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We report on the first search for nuclear ultraheavy dark matter (UHDM) in a dual-phase liquid argon
time projection chamber using the DarkSide-50 experiment. Unlike conventional weakly interacting
massive particles, a nuclear UHDM model may be composed of many dark nucleons and scatter numerous
times while passing through the detector. Accounting for energy loss through the Earth’s overburden, we
apply selection criteria optimized for multiscatter event topologies using the 532-day low-radiation
campaign of the DarkSide-50 detector. Excluded limits on the UHDM-nucleon scattering cross section for
dark nucleon masses of mχ ¼ 10; 50; 100; 500 GeV=c2 are presented.

DOI: 10.1103/r3zg-zlfg

I. INTRODUCTION

Evidence for dark matter (DM) is well documented at
different cosmological scales. Velocity distribution of
galaxies [1], galaxy cluster mergers [2], cosmic microwave
background observations from Planck [3], and simulations
and observations of the large-scale structure of the Universe
[4], all provide strong supporting evidence for the existence
of cold dark matter. Among the many different dark matter
models, weakly interacting massive particles (WIMPs) are
well established within the scientific community, and may

provide a detection channel via low-energy elastic scatter-
ing [5]. In this work, we extend the DarkSide-50 dark
matter search to nuclear ultraheavy dark matter (UHDM),
investigating composite dark nuclei that would produce
distinctive multiple-scatter signatures in the detector.
Hosted at the Laboratori Nazionali del Gran Sasso

(LNGS), Italy, DarkSide-50 is a dual phase time projection
champer (TPC) filled with purified liquid argon (LAr)
[6,7]. The experiment was primarily designed for a
background-free search of WIMPs, obtaining a 90% con-
fidence level (CL) on the spin-independent dark matter-
nucleon scattering cross section at 1.14 × 10−44 cm2

(3.43 × 10−43 cm2) for a WIMP mass of 100 GeV=c2

(1 TeV=c2) [8]. The main active component of
DarkSide-50 was a LAr TPC. The TPC was a cylindrical
detector with a radius of 18 cm and a height of 36 cm,
and was viewed by two arrays of 19 Hamamatsu R11065
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photo multiplier tubes. The detector was surrounded
by a 4 m diameter sphere filled with liquid scintillator
acting as a neutron veto, and a 10 m tall and 11 m in
diameter water Cherenkov detector which served as a muon
detector [9]. Two signals provide the necessary information
for the identification of a potential candidate: a prompt
scintillation signal (S1) produced by particles elastically
scattering off LAr nuclei, and a delayed electrolumines-
cence signal (S2) produced by extracting the ionization
electrons from the bulk LAr into a gaseous argon pocket at
the top of the TPC via the application of an electric field.
Beyond the traditional WIMP, UHDM represents an

alternative model which has been searched in other experi-
ments [10–13]. In models where the dark sector lacks a
long-range force analogous to electromagnetism, dark
nucleosynthesis can proceed unconstrained, potentially
forming composite dark matter nuclei containing up to
1020 constituents [14–16]. UHDM particles would interact
with ordinary matter through elastic scattering off nuclei,
similar to WIMPs but with distinctive signatures due to
their composite structure [17]. The most distinctive aspect
of such a search is the multiscatter nature of UHDM
particles on their pass through the TPC. Figure 1 shows the
average number of energy deposits (Ndep) expected for a
UHDM pass through the TPC. The dashed line indicates
the average UHDM transit time, t̃cross ¼ 3.3 μs, assuming
an average UHDM velocity of vUHDM ¼ 220 km=sec. This
work explores the sensitivity of DarkSide-50 to UHDM for
different dark nucleon masses. Unlike prior searches, which
treat UHDM as a pointlike particle and rely on the standard
A2 coherent enhancement scaling, this analysis introduces
mχ as an explicit parameter of the model, introducing
the UHDM form factor Fχðq; RχÞ and producing signal
hypotheses that are not directly comparable to those of
other experiments.

