INTRODUCTION

The last decade has seen a dramatic broadening in the
types of dark matter (DM) theories that are being proposed
and searched for using various experiments [1,2]. Previously
the weakly interacting massive particle (WIMP) and the
axion were the focus of both theoretical and experimental
attention, and for good reason: in addition to solving the DM
mystery, they resolve another theoretical puzzle, the hier-
archy problem and the strong CP problem, respectively. As
the WIMP has not surfaced, the urgency to look elsewhere
has increased. At the same time, a qualitative expansion of
the number of DM candidates has occurred. Most of the new
ideas have centered around hidden sector DM, where the
dynamics of the non-standard model allow for a wider range
of dark matter candidates and signatures.
Most of the work in hidden sector dark matter has

focused on candidates of a low mass [3–8], as envisioned
and proposed in the hidden valley model. This focus is
partly phenomenologically motivated, but as thermal can-
didates with mass above 10 TeV cannot obtain the correct
relic abundance through a standard thermal freeze-out
scenario, there is also theoretical motivation. A natural

question is what models of DM exist above this “unitarity
bound” and how one searches for such candidates.
Here we consider the detection of very heavy composite

bound states of asymmetric dark matter (ADM). These
states satisfy the unitarity bound because they are syn-
thesized relatively late in the Universe from light con-
stituents in a hidden sector. The symmetric component of
the DM freezes out through annihilation to light force
mediators in the hidden sector, as proposed in the original
models [9,10]. If the forces in the hidden sector are
sufficiently strongly attractive and long range, the DM
states will bind and grow into large states, as shown in
[11–15]. When the states grow to a size such that the
Fermi degeneracy pressure dominates the dynamics of the
bound state, they “saturate” to a constant density [16,17];
we call these states ADM nuggets. If the confining force in
the dark sector undergoes a first order phase transition,
dark quark nuggets can form [18,19], though in this paper
we focus on nuggets formed via fusion. Because the
properties of ADM nuggets depend on very few param-
eters, such as the force range and strength and the
constituent masses, and combined with the requirement
that the states can form in the first place, the theory space
is fairly predictive. It was found in [20] that the natural
size of ADM nuggets, formed via early universe fusion, is
MX ≲ 1020 GeV, and that they give distinctive signatures
in the structure of galaxies and can produce signatures
in indirect detection [15,20].
On account of their large size, the scattering of ADM

nuggets in direct detection experiments can benefit from a
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significant N2
X coherent enhancement, with NX being

the number of constituents in the nugget. The correspond-
ing phenomenology was studied in [21,22], where it was
shown how the recoil spectrum of an ADM nugget can be
distinguished from that of normal WIMP DM. The focus of
this previous work was primarily on noble liquid and
semiconductor experiments, and in this paper we aim to
extend it by including more recent, lower threshold ideas
for both electron and nucleon couplings. We furthermore
consider both massive and light mediators, as well as a
light, kinetically mixed dark photon mediator. Our moti-
vation is that the N2

X enhancement only holds as long as the
momentum transfer is low compared to the inverse radius
of the nugget, which correlates strongly with the exper-
imental threshold. This effect was recently exploited for
the largest composite objects, MX ≳ 1020 GeV, whose
interaction cross section is dominated by the object’s geo-
metric size, in the context in particular of gravitational wave
detectors and spin precession experiments [23]. Here we
focus on the regime most motivated by synthesis consid-
erations (in the absence of a bottleneck, see [20]), 103 GeV≲
MX ≲ 1020 GeV, and show how the recent program towards
ultralow threshold detectors can impact the nugget DM
parameter space.
In particular, a number of experiments have been

recently proposed that are sensitive to very low momen-
tum transfers, both for DM coupling to nucleons (see,
e.g., [24–30]) as well as electrons (see, e.g., [31–36]);
some of these experiments are also sensitive to inter-
actions via dark photons. These experiments are natural
places to look when searching for ADM nuggets because
of their increased sensitivity via the coherent enhance-
ment. However, these novel experiments are very small in
volume compared to the large noble liquid detectors used
in classic WIMP searches. Our goal is to quantify the
relative reach of low threshold experiments compared to
the classic WIMP-like searches. We show that the relative
sensitivity at a given nugget mass depends strongly on the
constituent mass, which (largely) fixes the nugget radius.
For lower constituent masses, where the nugget saturation
densities are lower and their size is larger, the low
threshold experiments dominate; for larger constituent
masses, the opposite is true and the noble-liquid experi-
ments provide better sensitivity. This result highlights the
necessity of a multiprong experimental approach to place
constraints on ADM nuggets.
The outline of this paper is as follows. In Sec. II we review

the model of composite dark matter we employ, and lay out
our conventions and the main formulas for the direct
detection of nuggets. We also review the relevant constraints
fromprobes other than direct detection. In Secs. III and IVwe
consider the direct detection prospects of ADMnuggets with
couplings to nucleons and electrons, respectively. We con-
clude in Sec. V.

II. COMPOSITE ASYMMETRIC DARK MATTER

The goal of this section is to give a brief review of ADM
nugget properties and their formation history. This allows
us to select a natural model space for direct detection, as
well as define our conventions for the direct detection
parameter space. We also discuss the relevant constraints on
the particle mediating the scattering with the standard
model (SM), from probes other than direct detection.

A. Model and formation history

In the absence of a bottleneck, such as provided by
electromagnetism in the SM, fermionic DM with a suffi-
ciently attractive and long-range force can be synthesized
with as many as ∼1020 constituents. We refer the reader to
[20] for a review of nugget synthesis and properties. A
generic Lagrangian to describe the properties of bound
states of the fermions is given by

L ¼ χ̄ði∂ −mχÞχ −
1

2
m2

φφ
2 þ 1

2
m2

VV
2
μ − χ̄½gφφþ gV=V� χ

− Vðφ; a; V; AÞ; ð1Þ
where χ are the constituent fermions of the bound state
and for compactness we have omitted the kinetic terms of
the scalar, φ, and vector, V, mediators. Such a weakly
coupled model (with φ relabeled as the σ and V relabeled as
the ω) is employed in nuclear physics to describe the gross
features of the underlying strong dynamics.
To determine the reach of direct detection experiments,

we need to parametrize the properties of the nuggets. The
properties of nuggets with only a few constituents are quite
model dependent. However, once the nugget radius exceeds
the de Broglie wavelength of the force mediator, the nugget
enters a constant density regime called saturation. Here, it
can be shown that all the nugget properties can be para-
metrized in terms of just two quantities [17,20]—the con-
stituent mass mχ and the reduced constituent mass m̄χ , with
the latter taking into account the in-medium effects of the
nugget on the constituent mass. For example, the radius of
a bound state of NX constituents,

RX ¼
�

NX

4=3πnsat

�
1=3

; ð2Þ

is determined by the saturation densitynsat. This quantity is in
turn set by m̄χ,

nsat
m̄3

χ
¼

8>><
>>:

1
3π2

C4
V

C2
φ
≤ 1

8

1
3π2

h
1
2
þ
�
C4
V

C2
φ

�1
3

i−3 C4
V

C2
φ
> 1

8

m̄χ
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>>:

�
2
C2
φ

�1
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V
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φ
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1

ðCφCV Þ
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ð3Þ
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where

C2
V ≡ g2V

3π2
m2

χ

m2
V

and C2
φ ≡ g2φ

3π2
m2

χ

m2
φ

�
1þ 2g2φVðmχ=gφÞ

m2
φm2

χ

�−1
:

ð4Þ

In order for the bound states to reach saturation, neither mφ

normV can be too small; i.e, it must be that bothmϕ andmV

are larger thanR−1
X . Thuswe see thatmχ and m̄χ tend not to be

widely separated.
The total nugget mass is

MX ¼ NXm̄χ þ ϵsurfN
2=3
X ; ð5Þ

where ϵsurf is the surface energy density. In a general model
with both attractive and repulsive forces, ϵsurf is typically
within an Oð1Þ number of m̄χ and hence is a negligible
contribution to the total mass for large nuggets (see
Refs. [17,20] for a discussion and calculations).
For our purposes, we choose MX ¼ NXm̄χ and nsat ¼

m̄3
χ=ð3π2Þ to illustrate the reach of direct detection experi-

ments. All our results are parametrized in terms of MX and
m̄χ with the radius of the nugget in Eq. (2) written in terms
of these variables,

RX ¼
�
9π

4

MX

m̄4
χ

�
1=3

: ð6Þ

Note that throughout this paper we use a convention where
the index χ is used as a constituent label, while X refers to
the bound state of χ particles.
A natural question to ask is the typical size of nuggets

that are synthesized via early universe fusion. While the
size of synthesized states is in general model dependent,
large nuggets that constitute a significant fraction of the
DM energy density are most naturally synthesized in
the absence of a bottleneck to formation. In this case,
the dynamics of synthesis are quite model independent,
determined only by the Hubble parameter and the geo-
metric cross section of the nugget. One finds the syn-
thesized size to be [20]

NX≃1012
�
g�ðTsynÞ

10

�
3=5

�
1GeV
m̄χ

�
12=5

�
m̄3

χ

nsat

�
4=5�Tsyn

m̄χ

�
9=5

:

ð7Þ

Thus we see that lower constituent masses tend to give rise
to larger nuggets. The reason for this can be seen in Eq. (3):
nuggets with low constituent masses tend to have lower
saturation densities, and hence larger sizes, implying that
freeze-out of the synthesis process happens later. As we see
in the next section, however, self-interaction constraints
tend to favor smaller interaction cross sections, implying

that nuggets typically are not too large if they compose all
the dark matter. Furthermore, if there is an additional
mediator, either scalar or vector, whose de Broglie wave-
length exceeds the radius of the nugget, its couplings must
be extremely small in order to not affect the formation
history and structure of ADM nuggets. In this work we
however take the nugget mass as a free parameter, with all
nuggets having the same mass for simplicity. We leave the
interplay between the nugget mass distribution, as pre-
dicted from the formation history, and the direct detection
bounds for future studies.

B. Constraints on the mediator

We assume that the dark sector interacts with the
standard model via a mediator,1 ϕ, which couples either
to nucleons or electrons,

L ⊃
1

2
m2

ϕϕ
2 þ gχϕχ̄χ þ gnϕn̄nþ geϕēe; ð8Þ

where n here stands for nucleons and e for electrons.
The mass of the mediator, mϕ, can either be large or small,
compared to the typical momentum transfer in direct
detection experiments. In our analysis, we always con-
sider gn or ge separately, in Secs. III and IV, respectively.
We discuss these types of constraints in the rest of this
subsection.