II. NUCLEAR ULTRAHEAVY DARK MATTER

The formation of nuclear UHDM, dark matter nuclei
which are composed of many dark nucleons, may be
explained by the absence of the analog long-range electro-
magnetic interaction in the dark sector [14], which allows
for UHDM nuclei of up to 1020 constituents [15] to be
formed via big-bang dark nucleosynthesis [14]. Similarly to
WIMPs, UHDM can also interact with Standard Model
(SM) particles by elastically scattering off nuclei, providing
a detection mechanism.
The differential dark matter-SM nucleus scattering cross

section is described by

dσχ;N
dER

¼ mN

2μ2χ;Nv
2
σχ;n

�
μχ;N
μχ;n

�
2

A2F2
χðqÞF2

NðqÞ: ð1Þ

Here, σχ;N is the dark matter- SM nucleus cross section, σχ;n
is the dark matter nucleus-nucleon cross section, μχ;n is the
dark matter nucleus-nucleon reduced mass, μχ;N is the
DM-target reduced mass, A is the nucleus atomic mass
number, mN is the mass of the target nuclei,Mχ is the mass
of the UHDM nucleus, ER is the recoil energy, and Fχ and
FN are the dark matter and SM nucleus form factors. FN is
the Helm form factor [18], while the dark matter form
factor, Fχ , is described by [17]

Fχðq; RχÞ ¼
3j1ðqRχÞ

qRχ
; ð2Þ

where j1 is a Bessel function of the first kind and q is the
momentum transfer. Equation (2) assumes the dark matter
nuclei have a uniform density which is modeled by a
spherical top hat function [17]. Consequently, the intro-
duction of the finite size of the dark matter nucleus
suppresses the energy of the recoiling nuclei, favoring
low-energy scatters.
Assuming dark nucleon forces equivalent to the SM, the

radius of the UHDM nucleus may be characterized by [15]

Rχ ¼
�
9πMχ

4m4
χ

�
1=3

; ð3Þ

where mχ is the mass of the dark nucleon (constituent). In
this analysis, σχ;n is considered for values up to the
geometrical cross section, σgeo ¼ 4πR2

χ , as larger values
are unphysical for contact interactions.
The product qRχ may be employed to estimate the

effect of the form factors: at values of qmaxRχ ≲ 1, where
qmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNEmax

R

p
and Emax

R is the maximum kinemati-
cally allowed recoil energy determined by the incoming
UHDM velocity, the UHDM nucleus size is less than the
inverse of the momentum transfer and little form factor
suppression occurs [15]. In this case, the dark matter
nucleus can be treated as a pointlike particle, and coherence
enhancement (A4) occurs. This regime is best probed by
high-exposure detectors. For qmaxRχ ≳ 1≳ qminRχ, where

FIG. 1. Average number of energy deposits for UHDM of
different σχ;n.The left-hand (blue) axis shows the number of
energy deposits, and the right-hand (purple) shows the time
between energy deposits. The dashed line represents the average
UHDM transit time.
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qmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNEthr

R

p
and Ethr

R is the minimum recoil energy
required to produce a detectable signal in the detector, there is
intermediate form factor suppression, and coherent enhance-
ment only occurs for a fraction of the phase space. It is in this
region where the search presented in this manuscript is
conducted. Figure 2 shows the dependence of the qRχ

product as a function of Mχ and mχ . The effects of nuclear
form factors become significant for values of qRχ > 1,
decreasing the probability of high energy nuclear recoils.
The search for nuclear dark matter introduces the

dark nucleon mass as an additional parameter that needs
to be either fixed or evaluated when conducting the search.
Here, the dark nucleon mass was set to mχ ¼ 10; 50; 100;
500 GeV=c2 to evaluate the effect of different dark nucleon
masses on the experiment’s sensitivity.
The UHDM signals in the detector may be obtained by

evaluating the total energy deposited for different UHDM
particles in one pass through the TPC. This is illustrated in
Fig. 3, where Etot

dep is plotted for a dark nucleon mass of
mχ ¼ 10 GeV=c2 an average UHDM velocity of
vUHDM ¼ 220 km=sec.