1. Mediator interactions with the standard model

The constraints on the coupling of the mediator to the
standard model are highly dependent on the mediator mass,
and we only consider a few benchmark scenarios, corre-
sponding to the heavy and light mediator scenarios.
For a heavy mediator with a coupling to nucleons, the

collider constraints depend on the UV completion of the
gnϕn̄n coupling. We consider the

L ⊃
αs
4Λ

ϕGaGa ð9Þ

operator, where we fix Λ ¼ 2 TeV. Λ is approximately the
scale where Eq. (9) in turn must be UV completed, and
its value is taken such that the UV completion can plausibly
be outside the reach of the LHC, depending on the details
of the model. Following [37], we then map this coupling to
the effective nucleon coupling gn ¼ 2π

9
mn
Λ ≈ 3.4 × 10−4 and

choose mϕ ¼ 10 GeV and gχ ¼ 1. The mediator ϕ then
decays invisibly if 2mχ < mϕ, and to a pair of soft jets
otherwise. The collider limits in these cases are extremely
weak or nonexistent, respectively (see, e.g., [38,39]), and
do not constrain the model for our choice of Λ. For the

1The mediator ϕ, responsible for the interactions with the SM,
is in general not the same field as the mediator that binds the
ADM nugget in Eq. (1), denoted by φ.

DIRECT DETECTION OF BOUND STATES OF ASYMMETRIC … PHYS. REV. D 100, 035025 (2019)

035025-3



above parameter choices we can then estimate an upper
bound on the nugget direct detection cross section of

σXn ≈ N2
X

g2χg2n
4π

μ2Xn
m4

ϕ

≲ 3 × 10−34 ×

�
NX

103

�
2

× cm2; ð10Þ

with μnX ≈mn the nugget-nucleon reduced mass. It is
possible to further relax this constraint by considering a
scenario where ϕ has Oð10−1Þ couplings to the up and/or
down quark, though this requires a relatively complex
flavor model.
For a heavy mediator coupling to electrons, we take

mϕ ¼ 25 MeV and ge ¼ 10−4. This benchmark point is
allowed by the current, the ðg − 2Þe, and SLAC beam dump
bounds [40], as well as the BABAR bound [41,42] and the
projections for Belle II [43], both if ϕ decays visibly and
invisibly. For 2mχ < mϕ the mediator can decay to the dark
matter, in which case the LSND bound considered in [44]
applies. With the parameter choices above, it suffices to
take gχ ¼ 10−1 to evade this constraint. For these choices,
the direct detection cross section is roughly

σXe ≈ N2
X

g2χg2e
4π

μ2Xe
m4

ϕ

≲ 2 × 10−33 ×

�
NX

103

�
2

× cm2: ð11Þ

We see in Secs. III and IV that this bound is largely
irrelevant compared to the direct detection constraints,
especially for NX ≫ 1.
For mediators with eV-scale masses, the most stringent

constraints arise from astrophysical considerations, such as
stellar cooling constraints. For even lighter mediators,
constraints from fifth force and weak equivalence principle
violation tests become more important. The constraints on
light mediators in the mass range of an eV to a GeV are
summarized in, e.g., [45]. In this work, we do not scan over
mediator masses, but instead choose a benchmark of mϕ ¼
1 eV to illustrate the feasibility of detecting ADM nuggets
via this portal. Stellar cooling constrains gn ≲ 10−12 and
ge ≲ 10−15 for this mass [46]. Section IV also briefly
considers a dark photon mediator. The stellar bounds on
the mixing parameter κ with the SM photon is roughly
κ ≲ 10−12 × ð eVmA0

Þ, withmA0 being the dark photonmass [47].

It is worth noting that once the stellar cooling constraints
are satisfied, the mediator does not thermalize with the
SM in the early universe [45]. The mediator is however in
thermal contact with the ADM nuggets, and its relic
abundance therefore depends on the details of the thermal
history of the dark sector. In this work we aim to be as
agnostic as possible about this aspect, but it would be
interesting to explore possible CMB and/or BBN bounds in
the context of a concrete formation history for the ADM
nuggets.

2. Mediator interactions with the dark sector

The coupling of the mediator to the dark sector is
constrained by DM self-interactions, both in the early
universe and in the collisions of galaxy clusters, and by
the properties of the bound states in the presence of
an additional long-range mediator.
Self-interaction constraints tend to be quite stringent, as

the DM-DM cross section is enhanced by theN2
X coherence

factor. For a heavy (short-range) mediator, we can assume
that the DM-DM cross section is saturated to the geometric
cross section. Since the short-range force that binds the
ADM nugget also contributes to DM-DM scattering, this
remains true regardless of the strength of the DM-SM
mediator. The bound is then

σgeoXX ¼ 4πR2
X ≲ 1 cm2 ×

MX

g
; ð12Þ

where the cross section is chosen to be consistent with DM
dynamics in the Bullet Cluster [48,49]. This can be written
as a lower bound on MX using the relation in Eq. (6),

MX ≳ 4 × 1014 GeV ×

�
MeV
m̄χ

�
8

: ð13Þ

This extreme sensitivity to m̄χ implies that no self-interaction
bound exists for m̄χ ≳ 100 MeV.
In the case of a light mediator, the cross section receives

a contribution from the corresponding long-range inter-
action, in addition to the purely geometric contribution that
arises from the short-range force that binds the ADM
nugget. The range of the interaction is therefore larger than
the radius of the ADM nugget, but the scattering is biased
towards small angles. Therefore, the cross section of
interest is the momentum transfer cross section, σT
[50,51], which can be approximated in terms of the
classical “point of closest approach” dC,

σlightT ∼ 4πd2C ∼
4π

m2
ϕ

W

�
4αXmϕ

MXv2rel

�
2 ≲ 1 cm2 ×

MX

g

αX ≡ N2
X

g2χ
4π

; ð14Þ

where W is the Lambert W function. The inequality again
represents the Bullet Cluster constraint. The self-interaction
bound for a light mediator is then

gχ ≲
�
π

4

m̄4
χv4rel
MX

×
1 cm2

g

�
1=4

e
1
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2
ϕ
MX

π ×1 cm2

g

q
: ð15Þ

The exponential term indicates that the bound quickly
becomes negligible when the range of the mediator
becomes small compared to the Bullet Cluster bound on
the scattering length. This occurs for
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MX ≳ 1016 GeV

�
eV
mϕ

�
2

: ð16Þ

In this regime the light mediator ϕ does not contribute to
the SIDM bound, though the constraint in Eq. (13) still
applies, due to the short-range DM-DM force that binds the
constituents of the ADM nugget.
The bounds in Eqs. (13) and (16) do not apply if the

nuggets make up less than roughly 10% of the dark matter.
Given the relative complexity of the dark sector and the
nontrivial formation history, this is rather plausible, in
particular, if there are bottlenecks in the dark fusion
processes [17]. To illustrate the variation in the direct
detection phenomenology, we consider a benchmark with
m̄χ ¼ 10 MeV, which is excluded by self-interaction
bounds for MX ≲ 4 × 106 GeV if all of the DM is made
up out of a nugget of a single mass. For this benchmark
we therefore assume that the ADM nuggets we consider
for direct detection compose 1% of the total DM density.
All direct detection limits can be trivially rescaled to the
desired subcomponent fraction, including 100%, in the
large MX part of the parameter space.
While the SIDM constraints do not apply for subcom-

ponent DM, there are additional consistency conditions on
gχ that must be satisfied even in a subcomponent scenario:
for example, the potential for a light scalar mediator is
modified due to the presence of the background charge
density sourced by the nugget constituents. In particular,
one expects the mass of a light field to receive an in-

medium correction of the order δm2
ϕ ∼

g2χ
m̄χ

hχ̄χi with hχ̄χi ∼
m̄3

χ from the background χ-field in the nugget. If this
correction reduces the range of the mediator inside the
nugget to be comparable or smaller than the radius of the
nugget itself (δm−1

ϕ ≳ RX), the scattering cross section is
dramatically altered.2 To avoid this, we require

gχ ≲ N−1=3
X : ð17Þ

When the coupling becomes larger than this, the in-medium
screening effects will alter the experimental reach, includ-
ing its dependence on MX, and so we limit ourselves to
regions of parameter space where Eq. (17) is satisfied.
If one instead assumes a repulsive interaction instead of an
attractive one, the ADM nugget becomes unbound unless,
again, gχ ≲ N−1=3

X .
Finally, in Sec. IV we briefly consider the special case of

a light, kinetically mixed dark photon acting as the
mediator. In this case the interaction is repulsive and it
may be difficult for large ADM nuggets to form, due to a
Coulomb-like barrier sourced by the dark photon. In order

for ADM nuggets to undergo fusion in the early Universe,
they must have enough kinetic energy to overcome this
repulsive barrier, i.e.,

μX1X2
v2

2
≳ g2χ

NX1
NX2

RX1
þ RX2

; ð18Þ

where μX1X2
is the reduced mass of the two nuggets and we

have allowed for the possibility that fusion occurs between
nuggets of different sizes. Assuming fusion occurs either
between nuggets of the same size or between a nugget and a
single constituent, the barrier can be overcome if

gχ ≲
	
N−5=6

X Two identical nuggets

N−1=3
X Constituent and a nugget

: ð19Þ

One might wonder whether instead of overcoming the
barrier classically, it would be possible to have fusion occur
via quantum mechanical tunneling through the barrier. In
this case, the constraint on gχ involves calculating the
Gamow factor and requiring that the transmission proba-
bility is a sizable fraction of unity. The corresponding
constraint on the coupling is

gχ ≲
	
N−5=4

X Two identical nuggets

N−1=2
X Constituent and a nugget;

ð20Þ

where in Eqs. (19) and (20), we assume that the fusion
occurs in a thermal bath whose temperature is on the same
order as m̄χ . For scattering in this type of environment,
fusion due to quantummechanical penetration of the barrier
is negligible until the barrier can be overcome classically.
Therefore, we take Eq. (19) as indirect constraints on gχ
when considering dark photons. While model specific
contributions can change the prefactors in Eqs. (17) and
(19), the scaling as a function of NX remains.

C. Direct detection of composite dark matter

For a heavy mediator, the potential seen by a pointlike
DM particle is simply the sum of the potential for each
of the scattering centers in the target. The part of the
Hamiltonian governing this contact interaction is

VðrÞ ¼
XN
J¼1

VJðrJ − rÞ ¼ 2πbXt
μXt

XN
J¼1

δðrJ − rÞ ð21Þ

or in Fourier space

VðqÞ ¼ 2πbXt
μXt

XN
J

eiq·rJ ; ð22Þ

where J sums over all scattering centers with location
rJ, and μXt is the reduced mass of the DM and the SM

2This is akin to the Debye screening mass that a photon
develops in a charged plasma.
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target particle,3 which we take to be a nucleon or an
electron; we generalize to nuclei in the next section. The
DM-target scattering length is bXt, again defined as either
the DM-nucleon or DM-electron scattering length, depend-
ing on the model and process under consideration. For
simplicity we have assumed a single type of scattering
center in the target, by pulling the bXt=μXt factor in front of
the sum; the generalization to multiple types of scattering
centers is straightforward and is included when appropriate
(e.g., for a GaAs target). The potential is normalized such
that the cross section for a probe on a single, free scattering
center is

σ̄0 ≡ 4πb2Xt: ð23Þ

In other words, σ̄0 is the cross section for the scattering
of a hypothetical DM nugget with zero radius off a SM
nucleon or electron. Since this quantity is the analogue
to the familiar DM-nucleon/DM-electron cross section
for elementary DM, we therefore use it to parametrize
the constraints. In particular, for DM that couples to
nucleons, σ̄0 is defined as the cross section off a single,
free nucleon, to allow for convenient comparison between
targets with different atomic mass numbers.
Given that we are comparing a variety of different target

materials, it is helpful to explicitly separate the DM
kinematics from the properties of the target by defining
the structure function of the target by

Sðq;ωÞ≡ 1

N

X
f






XN
J

hλfjeiq·rJ jλii





2

δðEf − Ei − ωÞ; ð24Þ

which is normalized to be an intrinsic quantity. The hλi;fj
are the initial and final states of the target, and the Ei;f

their corresponding energies; q and ω are respectively the
momentum transfer and the energy deposited by the DM.
The states hλi;fj, and therefore the function Sðq;ωÞ, are
highly material dependent and must be computed on a case-
by-case basis. In general, Sðq;ωÞ depends on the direction
of q, in particular, for long-wavelength scattering in
anisotropic crystals. However in this paper we always
work in the isotropic approximation, where Sðq;ωÞ only
depends on q≡ jqj and ω. It is worth noting that this
prescription is correct only as long as the Born approxi-
mation is valid, i.e., as long as the total cross section
remains smaller than the geometric cross section. This
condition is violated in part of the parameter space, as we
comment on when appropriate.
By Fermi’s golden rule, the differential cross section of a

pointlike probe with the target is then

dσ̄
dqdω

¼ σ̄0
q

2v2μ2Xt
jFmedðqÞj2Sðq;ωÞ; ð25Þ

where v is the DM velocity in the lab frame. We have
included the form factor induced by the mediator particle,
which we take to be

FmedðqÞ ¼
	
1 ðheavy mediatorÞ
q20=q

2 ðlight mediatorÞ ; ð26Þ

where q0 is a reference momentum transfer. The typical
momentum transfer is often proportional to μXt, which
depends on the target. We do not study the intermediate
regime, where the mediator being heavy or light varies from
experiment to experiment—we assume that the mediator
mass is such that either the heavy or light case applies for
all experiments shown in a given plot. In terms of the
underlying model parameters σ̄0 is given by

σ̄0 ¼ N2
X

g2t g2χ
4π

×

	
μ2Xt=m

4
ϕ ðheavy mediatorÞ

μ2Xt=q
4
0 ðlight mediatorÞ;

ð27Þ

with gt standing for ge or gn, depending on the case at hand.
The N2

X factor makes the coherence over the nugget
constituents explicit. Finally, with Eq. (27) it becomes
manifest that the physical cross section for a light mediator
in Eq. (25) is independent of the arbitrary parameter q0.
Moving on to the scattering of extended nuggets, we

must introduce a form factor to account for the nonzero
radius of the DM particle, as laid out in [21]. For elastic
scattering with uniform couplings to all constituents, the
form factor is given by the Fourier transform of the mass
density, ρX,

FXðqÞ ¼
1

MX

Z
d3reiq·rρXðrÞ: ð28Þ

Further assuming that the constituents of nuggets are
uniformly distributed, the mass density is simply a three-
dimensional spherical top hat function and thus the form
factor is

FXðqÞ¼
3j1ðqRXÞ

qRX
¼ 3ðsinðqRXÞ−qRX cosðqRXÞÞ

ðqRXÞ3
; ð29Þ

where j1ðxÞ is a spherical Bessel function of the first kind
(see Fig. 1). The differential scattering cross section of an
ADM nugget can then be written as

dσ
dqdω

¼ dσ̄
dqdω

jFXðqÞj2; ð30Þ

where dσ̄=dqdω is the differential cross section of a
pointlike dark matter particle with the same mass and
coupling strength as the ADM nugget, as defined in

3Throughout, we use the convection that lowercase letters
indicate constituents and capital letters indicate the bound states;
e.g., mn and mN refer to the nucleon mass and nucleus mass,
respectively.
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Eq. (25). We have normalized the form factor such that
FXð0Þ ¼ 1, such that we manifestly recover the pointlike
limit if qRX ≪ 1. In this regime all constituents contribute
coherently and the scattering rate scales with the square
of the number of constituents, as is evident from Eq. (27).
If the inverse momentum transfer is smaller than the radius
but still larger than the interparticle spacing of the nugget,
coherence is lost and the form factor drops rapidly. Finally,
once the momentum transfer is larger than the inverse
interparticle spacing, we enter the regime of deep inelastic
scattering (DIS), and the form factor description breaks
down. Given the relatively low speed of the DM in the

Galaxy, the maximum momentum transfer in a single
collision is OðmNvÞ ∼ 100 MeV, such that DIS is only
relevant for m̄χ ≪ 100 MeV. If the interior of the ADM
nugget is resolved in the collisions, the rate moreover is
always dominated by the lowest accessible momentum
transfer, such that the DIS contributions are a negligible
correction. The one exception occurs for high threshold,
noble liquid experiments when m̄χ ≲ 10 MeV; here, the
experimental threshold pushes the scattering into the cross-
over region between the form factor and DIS descriptions.
When relevant, we comment on this effect when presenting
our results.
We can combine Eqs. (24) and (30) to obtain the differ-

ential rate per unit of exposure, as seen by the experiments

dR
dω

¼ ρX
MX

nT
ρT

σ̄0
2μ2Xt

Z
dv

1

v
fðvÞ

×
Z

dqqjFXðqÞj2jFmedðqÞj2Sðq;ωÞ; ð31Þ

with ρX ≈ 0.3 GeV=cm3 being the DM mass density in the
Galaxy, ρT the mass density of the target material, and nT the
number of available scattering centers in the target. Here,
fðvÞ is the velocity distribution of the DM in the frame of the
earth, given by

fðvÞ ¼ 1

N0

πvv20
ve

×

8<
:

e−ðvþveÞ2=v20ðe4vve=v20 − 1Þ v < vesc − ve

e−ðv−veÞ2=v20 − ev
2
esc=v20 vesc − ve < v < vesc þ ve

0 v > vesc þ ve

; ð32Þ

N0 ≡ π3=2v30

�
erf

�
vesc
v0

�
−

2ffiffiffi
π

p vesc
v0

exp

�
−
�
vesc
v0

�
2
��

;

ð33Þ

with v0 ¼ 220 km=s, ve ¼ 240 km=s, truncated by the
escape velocity vesc ¼ 550 km=s.
Energy and momentum conservation enforce target-

dependent boundary conditions on the q-integral, depending
on whether the DM scatters with a nucleus, a phonon, or a
bound electron. Finally, different detectors are sensitive to
different energy ranges, which in turn restricts the integration
range over ω. We elaborate on all these differences and their
impact in the following sections, but it shouldbe already clear
from Fig. 1 that, in particular, the boundary conditions on jqj
have a huge impact on the rate: if the threshold of a particular
experiment is too high to allow for coherent scattering, its
reach will be greatly reduced.

III. NUCLEON COUPLINGS

In this section we consider the case where the nuggets
have a coupling to SM nucleons only. The nucleon

couplings give rise to a nuclear recoil, or in the case that
the momentum transfer is smaller than the interatom
spacing, coherent phonon excitations. As was shown in
Refs. [16,17,20], there is enormous variation in dark nugget
formation histories and resulting size. For this reason, it
does not seem warranted at this point to carefully recast all
existing limits on elementary dark matter to the composite
case. Instead we consider a handful of simplified exper-
imental concepts that are representative of the larger set of
experiments and ideas for (future) dark matter direct
detection, as listed in Table I.
In particular, we compare high threshold, high exposure

noble liquid experiments with low threshold, low exposure
experiments such as semiconductor or superfluid helium
targets. (For a recent overview, see [2].) For nuggets on the
higher end of the mass range, as we see, only the low
threshold experiments benefit from the coherent enhance-
ment over nucleon number, such that they can be com-
petitive despite their much lower exposure. This implies a
high degree of complementarity between both approaches,
which we quantify below. The calculations are qualitatively
different depending on whether the scattering takes place in

FIG. 1. Nugget form factor, with q in units of 1=RX.
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the nuclear recoil regime, or in the regime where direct
phonon production dominates and so we treat both cases
separately.