III. OVERBURDEN

To accurately calculate the expected signal rate, we
account for how Earth’s overburden affects UHDM tra-
jectories before reaching the DarkSide-50 detector. This
task is accomplished with the Verne toolkit [19], a package
that has been employed to conduct other dark matter studies
[20], and that relies on the continuous formalism approach
to calculate the energy loss per collision as the UHDM
particle travels through Earth. The underlying assumption
that makes the continuous formalism suitable is the mass
difference between a UHDM and the scattering nucleus
(mA), that being ðMχ ≫ mAÞ. A detailed description of

the tool with a discussion of the continuous formalism
approach can be found in the original toolkit manuscript
[20]. The kinetic energy loss in this path may be written as

dhEχi
dx

¼ −
X
i

niðr⃗ÞhERiσχ;iðvÞ; ð4Þ

where niðr⃗Þ is the number density of nuclei species i at
position r⃗ in the detector rest frame, σχ;i is the DM-i species
nucleus scattering cross section, and v is the DM speed in
the detector rest frame.
An example of different speed distributions, f̃ðvfÞ, for a

UHDMmodel ofMχ ¼ 107 GeV=c2 and σχ;n ¼ 10−27 cm2

for different incoming directions with respect to the
detector’s vertical is shown in Fig. 4. The effects of
the overburden are most noticeable for model masses
below ∼Mχ ¼ 1010 GeV=cm2, while models of larger
masses in the region of interest are unaffected by the
overburden. It is also important to introduce the saturated
overburden (σs), which occurs when the DM scattering
cross section becomes large enough that dark matter
scatters with every nucleus or electron along its path
through the overburden material [21]. The effects of the
water Cherenkov muon veto and liquid scintillator neu-
tron veto on the DM velocity distribution were estimated
and considered negligible.

IV. DETECTOR RESPONSE

A. LAr response

For the cross section values of the considered model,
a UHDM nucleus is expected to elastically scatter off LAr

FIG. 2. The product qRχ as a function of Mχ and mχ . The red
line shows where qRχ ¼ 1; at higher values, coherent scatter
tends to be suppressed.

FIG. 3. Energy deposited in the parameter space region of
interest, for dark nucleon mass mχ ¼ 10 GeV=c2. The red region
estimates undetectable parameter space due to overburden effects
as predicted in [15]. The gray region delimits the area where the
scattering cross section σχ;n is larger than the geometrical cross
section σgeo, which depends on the dark nucleon mass mχ .

P. AGNES et al. PHYS. REV. D 114, 052001 (2026)

052001-4



nuclei multiple times while passing through the TPC,
producing S1 and S2 signals. Several different signal
combinations may arise: a series of S1 followed by a
series of S2 signals, a series of S1 followed by a series of
merged S2 signals, merged S1 followed by merged S2
signals, and a series of unmerged or merged S2 dictated by
the lack of S1 signals due to form factor suppression. This
last type of event should be unexpected and may also be
prevented via fiducialization cut. Given that the dark matter
speed average is around v0 ∼ 220 km=sec (in the Galactic
rest frame), a UHDM nucleus is expected to cross the TPC
roughly in Oð1Þ μs timescale, and S2 signals will take
Oð10Þ μs to Oð100Þ μs at 200 V=cm nominal drift field.
The target signature of this search is a merged S1 pulse,
while the charge of the S2 signal is not used as part of the
analysis in the search for UHDM.
From Fig. 3, UHDM nuclei in the parameter space region

of interest will deposit roughlyOð10Þ keV toOð103Þ keV.
Given this, S1 is employed as the variable of interest. S2
signals are not used in this analysis because the electron
drift times in the TPC are comparable to or exceed the
transit time of UHDM particles traversing the detector,
leading to having to perform model dependent recombi-
nation corrections for S2 estimates.
The LAr scintillation response is modeled to estimate S1.

For electronic recoils (ER) [22,23],

S1ER ¼ g1ðNex þ Ni × RðER; FÞÞ; ð5Þ

where g1 is the collection efficiency of photons, Nex is the
number of excitons, Ni is the number of electron-ion pairs,
and RðER; FÞ is the recombination probability for an ER of
ER at drift field F. The recombination probability for this
model is taken from [23].

For nuclear recoils (NR), S1 is taken to be [22,23],
where W is the effective work function, FqðERÞ is the NR
electric field quenching, and LeffðERÞ is the NR quenching
model, both taken from ARIS data, which was fitted against
an extended version of the Birks’ formula for organic
scintillators [22].
To estimate whether successive energy deposits in the

TPC due to UHDM interactions will lead to a series of
unmerged or merged (several signal pulses overlapping in
time) S1 signals, a toy peak-finder algorithm that mimics
the algorithm in DarkSide-50 was employed to investigate
the shape of S1 pulses. Based on the average transit time in
Fig. 1, it is expected that successive energy deposits merge
into a single S1 signal. This was confirmed with a toy
simulation modeling UHDM events crossing the TPC via
Monte Carlo, converting photoelectron (PE) arrival times to
waveforms using measured single-PE response functions,
with peaks identified in summed waveforms using a 2 PE
threshold. No events had more than one S1 pulse. The
average pulse length was found to be t̄pulse ¼ 3.9� 2.3 μs
where the uncertainty represents 1 standard deviation of the
computed pulse length distribution.
The recoil energy spectrum of a nuclear UHDM particle

of mχ ¼ 10 GeV=c2, Mχ ¼ 107 GeV=c2, and σχ;n ¼
10−27 cm2 is presented in Fig. 5. Since this search is
conducted at cross sections where all UHDM particles are
expected to scatter when passing through the TPC, the
number of events in live time T is estimated by [10]

N ¼ T
ρχ
mχ

Z
jvjfðv⃗Þd3v⃗dA; ð6Þ

where A is the detector’s surface area.
Since Mχ ≫ mA, events are modeled as a colinear track

of energy deposits passing through the TPC. This is first
done by sampling a recoil of energy ER from the distri-
bution in Fig. 5, where the distinct valleys are the result of

FIG. 4. Velocity distribution in the detector rest frame for a
UHDM model of Mχ ¼ 107 GeV=c2 and σχ;n ¼ 10−27 cm2 for
different incoming directions with respect to the detector’s
vertical axis (γ). Darker colors represent particles traveling the
shortest path to the detector, while lighter colors represent
particles traveling through most of Earth’s overburden before
reaching the detector.

FIG. 5. Differential probability per unit recoil energy for
mχ ¼ 10 GeV=c2, Mχ ¼ 107 GeV=c2, and σχ;n ¼ 10−27 cm2.
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the form factor suppression. The angle of incidence of the
incoming UHDM nucleus with respect to the detector
vertical (γ) is obtained by sampling from the speed
distributions that could have produced an energy deposit
ER, where θ is biased toward values where the overburden
is less significant. With θ defined, the number of energy
deposits ðNdepÞ within a TPC pass is estimated based on
σχ;n and the length of the track through the detector. Finally,
S1 is evaluated by using the sum of all energy deposits
(Etot

R ) through the TPC as described in Sec. IVA.