A. Nuclear recoils

For ordinary nuclear recoils, the structure function in
Eq. (31) is

Sðq;ωÞ ¼ A2jFNðqÞj2δ
�
ω −

q2

2mN

�
; ð34Þ

with A being the atomic mass number of the nucleus and
mN the mass of the nucleus. FNðqÞ is the Helm form factor
of the nucleus,

FNðqÞ≡ 3j1ðqRNÞ
qRN

e−q
2s2=2; ð35Þ

with skin depth s ≃ 0.9 fm and RN ≈ A1=3 × 1.2 fm. We
have assumed that the scattering length is the same for
protons and neutrons.
We take XENON1T [52] as a representative for the

existing limits from the large exposure experiments4;
PandaX-II [57] and LUX [58] have set very similar bounds.
XENON1T reaches its maximal signal efficiency for
10 keV≲ E≲ 45 keV, but is partially efficient for sub-
stantially lower/higher recoil energies. To model this effect,
we use the full efficiency curve supplied in [59] in our
calculations. For our approximate reinterpretation, we use
the “reference region” defined in [59], which contains
roughly 50% of the signal and an expected background of
0.36 events. No events were observed and so we take three

signal events in this region as our approximate limit.
We consider CDMSlite [53] as an example of an existing,
low threshold experiment with a semiconductor target.
(Other experiments with competitive results on low thresh-
old nuclear recoils are CRESST-II [60] and NEWS-G [61].)
CDMSlite had an exposure of 70 kg-days in its second run,
with a threshold of roughly 0.5 keV and a maximal signal
efficiency leveling around 50%. We use the full efficiency
curve provided by the collaboration, which we unfold to
nuclear recoil energies using the Lindhard formula with the
parameters given in [53]. The analysis had a large number
of background events, divided over four nonoverlapping
energy bins. For each bin, we extract a limit on the cross
section assuming that all background events can be inter-
preted as signal, and select the strongest such limit for each
mass point. This procedure reproduces the CDMSlite limit
to within 50% for DM masses above roughly 10 GeV. For
the part of the phase space near the detector threshold the
agreement is worse; however, our estimate is always
conservative.
Loosely modeled after LUX-ZEPLIN [62], we estimate

the reach for future high exposure experiments by assuming
a 15 ton-year exposure and a 5 keV (75 keV) lower (upper)
energy threshold. We further assume a background expect-
ation of five events in the signal region, which corresponds
to an expected 90% exclusion of roughly ten signal events
if no background subtraction is attempted. For a future, low
threshold semiconductor experiment we consider a Ge
target with 100 kg-year exposure, a threshold of 50 eV,
and 104 expected background events. These parameters are
loosely modeled after the superCDMS [63] projections.
Lastly, we consider a few ultralow threshold options, for

which the R&D is still ongoing: A miniaturized silicon
detector with transition edge sensor (TES) readout, for
which we take the dynamic range between 10 meV and
1 eV, and a long-term exposure of 1 kg-year, which may
eventually be achieved by multiplexing the detector. In the
same vein, we include a superfluid helium target in nuclear
recoil mode [27,64,65] with a dynamic range between 1
and 100 meV; superfluid helium in the phonon mode is
discussed in the next section. For both concepts, we

TABLE I. Overview of assumed exposure and thresholds for the existing and future experiments considered in this
work, for DM-nucleon couplings. Nevents refers to the number of expected signal events that were assumed to
estimate the 90% exclusion limits, where BD refers to a bin-dependent analysis. (See the text for details.)

Experiment Exposure (kg-year) Threshold Timescale Nevents

XENON1T [52] 103 5 keV Existing limit 3
CDMSlite [53] 0.2 0.5 keV Existing limit BD

Liquid Xe 1.5 × 104 5 keV In progress 10
Semiconductor (Ge) 100 50 eV In progress 104

Semiconductor (Si) 1 10 meV R&D needed 3
Superfluid He (recoil) 1 1 meV R&D needed 3
Superfluid He (phonon) 1 1 meV R&D needed 3
GaAs (phonon) 1 1 meV R&D needed 3

4The kinematic restriction in Eq. (34) is lifted if the nucleus
emits a photon during its recoil [54], or by emitting a Migdal
electron [55]. For light DM these processes add sensitivity for
detectors of which the threshold would normally be too high to
detect the regular nuclear recoil, as is evident from a recent
LUX analysis [56]. For ADM nuggets, one can verify that the
bremsstrahlung process never provides more reach than nuclear
recoils, regardless of RX . The recast of the Migdal effect is more
involved, and we leave this for future studies.
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(optimistically) assume negligible irreducible background.
At least for radiogenic backgrounds, this is expected to be
true due to the suppressed background spectrum at low
recoil energies (see, e.g., [66]) and the relatively low
exposure. It is moreover straightforward to approximately
rescale our projections for different background assump-
tions. Other future proposals, which we do not discuss here,
include searches for anomalous color centers [24,26],
magnetic bubble chambers [67] and excitations in molecu-
lar gases [68].
In the remainder of this section we present a number of

analytic, approximate formulas for the rate. This allows us
to understand the features present in the sensitivity curves
and to make explicit where low threshold detectors can
perform better than the standard noble liquid experiments.
We make the following approximations: (i) we set the DM
velocity distribution to a delta function centered at v0,
(ii) drop the form factor for the SM nuclei (FN ≈ 1), and
(iii) takeMX ≫ mN , such that the reduced mass μXN ≈mN .
The ADM nugget form factor can further be expanded as

jFXðqRXÞj2 ¼
	 1þOðq2R2

XÞ qRX ≪ 1

9
2ðqRXÞ4 þOð 1

q6R6
X
Þ qRX ≫ 1

; ð36Þ

where the expansion at large momentum transfer only holds
when the form factor is integrated against a smoothly
varying function of q.
With the assumptions outlined above, the maximum and

minimum momentum transfer for nuclear scattering is

qmax ¼ 2mNv0 and qmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNEthres

p
; ð37Þ

where Ethres is the experimental threshold. There are then
three regions of the sensitivity curve, and each has a
different dependence on the ADM nugget mass, as shown
in Fig. 2. They are as follows:

(i) Region I: No form factor suppression, qmaxRX ≲ 1.
The ADM nugget radius is always less than the

inverse momentum transfer. The SM nucleus there-
fore cannot probe any of the finite size properties of
the ADM nugget and the nugget behaves like a
pointlike particle for all available phase space,
regardless of the threshold of the detector. For heavy
DM, this property holds when

m̄χ

18π

�
m̄χ

mNv0

�
3 ≳MX: ð38Þ

(ii) Region II: Partial form factor suppression, qmaxRX≳
1≳ qminRX.

The ADM nugget radius is larger than the inverse
momentum transfer for some of the accessible phase
space, and the coherent enhancement only occurs for a
fraction of the scattering phase space. For heavy DM,
this partial form factor suppression occurs when

ffiffiffi
2

p
m̄χ

9π

�
m̄2

χ

mNEthres

�
3=2

≳MX≳ m̄χ

18π

�
m̄χ

mNv0

�
3

: ð39Þ

(iii) Region III: Complete form factor suppression,
qminRX ≳ 1.

The ADM nugget radius is larger than the inverse
momentum transfer even for the smallest detectable
momentum transfer, and thus the SM nucleus can
probe the finite size properties of the ADM nugget
for all of the accessible phase space. This implies
that the coherent enhancement never occurs. For
heavy DM, this complete form factor suppression
occurs when

MX ≳
ffiffiffi
2

p
m̄χ

9π

�
m̄2

χ

mNEthres

�
3=2

: ð40Þ

Because of the simplicity of the dynamic structure
function for nuclear recoil, the detector-specific rate can

FIG. 2. Example reach curves for nuggets and pointlike DM particles for He target. Left: Fixed Ethres ¼ 1 eV, varying m̄χ . Right:
Fixed m̄χ ¼ 100 MeV, varying Ethres. Roman numerals indicate the regions where the impact of the form factor differs qualitatively, as
described in the text.
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be well approximated by an analytic expression. As we
seek to determine which detectors work best for various
regions of the ADM nugget parameter space, we pull out
the dependence of the rate on the atomic mass number A by
substituting mN ¼ Amn.
For a heavy mediator, the fiducial cross section for an

ADM nugget with massMX and radius RX, scattering off of
a target nucleus is

σheavyNR ≈ σ̄0 ×

8>>><
>>>:

A2q2max
4v2

0
m2

n
¼ A4 region I

9A2

8R2
Xv

2
0
m2

n
region II

9A2

8q2minR
4
Xv

2
0
m2

n
¼ 9A

16EthresR4
Xv

2
0
m3

n
region III

;

ð41Þ
where σ̄0 is the reference cross section for scattering off a
single, free nucleon, as defined in Eq. (23). In all regions,
the cross section receives an A2 enhancement from the
coherence over the SM nucleus. In region I, this is
supplemented with an A2 phase space enhancement for
heavy target nuclei, while for region III the 1=q2min phase
space suppression partially cancels the effect of the
coherent enhancement over the SM nucleus.
The effect of the form factor on the reach of two

hypothetical experiments with different thresholds is shown
in Fig. 2, where we labeled the transitions between regions
I, II, and III. In both panels, the crossover between regions I
and II indicates where the form factor starts to reduce the
reach relative to the pointlike DM case. The left-hand panel
shows that this transition occurs sooner for lower values of
m̄χ , which correspond to a larger nugget. In the right-hand
panel we see that the transition between regions I and II is
independent of Ethres, as expected from Eq. (38).
The dependence of the cross section on the dark nugget

radius in the three different regions can be explained by
simple arguments. In region I, where the nugget behaves
like a point particle, there is no dependence on RX. In
region III, where the form factor is nontrivial for the
entirety of the phase space, the expansion in Eq. (36)
dictates that the cross section will scale as 1=R4

X. Lastly, in
the intermediate region II, where the form factor only
affects high momentum transfer scattering, the cross
section scales with 1=R2

X. This is because the largest
momentum transfer that is unaffected by the form factor
is roughly 1=RX, such that one can obtain an estimate for
the cross section by substituting qmax → 1=RX in the
expression for region I.
For interactions between the ADM nuggets and SM

nuclei via a light mediator, these conclusions change
qualitatively: the additional form factor in Eq. (26) further
weights the matrix element towards lower momentum
transfer and favors low threshold experiments over their
higher threshold counterparts. The approximate fiducial
cross section in this case is

σlightNR ≈ σ̄0×q40×

8<
:

A2

4q2minv
2
0
m2

n
¼ A

8Ethresv20m
3
n

regionI& II

3A2

8R4
Xv

2
0
m2

nq6min
¼ 3

64AR4
Xv

2
0
m5

nE3
thres

regionIII
;

ð42Þ

where q0 ¼ v0mn is an arbitrary reference momentum, to
render the definition of σ̄0 in Eq. (27) IR finite. The cross
section is even more biased towards the low momentum
transfer regime, as is evident from the qmin factors in the
denominator of both expressions. This implies that to
leading order, there is no difference between regions I and
II, since in both cases the process is still coherent near
the low momentum threshold. The phase space distribu-
tion also changes the dependence on the atomic mass
number A, making heavy nuclei detectors less favorable,
as compared to the heavy mediator case in Eq. (41). For
both region I and region II, where the dominant contri-
bution to the scattering rate is unaffected by the form
factor, there is no dependence on RX. It is only in region
III, where the form factor affects the entirety of the phase
space, that we see a 1=R4

X dependence that arises from the
expansion of Eq. (36).