B. Background model and data selection

The data employed for this search is the 532-day
underground Ar dataset, where the most basic data quality
cuts are applied [8]. These require that all channels are
present, that the baseline be found, and that the event occurs
at least 1.21 ms after the previous event to remove events
triggered on an S2 where the corresponding S1 was in the
inhibit window. The analysis cuts applied progressively and
number of survived events are presented in Table I. The
energy region of interest (ROI) is defined to be 100–
8000 PE in S1. The low-end boundary (100 PE) is defined
such that events with total energy deposition of O(10) keV
(see Fig. 3) with several energy deposits will be accepted.
The upper bound of the ROI is defined such that most
UHDM with total energy depositions up to Oð1Þ MeV are
accepted. At larger recoil energies, the form factor is
significant, requiring larger detector volumes. The tdrift
variable is defined as the time difference S1 pulse start and
the start of the S2 pulse. To avoid highly interacting events
traveling from the cathode toward the anode to produce
merged S1 and S2 signals, events with the last energy
deposit within 10 μs of the anode at 200 V=cm drift field
are rejected.
An example of an acceptance (the number of surviving

events after the analysis cuts listed in Table I) distribution
in Mχ vs σχ;n space is shown in Fig. 6. The decreased
acceptance around the edges of the band is due to the
energy deposited falling above (below) the energy region of
interest of 100–8000 PE. The center of this band is the
region where most of the energy deposits pass the analysis
cuts, with the exception of the tdrift cut removing roughly
15%-20% of events that enter the TPC from the top. About
10% of events are removed due to the imposed condition of
not having energy deposits close to the anode to avoid S1

and S2 mergings. The left-hand cutoff is due to the UHDM
nuclei having an interaction cross section above the
geometrical cross section. At very high masses and cross
sections, there is an increase in the acceptance due to form
factor suppression reducing the amount of energy deposited
by UHDM with high interactions.
The dominant background in this search is from radio-

genic sources. These backgrounds were modeled by
Monte-Carlo simulations of the energy depositions origi-
nating from the detector’s components [7]. From these
depositions, the S1 distributions may be produced accord-
ing to the detector response described in Sec. IVA. Each
contribution is then scaled according to the measured
radioactive activities in DarkSide-50 [8].

C. UHDM Energy Spectrum

The energy spectrum in the region of interest for various
UHDM models is presented in Fig. 7. Increasing Mχ

increases the form factor suppression, reducing the recoil
energies of the UHDM passing through the TPC.
Increasing σχ;n increases the number of energy deposits
of a UHDM particle passing through the detector, shift-
ing the signal energy spectrum toward higher energies
(not shown).

V. RESULTS

With the signal and background models, and the col-
lected data energy distributions, a μ (signal strength
parameter) fitter is used to estimate the p-value for a
particular parameter space value point (Mχ , σχ;n) employ-
ing the likelihood model described in Ref. [24]. Since
for the case of multiple interacting UHDM, increasing
(decreasing) μ (σχ;n) will not linearly increase (decrease)
the signal energy distribution, the exclusion region is
reconstructed by scanning the parameter space in both

TABLE I. Data cuts and the corresponding remaining number
of events after each applied cut. All values include the remaining
events after the data quality cuts outlined in the text.

Cut Nevents

tdrift > 10 μs 2.695 × 107

tdrift > 10 μs & S1 > 100 PE 2.648 × 107

tdrift > 10 μs & 100 < S1 < 8000 PE 2.351 × 107

FIG. 6. Fraction of UHDM surviving cuts as a function of Mχ

and σχ;n space for mχ ¼ 500 GeV=c2.
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Mχ and σχ;n, and obtaining the p-value for μ ¼ 1. If the
confidence of a given parameter space point is above 90%,
the point is excluded. Table II shows the nuisance param-
eters from radiogenic background contributions for the
background-only fit; all pulls are consistent with zero
(j θ−θ0σθ

j < 0.03), indicating that the fitted values remain
close to their priors, while the significantly reduced postfit
uncertainties demonstrate that these background compo-
nents are strongly constrained by the data.
Figure 9 shows the 90% CL excluded region for different

dark nucleon masses (mχ), illustrating the region of the
parameter space for which the UHDM model is excluded.
The bottom edge is dictated by Poisson mean value of the
cross section at which dark matter is expected to scatter in
every pass through the detector, σs [21]. The left-most