B. Collective modes

When the inverse momentum transfer is larger than the
interparticle spacing, the response of the target is qualita-
tively different than what was considered in the previous
section: the target can no longer be treated as a collection of
noninteracting nuclei and instead one has to integrate out
the atoms and use an effective description of a phonon gas
at zero temperature. While scattering at such low momen-
tum occurs for all types of dark matter, this contribution is
typically heavily phase space suppressed for heavy dark
matter. Large dark nuggets are an exception to this rule, as
the coherent N2

X enhancement to the cross section at low
momenta can overcome the phase space suppression in
certain regions of the parameter space. A similar effect can
occur when the scattering is due to a light mediator.
Calculations of the single phonon production have been
performed for the polar materials GaAs and sapphire
[29,30] and for two phonon/roton production in superfluid
helium [27,28].
For superfluid helium, we estimate the reach with the

analytic expressions for the dynamic structure function in
Refs. [27,28], whichmatch the simulation data [69] towithin
an order of magnitude. In particular, in the region where
jqj≲ 1=Å, the structure function can be approximated as

Sðq;ωÞ ≈ q
2mHecs

δðω − ωqÞ þ
7m5=2

He

60π2ρ0

c4sq4

ω7=2 ; ð43Þ

where the first and second terms represent single and double
phonon production, respectively. However, for q≲ keV
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and optimistic energy thresholds, the single phonon compo-
nent is always too soft to contribute to the detection rate, as
its energy isωq ≈ csqwhere cs ≈ 10−6 is the speed of sound
in superfluid He. We therefore rely on double phonon
production to detect ADM nuggets in superfluid helium
when the momentum transfer is below the nuclear recoil
threshold.
For scattering off phonon excitations in a crystal, the

structure function is

Sðq;ωÞ ¼ 1

2

X
ν

jFνðqÞj2
ων;q

δðων;q − ωÞ; ð44Þ

with FνðqÞ and ων;q being respectively the phonon form
factor and energy corresponding to the phonon branch ν
and momentum q. We consider the example of GaAs,
which has a cubic crystal structure with one gallium and
one arsenic atom in its primitive cell, which gives rise to six
independent phonon modes. To leading order, only the
longitudinal modes contribute with the form factor,

jF�ðqÞj2 ≈
q2

2





 AGaffiffiffiffiffiffiffiffiffi
mGa

p eirGa·q � AAsffiffiffiffiffiffiffiffi
mAs

p eirAs·q





2

; ð45Þ

where the þ and − indicate the longitudinal acoustic (LA)
and longitudinal optical (LO) mode, respectively. AGa and
AAs are the atomic mass numbers for gallium and arsenic,
while rGa and rAs are the locations of the gallium and
arsenic atom with respect to the origin of the primitive cell.
For a rough estimate, one can take rGa;As · q ≈ 0. The LO
mode has energy ωLO ≈ 30 meV, which is to good approxi-
mation momentum independent. For q≲ 1 keV, the LA
mode has a linear dispersion relation ωLA ¼ csq with the
sound speed cs ≈ 2 × 10−5. We refer to [30] for details on
the derivation of Eq. (45).
Identical to the nuclear recoil case in the previous

section, there are three qualitatively different regimes in
the parameter space, set by the hierarchy between qmin,
qmax and 1=RX. The main difference is that for phonon
modes qmin can be substantially lower than for nuclear
recoil, thus enlarging the region of parameter space where
coherence over the ADM nugget is possible (region I). We
illustrate this for the case of the LA phonon in GaAs
with simplified expressions for the fiducial cross section.
The analogous expressions for the LO mode and helium
can be easily derived. For the LA mode,

qmin ¼ Ethres=cs; qmax ¼ qc; ð46Þ

with qc ≈ 1 keV being the momentum transfer at which the
single phonon description starts to break down. For q≳ qc
one has to match to the nuclear recoil regime by including
higher order corrections to the matrix element, which we do
not attempt here. For a heavy mediator, the fiducial cross
section is

σheavyLA ≈ σ̄0 ×
A

3m3
nv20cs

8>><
>>:

q3c region I
9π
2R3

X
region II

27cs
2R4

XEthres
region III

; ð47Þ

where we use that A ≈ AGa ≈ AAs. Because of the strong
q3c=m3

n phase space suppression in the coherent regime
(region I), we find that phonons in GaAs are never
competitive with nuclear recoils in superfluid helium for
a heavy mediator. The same conclusion holds for phonons
in superfluid helium. For a light mediator on the other hand,
the fiducial cross section is

σlightLA ≈ σ̄0 × q40 ×
A

m3
nv20cs

8<
:

cs
Ethres

region I& II

9c5s
10R4

XE
5
thres

region III
: ð48Þ

This scaling is much more favorable for a low threshold,
phonon-based detection principle and, as we see in the next
section this detection strategy can be competitive with high
threshold, high exposure experiments.

C. Results

We now turn to a quantitative comparison of the
numerical results. As discussed extensively in the previous
sections, the key quantity is the radius of the ADM nugget,
given by

RX ¼
�
9π

4

MX

m̄4
χ

�
1=3

: ð49Þ

In our reach estimate, we fix m̄χ to a few benchmark values
and vary the ADM nugget mass MX. For fixed m̄χ , the
radius therefore grows with increasing MX, while for fixed
MX, smaller m̄χ correspond to a larger, less dense ADM
nugget. We illustrate the direct detection phenomenology
with the limiting cases of m̄χ ¼ 10 MeV and m̄χ ¼
10 GeV; the m̄χ ¼ 10 MeV benchmark roughly corre-
sponds to the lowest value for the constituent mass for
which one can imagine a plausible formation history,
consistent with big bang nucleosynthesis. As discussed
in Sec. II B, this benchmark is also in tension with self-
interaction bounds if MX ≲ 4 × 106 GeV, which leads us
to assume that the ADM nuggets make up 1% of the total
DM mass density. This bound does not apply for the m̄χ ¼
10 GeV benchmark, which roughly corresponds to the
highest value for which low threshold experiments can add
sensitivity, for a heavy mediator.
The reach for a heavy mediator is shown in Figs. 3

and 4 for nuggets with constituent masses m̄χ ¼ 10 MeV
and m̄χ ¼ 10 GeV respectively. In the gray region the
cross section exceeds the geometric cross section for an
ADM nugget with radius RX; the parameter space there
is unphysical. Current constraints are shown by shaded
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regions. There are parts of the parameter space, specifically at
large cross sections and low nugget masses, where no
experiment has any reach, as the nuggets are stopped by
an overburden equivalent of around 2 km of rock. This
overburden effect depends onMX due to the ADM nugget’s
form factor, as computed in AppendixA. In other parts of the
parameter space, multiple interactions in the detector can
occur in the same event, which requires a dedicated analysis
[70]. We also indicate, in dot-dashed purple, the LHC
constraints on the UV completion described in Sec. II B 1.
Lastly, note that the maximum nugget mass that a superfluid

helium detector can probewith a kg-year exposure is slightly
higher than that which can be probed by a silicon detector
with the same exposures because of the difference in the
detector volumes.
For m̄χ ¼ 10 MeV (Fig. 3), the ADM nugget is large

enough such that the fully coherent regime (region I) is
never available, regardless of the detector. For high thresh-
old, high exposure experiments, even partial coherence is
not possible, regardless ofMX. The fiducial cross section is
therefore heavily suppressed as the scattering is always in
region III. For a low threshold detector on the other hand,

FIG. 3. Existing and projected reach of experiments in Table I for the heavy mediator coupled to nucleons and nuggets with 10 MeV
constituents. We assume nuggets are 1% of the DM density due to SIDM constraints; the dot-dashed purple curve indicates the LHC
constraint on the UV completion in (10).

FIG. 4. Existing and projected reach for the experiments described in Table I, for heavy mediator interacting with nucleons and
nuggets with 10 GeV constituents. The white triangle on the left marks where rock overburden eliminates underground direct detection
sensitivity. Constraint curves terminate when the expected number of ADM nuggets passing through the detector drops below one per
year.
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qminRX < 1 as long as MX ≲ 105 (Si) or MX≲6×107GeV
(He), such that coherent scattering remains possible in part
of the phase space (region II). For larger MX the low
threshold detectors also transition to the fully incoherent
regime (region III), as is evident from the change in slope of
the Si and He curves in Fig. 3. Beyond this point, the form
factor suppression is present for all experiments but it is
more severe for the high threshold detectors.5 This can be
seen from the approximate formula for region III in
Eq. (41), which shows that the fiducial cross section scales
with 1=Ethres. The rate per unit exposure in Eq. (31) is
moreover proportional to 1=mN ¼ 1=ðAmnÞ, such that
there is no residual enhancement for large nuclei. This
implies that the relative reach of the various experiments in
this regime is determined by the ratio of their exposure over
their threshold, assuming comparable backgrounds rates.
For m̄χ ¼ 10 GeV (Fig. 4), the ADM nugget has a much

smaller radius and thus does not suffer from form factor
suppression for even intermediate masses. This means that
the traditional, large exposure experiments perform best in
most of the parameter space, except for very high MX.
Concretely, only for MX ≳ 1013 GeV a low threshold Si
experiment with kg-year exposure would outperform the
existing XENON1T limit, and even in this case a future

liquid xenon experiment is still expected to set the best
limit. In the intermediate regime for the constituent
mass, 10 MeV < m̄χ < 10 GeV, the reach of both types
of experiments is complementary: relatively low MX is
covered by liquid xenon detectors, while the reach for high
MX can be better for a low threshold experiment.6

The reach for a light mediator is shown in Fig. 5. “Light”
here refers to a mediator whose mass is low compared to the
typical momentum transfer in the scattering, meaning
mϕ ≪ mNv0. The scattering is heavily biased towards
the low momentum transfer regime, and a low threshold
detector is always advantageous, regardless of the radius of
the nugget [see Eq. (42)]. In this scenario the phonon
modes for helium and GaAs have the potential to outper-
form the high exposure experiments with several orders of
magnitude in the full parameter space. For completeness,
we also include a number of indirect constraints, for which
we assumed the mediator massmϕ to be 1 eV. For this mass
value, the maximal coupling to the mediator to the SM
nucleons is gn ∼ 10−12, as derived from stellar cooling
bounds [46]. This constraint on gn is combined with several
constraints on gχ to demarcate regions that are either

FIG. 5. Existing and projected reach of experiments described in Table I for the light mediator, coupling to nucleons and nuggets with
m̄χ ¼ 10 GeV constituents. At highMX, the curves terminate when the expected number of ADM nuggets passing through the detector
volume per year drops below one. Above the dot-dashed blue line, the mediator receives important in-medium corrections inside the
nugget. For the perturbativity, SIDM, and in-medium correction bounds, we saturated the stellar cooling limits by fixing gn ¼ 10−12,
assuming a mediator mass of 1 eV (see the text for details).

5For the liquid xenon detectors the minimum momentum
transfer is roughly ∼10 MeV. For the m̄χ ¼ 10 MeV benchmark
this means that strictly speaking the scattering always occurs in
the crossover regime between the form factor description and the
DIS description. We expect that the true constraints for the xenon
experiments could therefore be somewhat weaker than what is
shown in Fig. 3.

6The reach shown for He and Si is reduced because we assume
an upper bound on the detectable energy, 100 meV and 1 eV,
respectively. This is an estimate for the final generation of
detector concepts, with the lowest thresholds. As these campaigns
will occur in stages, gradually lowering the energy range of
interest, our projections are likely somewhat conservative for this
benchmark. The upper bound on deposited energy also invalid-
ates some of the analytic relations in Sec. III A; the necessary
modifications are easily derived.
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excluded via indirect constraints or must be handled with
care. For example, DM self-interactions via a light media-
tor, derived in Eq. (15), exclude regions above the red
dashed line, labeled as SIDM; this bound can be avoided if
ADM nuggets are a subcomponent of the total DM density.
There is also a region in Fig. 5 that is a priori physical, but
for which our approximations do not apply: above the dot-
dashed blue line, corresponding to Eq. (17), the mediator
mass receives important in-medium corrections that should
be accounted for in the scattering rate. This effect is
expected to weaken the constraints; for more details we
refer to Sec. II B.
While we also consider the case in which the light

mediator is a dark photon, we delay the discussion of this
interaction until Sec. IV C, in order to be able to present the
constraints from both nucleon and electron interactions at
the same time. For now, we just note that due to the
heaviness of the DM nuggets, nuclear recoil experiments
like XENON1T are able to place constraints on this type of
interaction, as shown in Fig. 9.

IV. ELECTRON COUPLINGS

In this section, we consider scattering of ADM nuggets
with electron couplings, including interactions mediated by
dark photons. The leading existing electron-recoil limits
are derived from XENON10 data [31,71–73] and a recent
surface run by the SENSEI collaboration [74]; SENSEI had
a factor of ∼10 lower threshold, but substantially smaller
exposure. A comparable result exists from the SuperCDMS
collaboration [75]. Near future (1–5 years) detectors will
have enhanced sensitivity to electron recoils, primarily by
pushing for higher exposure, and in some cases lower
thresholds. This includes semiconductor targets (SENSEI
[2,74], DAMIC-K [76], and SuperCDMS [2]), scintillators
[34], graphene (PTOLEMY [33,77]), and xenon (LBECA
[2]). As an example we take a silicon semiconductor with a
kg-year exposure with a two electron threshold, as a future
projection for SuperCDMS, SENSEI, or DAMIC [2].
Finally, there are slightly longer term prospects for even
lower threshold detectors, such as superconducting alumi-
num [35,66], Dirac materials [36], and polar materials (e.g.,
GaAs, sapphire) [29,30]. As representative examples we

consider a superconducting target and, in the case of a dark
photon mediator, a polar material (GaAs) and a nuclear
recoil experiment (XENON1T). All (proposed) experi-
ments we consider are listed in Table II (with the exception
of XENON1T, which is listed in Table I), along with their
(assumed) thresholds and exposure. Just as we did for the
nucleon couplings, we have assumed aspirational expo-
sures for the more long term proposals; rescaling the
projected limits for different assumptions is trivial.

A. Electron recoils

For reference, we summarize the dynamic structure
factors for electron targets appearing in Eq. (31). The
dynamic structure factor, Sðq;ωÞ, in semiconductors and
liquid xenon depends strongly on the electron potential in
the medium. The electrons in a superconductor can be
approximated by a noninteracting Fermi liquid at zero
temperature, and the impact of Pauli blocking must be
accounted for.

1. Ionization in atomic targets

In this process, the DM ionizes an electron in one of the
outer shells of the target atom, Xe in the case at hand.
The residual kinetic energy of the electron is deposited in
the form of secondary electrons or (unobserved) scintilla-
tion photons. The corresponding structure function is

Sðq;ωÞ ¼ 1

4

X
n;l

1

ω − jϵn;lj
jfn;lðk0; qÞj2; ð50Þ

with ϵn;l being the binding energy of the atomic level
ðn;lÞ, k0 ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2meðω − jϵn;ljÞ
p

, and the ionization form
factor. The form factor fn;lðk0; qÞ is nontrivial and must
be computed from the atomic wave functions and the wave
function of the outgoing, unbound electron, as detailed in
Refs. [31,71,72,78]. We compute the structure function and
the electron yield as a function of the recoil energy with
QEdark code [71,72], which supplies fn;lðk0; qÞ for Xe.
Since the rate is dominated by the 4d10 and 5p6 shells, we
neglect the remaining orbitals in our estimates. We further
bin the differential rate according to the expected number
electrons and require the signal to be below the XENON10

TABLE II. Overview of assumed exposure and approximate thresholds for the existing and future experiments
considered in this work, for electron-nugget couplings. Nevents refers to the number of expected signal events that
were assumed to estimate the 90% exclusion limits. (See the text for details.) BD refers to a bin-dependent analysis,
as described in the text.

Experiment Exposure (kg-year) Threshold Timeline Nevents

XENON10 0.041 15 eV Existing BD
SENSEI 5.2 × 10−8 8.3 eV Existing BD

Si semiconductor 1 4.7 eV In progress 3
Superconductor 1 1 meV R&D needed 3
Polar material (A0 mediator) 1 30 meV R&D needed 3
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data [73] at 90% confidence level in each bin. The above
approximations reproduce the limits for light, elementary
dark matter in [72] to within ∼30%.

2. Electronic transitions in semiconductors

In semiconducting targets, such as silicon and germa-
nium, the gap between a valence and conduction band is 1.1
and 0.67 eV, respectively, which corresponds to the lower
bound on the energy threshold. In practice, the threshold is
often taken to be the energy needed to produce two or three
electrons, in order to suppress the dark count rate and/or
other low energy backgrounds. The structure function is

Sðq;ωÞ ¼ 1

nT

X
i;i0

X
G0

Z
BZ

d3k
ð2πÞ3 jfi;k→i0;k0;G0 j2

× δðEi0;k0 − Ei;k − ωÞ; ð51Þ
where nT is the electron number density and the i, i0 label
the initial and final electronic bands, with energy Ei;k at
momentum k. The sum overG0 is over the reciprocal lattice
and the integrals over the initial and final electron momenta
k, k0 are over the first Brillouin zone. The transition matrix
element fi;k→i0;k0;G0 is determined from the electron wave
functions and has been evaluated numerically [32] with the
Quantum EXPRESSO [79] package, and subsequently
tabulated as part of the QEdark code [32,71], which
we use for our calculations. (See [78] for a semianalytic
approach.)
To convert the energy deposited by the DM to the

number of ionization electrons (ne), we assume the same
linear relationship as in [32]. For the existing bounds, we
recast the latest SENSEI limit [74]. Since this was a surface
run, the one and two electron bins have a large amount of
background events and we set a limit only with the ne ≳ 3
and ne ≳ 4 electrons selections, which respectively corre-
spond to a threshold of 8.3 and 11.9 eV. In these two signal
regions, 132 and 1 event(s), respectively, were observed
and the bounds at 90% confidence level are computed by
conservatively assuming that all observed events were
signal. For each point in the parameter space, we take
the strongest of these two limits. For the future reach of a
larger exposure, underground detector, a negligible back-
ground is assumed for ne ≳ 2, which corresponds to an
effective threshold of 4.7 eV; as a benchmark, we assume
an exposure of 1 kg-year.

3. Scattering in superconductors

In metal targets, DM can scatter off of the quasifree
valence electrons [35,66], which have a typical Fermi
velocity, vF ∼ 10−2. In the superconducting phase, a small
gap on the order of an meV develops above the Fermi
surface, which forbids scattering processes with energy
depositions less than the width of the gap. For energy
depositions sufficiently above a meV, the existence of the
gap can be neglected and the scattering becomes identical

to that in a free Fermi gas, at zero temperature. In this case,
the dynamic structure factor is

Sðq;ωÞ ¼ mevð2meμ − ξ2Þ
2πqnT

Θ
� ffiffiffiffiffiffiffiffiffiffiffi

2meμ
p

− ξ
�

ξ ¼ Max

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meðμ − ωÞ

p
;
me

q

�
ω −

q2

2me

��
; ð52Þ

where me is the mass of an electron, μ is the chemical
potential, and nT is the electron number density. Note that
for superconducting aluminum, μ ≈ 11.7 eV. The structure
function is derived in greater detail in Appendix B. For the
future reach, we assume an meV threshold, kg-year
exposure, and negligible irreducible backgrounds.
If the particle mediating the scattering is a kinetically

mixed dark photon, the scattering is subject to screening by
the valence electrons of the metal. In practice the rate is
suppressed by the Thomas-Fermi screening length, which
implies a reduction of the reach of several orders magnitude,
depending on the momentum transfer. For our rate calcu-
lation we include the full momentum-dependent correction
to the dark photon propagator, following the discussion
in [66].