boundaries are delimited by the overburden. For lower mχ

masses, DM models fall below the sensitivity of the search.
The top boundary of the exclusion curve is delimited by the
geometrical cross section of the dark matter model with
dark nucleon massmχ . Higher cross sections are unphysical
and have also been ruled out by self-interaction (UHDM)
limits [15]. The dropoff of the top boundary of the excluded
region at Mχ ≳ 109 GeV=c2 is explained by the large
number of energy depositions within one TPC pass,
producing signals above the 8000 PE region of interest.
As mχ increases, the region between the geometrical cross
section and σs becomes smaller, reducing the visible
parameter space. At high masses, the recoil energies are
highly reduced due to form factor effects and fall below the
energy threshold of the detector. The right-hand side is
delimited by the detector’s exposure and dark matter flux.
We compare our results with other experiments that

employ dσχ;N
dER

¼ dσχ;n
dER

A4jFNðqÞj2, namely DEAP-3600 [10],
XENON-1T [11], and LZ [13], and report less sensitivity at
low cross sections and high masses, which is a consequence
of different detector exposures and analysis approaches.
The other searches performed a background-free analysis,
and as previously mentioned, form factor effects begin to
suppress the energy depositions resulting in very low
energy deposits and a loss of sensitivity in an S1-only
search. In comparison to these other experiments, we

FIG. 8. Results of the background-only fit. The bottom subaxis
shows the difference between the model and the observed data as
ðData −ModelÞ=Model. The light yield at 200 V=cm nominal
field was 7.0� 0.3 PE=keV [6].

FIG. 7. Energy spectrum of various UHDM models in the
range [100–8000] PE. The red and black curves indicate the
background model and observed energy spectrum, respectively.
The different purple/blue colors show signals of different Mχ ,
for σχ;n ¼ 4.3 × 10−26 cm2.

TABLE II. Nuisance parameters for the radiogenic activities
contributors in Fig. 8. Both the priors before other scaling
efficiencies and the pulls (θ−θ0σθ

) are shown.

Parameter Prior [mBq=kg] Pull (θ−θ0σθ
)

Npmt 259.1 6.70 × 10−4 � 9.30 × 10−2

N85Kr 1.86 −2.29 × 10−2 � 2.01 × 10−1

Ncryo 21.27 1.09 × 10−2 � 1.87 × 10−1

N39Ar 0.73 7.96 × 10−3 � 1.57 × 10−1

FIG. 9. 90% CL excluded region for nuclear UHDM for
mχ ¼ 10; 50; 100; 500 GeV=c2.
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incorporate form factor effects to account for the size of the
dark matter particle and extend the search for lower dark
nucleon masses, down to mχ ∼ 107 GeV=c2.

VI. CONCLUSION

We present the first search for nuclear UHDM using a
dual-phase liquid argon time projection chamber with the
DarkSide-50 experiment. This work extends UHDM
searches into a new experimental regime for dual phase
TPCs. No UHDM signal events were observed, and the
resulting exclusion region defines the parameter space
ruled out at 90% CL We have modeled UHDM as a
composite particle and systematically varied the dark
nucleon mass—an approach not previously explored in
LAr TPCs. This represents an important step toward
understanding the internal structure of UHDM models,
as the dark nucleon mass fundamentally determines the
scattering dynamics and energy deposition patterns in the
detector. By deriving exclusion limits for dark nucleon
masses of mχ ¼ 10; 50; 100; 500 GeV=c2, we demonstrate
how the composite nature of UHDM affects experimental
sensitivity. As mχ enters through the UHDM form factor,
the resulting signal hypotheses are not directly interpolable
with those of other experiments, precluding a direct
numerical comparison. This work establishes a path for
future UHDM searches to constrain not only the existence
of ultraheavy dark matter but also its internal composition.
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