B. Polar materials

The detector with a polar material target proposed in [29]
can be described as an ultralow threshold calorimeter for
single, athermal phonon excitations. Since polar materials
are insulators or semiconductors, the 1–10 meV threshold
needed to detect single phonons is well below the band gap
of the material. Unlike the examples discussed above, the
detector is therefore not optimized for detecting electron
excitations directly, but it is nevertheless still possible to
excite phonons through the coupling to the inner shell
electrons [30]. For a mediator coupling to electrons, a
superconducting target tends to perform somewhat better
than a polar material target. The kinetically mixed dark
photon mediator is however an important exception due to
the screening effect described in the previous section,
which strongly limits the reach of superconductors for this
scenario. For an insulator (e.g., sapphire) or a semicon-
ductor (e.g., GaAs) this issue does not arise.
A defining feature of polar materials is that the optical

phonon modes of the crystal correspond to the coherent
oscillation of an electric dipole in each unit cell, which
implies an enhanced coupling to a kinetically mixed dark
photon. In the limit where the dark photon is massless, the
ADM nugget can be thought of as carrying a small electric
charge. In this case the dynamic structure factor is [29,30]

Sðq;ωÞ ¼ 2q2

e2
ωLO

nT

�
1

ϵ∞
−

1

ϵ0

�
δðωLO − ωÞ; ð53Þ

taking σ̄0 in Eq. (27) (for the massless case), ge ¼ e, and
gt ¼ κe, with e being the electron charge and κ the kinetic
mixing parameter. ϵ0 and ϵ∞ are the low and high frequency
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dielectric constants, respectively, and ωLO is the energy of
the longitudinal optical phonon in the zero momentum
limit. The reference momentum is taken to be q0 ¼ αme.

7

We note that the above equation is an analytic approxi-
mation, valid only for isotropic crystals like GaAs. The
general structure function is more complicated and must
be evaluated numerically; see [30] for details. Since the
numerical treatment is rather computationally intensive,
we restrict ourselves to the analytic formula in Eq. (53) for
GaAs in this work. As in Sec. III B, we require q < 1 keV,
to ensure the validity of the phonon description.

C. Results

We now turn to a quantitative comparison of the
numerical results. As in the case of coupling to nucleons,
the key quantity is the radius of ADM nugget, given by

RX ¼
�
9π

4

MX

m̄4
χ

�
1=3

: ð54Þ

In our reach estimate, we again fix m̄χ to two benchmark
values and vary the ADM nugget mass MX. As for DM
coupling to nuclei, the scaling of a detector’s sensitivity
falls into three unique regions (see Fig. 2), depending on
how the momentum transfer compares to the inverse radius.
In region I, the maximum allowable momentum transfer,
qmax, is smaller than the inverse radius. The scattering of
a composite nugget is therefore fully coherent and also
indistinguishable from that of an elementary DM particle.
In region II, while qmaxRX ≳ 1, the lowest momentum
transfer to which the detector is sensitive, qmin, is still
smaller than 1=RX. The scattering is therefore still coherent,
but only in part of the phase space. In region III, qminRX ≳ 1
and the scattering is never coherent; thus the rate is strongly
suppressed.
The transitions between region I and II and region II and

III occur roughly when the inverse radius is small compared
to the maximal momentum transfer and the experimental
momentum transfer threshold, i.e.,

MX ∼

8>><
>>:

3 × 106 GeV ×
�

m̄χ

10 MeV

�
4
×
�
8 keV
qmax

�
3

transition between region I and II

109 GeV ×
�

m̄χ

10 MeV

�
4
×
�

eV
Ethres

�
3

transition between region II and III;

; ð55Þ

where v0 is the typical DM velocity in the Milky Way and
qmax ≈ 2αme, as explained below; this is significantly
smaller than in the nuclear recoil case. Notice that, at
least for atomic ionization and semiconductor detectors,
region II is fairly narrow, as qmax is numerically close to
qmin ≈ Ethres=v0.
The structure functions are substantially more compli-

cated than those for nucleon couplings in Sec. III, but we
can still extract the rough scaling of the scattering rate by
making a number of additional approximations: if the
electron were free, the structure function would simply
be Eq. (34), except with the mass of the electron instead of
mass of the nucleus and A ¼ 1. The effect of the electron
being in a bound state is twofold: first, the energy trans-
ferred to the electron, Ee, is now related to the momentum
transfer via

Ee ¼ q · v −
q2

2μXN
≈ q · v; ð56Þ

found by imposing energy conservation on the DM-
electron-nucleus system. This implies the relation

qmin ¼ Ethres=v0 ð57Þ

between the minimum possible momentum transfer (qmin)
and the detector threshold (Ethres). Secondly, the electron is
not only not at rest, but its velocity in the atom, ve, is larger
than the mean DM velocity. This implies that qmax ≈
2meve, where ve ≈ α ≈ 10−2, and we expect that the cross
sections for scattering via a heavy mediator roughly scale as

σheavyER ∼ σ̄0 ×

8>>><
>>>:

q2max
4v2

0
m2

e
¼ v2e

v2
0

region I

1
R2
X

2
v2
0
m2

e
region II

1
R4
X

2
q2minv

2
0
m2

e
¼ 1

R4
X

2
m2

eE2
thres

region III

; ð58Þ

while for a light mediator, we expect the cross section to
scale as

σlightER ∼ σ̄0 × q40 ×

8>><
>>:

1
4q2minv

2
0
m2

e
¼ v2e

v2
0

1
m2

eE2
thres

region I& II

1
R4
X

1
v2
0
m2

eq6min
¼ 1

R4
X

v6e
v2
0

1
m2

eE6
thres

region III

:

ð59Þ

Note that while these electron-recoil cross sections have
the same scaling dependence on qmax, qmin, and RX as for
the nuclear recoil case, the dependence on Ethres is altered,
following Eq. (57). These relatively crude approximations

7Note that our definition of the reference cross section σ̄0
differs with a factor of 4 from the definition in [29,30].
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broadly reproduce the scaling behavior of the reach of
the various detector types, but their quantitative accuracy
is not always guaranteed, as more subtle but numerically
important in-medium effects (e.g., Pauli blocking) are
not accounted for. However, these in-medium effects can
also sometimes be included in a similarly rough manner;
when appropriate, we provide an estimate of the conse-
quences of these effects on specific detector limits in our
discussions below. In our result plots, we always present
the full, numerical results, as outlined in the preceding
sections.

The reach for a heavy mediator is shown in Figs. 6 and 7
for m̄χ ¼ 10 MeV and m̄χ ¼ 10 GeV, respectively. The
grayed region again indicates cross sections larger than
geometric, which are unphysical. For electron couplings
there is a mild overburden effect for underground experi-
ments, as argued in Appendix A. The parameter space
where this is relevant is however fully covered by the
SENSEI surface run. The dot-dashed purple line refers to
the constraint in Eq. (11), which represents the intensity
frontier bounds on the mediator particle, specifically from
BABAR and LSND (see Sec. II B 1 for details).

FIG. 7. Existing and projected reach of experiments in Table II for heavy mediator coupled to electrons and nuggets with 10 GeV
constituents. The dot-dashed purple curve is an intensity frontier constraint on a 10 MeV mediator, see Sec. II B 1. The gray area marks
where the geometric cross section is exceeded.

FIG. 6. Existing and projected reach of experiments in Table II for heavy mediator interacting with electrons and nuggets with 10 MeV
constituents. We assume nuggets make up 1% of the total DM density to evade SIDM constraints; the dot-dashed purple line is an
intensity frontier constraint on a 10 MeV mediator; see Sec. II B 1. The gray area marks where the geometric cross section is exceeded.
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When in region I, i.e., when the ADM nuggets are quite
small, low threshold detectors (superconductors in the
present context) do not have an advantage over their
counterparts with higher thresholds: comparing a 1 eV
threshold semiconducting experiment to a meV threshold
superconducting experiment only shows the effect of Pauli
blocking, which weakens the constraints by approximately
three orders of magnitude. The initially surprising appear-
ance of Pauli blocking can be understood in the following
way: While one might naively expect that the rate for DM
scattering in superconductors should be dominated by
electrons deep in the Fermi sea (because the nugget carries
plenty of kinetic energy), the rate is instead dominated by
energy deposits near the detector threshold. The physical
reason is that scattering of heavy, slow-moving dark matter
off of a fast electron typically imparts a momentum transfer
twice the initial electron momentum. For the electrons deep
in Fermi sea, this does not suffice to knock the electron
across the Fermi surface, and as such the process is Pauli
blocked. Thus one can only scatter off electrons near the
Fermi surface, which substantially reduces the number of
available scattering centers for the ADM nugget.
Of the existing constraints for m̄χ ¼ 10 MeV (Fig. 6),

the XENON10 limit is substantially stronger than the
SENSEI limit, due to its much larger exposure. The 1,
2, and 3 electron bins for XENON10 however have a
substantial amount of background, such that the reach at
low MX is primarily driven by bins with four or more
electrons, effectively raising the threshold to ∼60 eV. With
Eq. (55), this explains why the limit from XENON10 starts
to deteriorate at lower MX, as compared to the SENSEI
limit. Focusing next on the reach of future semi- and
superconductor experiments, note that both have the

same qmax, as it is set by twice the typical electron
momentum. Therefore, both detectors transition between
region I and region II around MX ≳ 3 × 106 GeV, and the
difference in their reach at low nugget masses can be
understood completely through the existence of Pauli
blocking in superconductors. Moreover, the semiconductor
detector rather quickly transitions from region II to region
III, due the numerical coincidence that qmin is less than an
order of magnitude smaller than qmax for this detector. This
transition is delayed for the low threshold, superconducting
device, such that it can eventually compensate for the
suppression due to Pauli blocking. This is what occurs in
Fig. 6, where superconductors begin to dominate over
semiconductors around MX ≈ 1011 GeV.
For more compact nuggets, i.e., with m̄χ ¼ 10 GeV, the

ADM nuggets behave like point particles for all detectors,
and there is no form factor suppression. The semiconductor
(or ionization) experiments therefore always dominate,
since they do not suffer from Pauli blocking. The reach
is therefore primarily exposure driven, as is shown in Fig. 7.
A future noble liquid detector with sensitivity to ionization
signals and more exposure than XENON10 (e.g., LBECA)
could therefore be an interesting alternative to search for
ADM nuggets, or heavy DM with electron couplings more
generally. That is, provided that the backgrounds can be
kept low, a caveat that applies to all future proposals we
consider.
The reach for a light scalar mediator and for a light,

kinetically mixed dark photon is shown in Figs. 8 and 9,
respectively; both are for pointlike nuggets, with m̄χ ¼
10 GeV. As in the nuclear recoil case, a mediator is
considered “light” if its mass is small compared to the
typical momentum transfer, in this casemϕ ≪ αme. For the

FIG. 8. Reach curves of experiments in Table II for light scalar mediator. The perturbativity, in-medium effects, and SIDM constraints
are drawn assuming ge ¼ 10−15, consistent with stellar cooling bounds for mϕ ¼ 1 eV. Pauli blocking is present only in
superconductors.
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scalar mediator case, we take the mediator mass to be
mϕ ¼ 1 eV, which corresponds to a maximal coupling to
electrons of ge ∼ 10−15 from stellar cooling constraints
[46]. For the vector mediator case, we fix κ ¼ 10−10, which
is consistent with stellar cooling bounds for a dark photon
with mass mA0 ¼ 10−2 eV [47]. This constraint is com-
bined with the constraints from perturbativity (gχ ≲ 1) and
dark matter self-interactions in Eq. (15). We also include
the lines that demarcate regions that are a priori physical,
but for which our approximations do not hold. In particular,
in the region above the dot-dashed blue line, defined by
Eq. (17), the mediator mass receives important in-medium
corrections, as the charge density of the fermions can
dramatically alter the light mediator’s potential. Lastly, note
that the maximum nugget mass that GaAs, silicon semi-
conductor and aluminum superconductor detectors can
probe with a kg-year exposure is slightly different due
to the difference in the detector volumes.
In direct detection experiments, the scattering rate for

interactions via a light mediator is always dominated by
low momentum transfer, due to the q20=q

2 form factor
in Eq. (26) and so low threshold experiments always
perform best, as long as Pauli blocking or in-medium
screening effects are not too severe. Focusing first on scalar
mediators (Fig. 8), the existing constraints are provided by
XENON10 and the surface run of SENSEI. For the future
reach, superconductors dominate over semiconductors,
despite the Pauli blocking suppression, as the rate per unit
exposure is proportional to 1=q2min ∼ 1=E2

thres.
There are several important differences when consider-

ing a dark photon mediator (Fig. 9): For polar crystals (e.g.,
GaAs), the dark photon has a strong coupling to the optical

phonons in material, which enhances their sensitivity.
Superconductors on the other hand pay a large penalty
in reach due to the screening by the valence electrons, as
discussed in Sec. IVA 3. On the other hand, for pointlike
nuggets, the typical momentum transfer can be substan-
tially larger than a keV. This means that the electric charge
of a nucleus is not significantly screened in the high
threshold, noble liquid detectors, resulting in a nuclear
recoil signature with coupling proportion to the charge of
the nucleus (see, e.g., [80]). As a result, XENON1T has a
sensitivity similiar to that of a semiconductor detector for
masses below 108 GeV. Above this mass, the DM form
factor becomes nontrivial for XENON1T and thus the rate
is suppressed relative to that in semiconductors. For
indirect constraints, we also demarcate, with a dot-dashed
green line, where the dark Coulomb barrier would forbid
nuggets from successfully undergoing fusion in the early
Universe, as given in Eq. (19). The mass of the maximum
nugget that can be synthesized depends on whether the last
fusion reaction to freeze out is between two large nuggets
or between a large nugget and a free constituent/small
nugget [14,17]; we therefore choose to plot both of these
fusion constraints.

V. CONCLUSIONS

We have considered the detection of nuggets of asym-
metric dark matter, comparing and contrasting low thresh-
old but low exposure proposed experiments (such as
superconductors, superfluid helium, polar materials, and
semiconductors) with higher threshold but larger exposure
experiments (notably the traditional noble liquid xenon

FIG. 9. Reach curves for experiments listed in Table II for dark photon mediators. All nondirect detection constraints, denoted by dot-
dashed lines, are drawn assuming κ ¼ 10−10, consistent with stellar cooling bounds formA0 ¼ 10−2 eV. Early universe nugget formation
constrains how large gχ can be, marked with blue and green dot-dashed curves.
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experiments). We found that both types of experiments
have a role to play.

(i) Larger experiments are more successful at accessing
compact and lighter nuggets that interact with the
standard model via a heavy mediator.

(ii) Smaller, but lower threshold, experiments can domi-
nate for less dense nuggets and for nuggets that
interact with the standard model via a longer range
mediator.

It has been shown that large bound states of asymmetric
dark matter arise quite generically in the presence of a
sufficiently strong attractive force, and their astrophysical
and cosmological evolution can be quite distinct from other
known DM candidates. It is therefore important to pursue
complimentary search strategies for constraining these
intriguing dark matter candidates.
There are a number of possible future directions: First, in

our analysis we have not considered the likely possibility
that the ADM nuggets follow a nontrivial mass distribution,
which can be bimodal in the case of a bottleneck in the
formation history [17]. In such a scenario, there could be a
signal from larger nuggets in one or more low threshold
experiments, simultaneously with a signal from the smaller
nuggets in the traditional large noble liquid detectors.
Moreover, it could be interesting to revisit some of the
prior studies of the differential energy spectrum [21,22] by
including low threshold detectors, as well as correlating the
spectrum with the formation history of the ADM nuggets.
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APPENDIX A: MATERIAL OVERBURDEN

In this appendix we calculate the material overburden
due to the rock above the experiments. The relevant
quantity is the energy lost per unit of distance that was
traveled through the material in question. For an ADM
nugget coupling to hadronic matter and with velocity v, the
average energy loss per collision is

hΔEiv0 ¼
1

σ̄XN

Z
dEdqEjFXðqÞj2jFmedðqÞj2

dσ̄XN
dEdq

ðA1Þ

¼ 1

σ̄XN

A2

4mNm2
nv20

Z
dqq3jFXðqÞj2jFmedðqÞj2;

ðA2Þ

with

σ̄XN ¼
Z

dEdqjFXðqÞj2jFmedðqÞj2
dσ̄XN
dEdq

ðA3Þ

¼ A2

2m2
nv20

Z
dqqjFXðqÞj2jFmedðqÞj2; ðA4Þ

where we took the MX ≫ mN limit. The average energy
loss per unit of length is thus

�
dE
dx

�
v0

≈Min½nT σ̄XN; n1=3T � × hΔEiv0 ; ðA5Þ

with nT being the number density of the material. The
second term in Min accounts for the possibility that the
nugget scatters off every nucleus it meets, which occurs if
the cross section is sufficiently large [70]. The presence of
the form factor implies that the overburden depends on the
nugget radius. For large nuggets, the probability of trans-
ferring a sizable amount of momentum is suppressed; these
nuggets are much less likely to get stopped, as compared to
a pointlike DM with a comparable mass and cross section.
For ADM nuggets coupling to electrons through a light

mediator, we estimate the energy loss with the Lindhard-
Scharff formula for electronic energy loss [81]. For a singly
ionized atom with speed v and atomic number Z1, traveling
the through medium with atomic number Z2, the average
energy loss per unit distance is

�
dE
dx

�
≈ 8πn2e2a0

Z1Z2

ðZ2=3
1 þ Z2=3

2 Þ3=2
v
v0

: ðA6Þ

Here n2 the number density of the target, e the electron
charge, a0 the Bohr radius, and v0 ≈ α the typical velocity
of a bound electron. This prescription has shown to be in
reasonably good agreement with the data for a variety of
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projectile and target ions [82]. At low velocity the elastic
atomic recoil can be of comparable importance [81], but
since we only attempt an order of magnitude estimate here,
we neglect this contribution. To estimate the overburden
effect, we take the Earth’s crust to consist primarily of
silicon Z2 ¼ 14 with a mean density of n2 ¼ 2.7 g=cm3.
We take Z1 ¼ 1, since the nugget does not have an electron
cloud as long as its total effective electric charge is ≲1.
Because of the stringent stellar cooling bounds on ge, this is
always satisfied in our parameter space. For the light
mediator case, we then estimate the energy loss per unit
distance as�

dE
dx

�
≈ 8πn2e2a0NXgχge

v
v0

≈ 120 ×
MeV
cm

× ðNXgχgeÞ2 ×
v

10−3
; ðA7Þ

where we identified the dimensionless parameter NXgχge
with the electric charge in the Lindhard formula. (The
energy loss in a dielectric is proportional to the square of
the electric charge, see, e.g., [83].) Requiring that the total
energy loss remains smaller than the kinetic energy implies

σXe ≪ 10−24 cm2 ×

�
MX

GeV

�
; ðA8Þ

which is always satisfied for a scalar mediator in the
parameter space we consider. For a vector mediator, there is
a sliver of parameter space where this is not satisfied;
however, this region is constrained by the SENSEI surface
run. Finally, for a heavy mediator, the typical energy loss
per collision is estimated to be hΔEi0 ≈ 1

2
α2me ≈ 10 eV.

Using Eq. (A5), the ADM nugget would only get stopped
in the Earth’s crust if

σXe > 10−26 cm2 ×

�
MX

GeV

�
and MX ≲ 1011 GeV;

ðA9Þ
which is always satisfied for nuggets with 10 GeV con-
stituents, but not for nuggets with 10 MeV constituents;
however, the region where overburden is important is
always constrained by the SENSEI surface run. Note that
for both the heavy and light mediators with electron
couplings we have implicitly treated the ADM nuggets

as point particles, which is a good approximation for low
mass ADM nuggets, which is where the overburden effect
is relevant.

APPENDIX B: ZERO TEMPERATURE LIMIT
FOR SUPERCONDUCTORS

From [84], SðED; qÞ can be calculated by

SðED; qÞ ¼
mev
πqnT

Z
∞

p−

dp2p2fðE2Þð1 − fðE4ÞÞ; ðB1Þ

where nT is the number density of target, p2 is the
momentum of incoming electron, p4 is the momentum
of the outgoing electron, and fðEÞ is the Fermi-Dirac
distribution,

p− ¼ me

q

�
ED −

q2

2me

�
E4 ¼ E2 þ ED

fðEÞ ¼
�
1þ exp

�
E − μ

T

��
−1
; ðB2Þ

where at zero temperature, the chemical potential μ is
simply the Fermi energy. In the zero temperature limit, the
Fermi-Dirac distribution functions correspond to Heaviside
theta functions and so the dynamics structure function
becomes

SðED; qÞ ¼
mev
πqnT

Z
∞

p−

dp2p2θðμ − E2ÞθðE4 − μÞ: ðB3Þ

Writing everything in terms of p2, the two Heaviside theta
functions simply become integration limits, so that

SðED; qÞ ¼
mev
πqnT

Z ffiffiffiffiffiffiffiffi
2meμ

p

ξ
dp2p2θ

� ffiffiffiffiffiffiffiffiffiffiffi
2meμ

p
− ξ

�

¼ mev
2πqnT

ð2meμ − ξ2Þθ
� ffiffiffiffiffiffiffiffiffiffiffi

2meμ
p

− ξ
�
; ðB4Þ

where

ξ ¼ Max
h
p−;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meðμ − EDÞ

p i
: ðB5Þ
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