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Dark matter detection experiments using liquid argon rely on a precise characterization of the ionization
response to nuclear recoils, especially in the keV energy range relevant for light dark matter interactions. In
this work, we present a comprehensive analysis that combines new measurements from the ReD setup, part
of the DarkSide experimental program, with calibration data from DarkSide-50, as well as results from the
ARIS and SCENE experiments. These combined datasets enable improved constraints on atomic screening
effects in the modeling of the ionization response of liquid argon to nuclear recoils. The analysis is
performed within the Thomas-Imel recombination framework adopted in previous DarkSide studies, and is
here further constrained by the inclusion of ReD data, which allow the screening function to be determined
from calibration measurements. By including the updated ionization model into the DarkSide-50 analysis
framework, we obtain stronger exclusion limits on low-mass weakly interacting massive particle (WIMP)
interactions, setting new world-leading constraints in the 1-3 GeV/c> WIMP mass range. Finally, we
recast the sensitivity projections for the upcoming DarkSide-20k detector, demonstrating a significantly

PHYS. REV. D 113, 123045 (2026)

enhanced discovery potential for low-mass dark matter candidates.

DOI: 10.1103/x3vt-q676

I. INTRODUCTION

The search for dark matter remains one of the most
pressing challenges in astroparticle physics and cosmology.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

Among the various experimental strategies, liquid argon
dual-phase time projection chambers (LAr TPCs) have
proven to be highly effective detectors for weakly interact-
ing massive particles (WIMPs) scattering off nuclei. In
dual-phase TPCs, particle interactions in the liquid argon
produce both scintillation light and ionization electrons.
The electrons are drifted upward by a uniform electric field
and extracted into the gas phase, where they generate a
secondary scintillation signal via electroluminescence.
Both light signals are detected by photosensors located

123045-3
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at the top and bottom of the TPC, allowing for precise
vertex reconstruction and effective particle identification.

In recent years, the potential of this detection technique
has been extended to the low-mass regime (in the GeV//c?
scale) by exploiting the ionization channel alone, as the
ability to detect single-electron signals enables sensitivity
to keV-scale nuclear recoils. A key ingredient for achieving
this sensitivity is the accurate modeling of the ionization
yield (Q,) from nuclear recoils, which hinges on a detailed
description of the atomic collision processes between the
recoiling nucleus and the surrounding argon atoms. As a
nucleus propagates through liquid argon, its interactions
with neighboring atoms are not governed by bare Coulomb
forces but are instead modified by electron screening.
The electron clouds surrounding each nucleus alter the
effective interaction potential, which is described by
screening functions (SFs). These functions determine the
energy transferred during atomic collisions and, in turn,
directly affect the Q, observed in the detector.

The present work builds upon this framework, modeling
the ion-electron recombination probability with the
Thomas-Imel box model [1]. We provide a unified treat-
ment of all available low-energy LAr Q, measurements,
enabling a meaningful discrimination among screening
models and a direct impact on the resulting experimental
limits and projections.

II. THE IONIZATION YIELD MODEL

In a previous study [2], we attempted to constrain these
screening models by combining nuclear recoil data from
DarkSide-50, starting at energies of about 0.4 keV, with
measurements from ARIS [3] and SCENE [4], two small-
scale liquid argon setups that provided monoenergetic
nuclear recoils down to 7 keV. While further dedicated
sub-keV nuclear recoil calibrations would be valuable, the
existing in situ AmC data already provide direct constraints
on the ionization response in the low-energy region relevant
for this analysis. However, the experimental sensitivity was
insufficient to discriminate between alternative theoretical
descriptions, namely the SFs proposed by Ziegler et al. [5]
(hereafter ZBL), Moliére [6], and Lenz-Jensen [7,8].

These functions, while similar in their general approach
to modeling electron cloud effects, differ in their math-
ematical formulation and underlying assumptions. The
ZBL screening function is largely empirical and is widely
used in ion implantation simulations. Both the Moliere and
Lenz-Jensen screening functions are based on the statistical
Thomas-Fermi model. The Moliere function provides a
three-term exponential approximation to the Thomas-Fermi
potential, while the Lenz-Jensen function offers a simpler,
single-term analytic form derived from the same theoretical
framework. However, it is important to note that in our
previous DarkSide-50 analysis [2], as well as in Bezrukov
et al. [9], the Moliere potential was implemented using the

Nuclear recoil energy [keV]
1072 107t 10° 10 102 103
I I I I I I

ZBL

—— Moliére

— Lenz-Jensen

Reduced Nuclear Stopping Power

102 l l l l l
1074 1073 1072 107 10° 10t
Reduced Energy

FIG. I. Reduced nuclear stopping power s, (¢) as a function of
the reduced energy ¢ for the three screening models considered in
this work: ZBL, Moliere, and Lenz-Jensen [13]. The correspond-
ing nuclear recoil energy scale, shown on the top axis, is
computed for liquid argon.

approximate form compiled by Winterbon [10], with
numerical coefficients incorrectly transcribed in the widely
used tabulation by Sigmund [11]. We also note that, unlike
the case of the Lenz-Jensen potential, the Winterbon
approximation deviates significantly from the true Moliere
stopping power [10], even when the correct coefficients
are used. To address this, we adopt an improved para-
metrization by Wilson et al. [12], providing a percent-
level agreement with the original Moliere screening
function. The three screening models, illustrated in
Fig. 1, show noticeable differences at low reduced energies,
corresponding to nuclear recoil energies in liquid argon
below ~50 keV.

The limited ability to discriminate between screening
models has led to sizeable differences in predictions for Q,
from nuclear recoils, particularly below 5 keV, the energies
most relevant for light WIMP detection. This, in turn, has
impacted the interpretation of experimental data and con-
strained the sensitivity of dark matter searches using liquid
argon detectors. In our previous studies, we therefore
adopted the ZBL SF, which yields the lowest ionization
response among the models considered, namely Lenz-
Jensen and Moliere, as defined in Ref. [9], resulting in
the most conservative sensitivity to WIMP interactions for
both DarkSide-50 [14] and DarkSide-20k [15] in the
GeV/c? mass range.

The ionization yield model, Q}'(E,,), describes the
number of electrons escaping recombination with ions
per unit of recoil energy (E,,) as [2]

Q;I(Enr) :;’ (1)

where N; is the number of initially produced electron-ion
pairs and r is the recombination probability. In the

123045-4
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low-energy regime (few keV) we model r with the Thomas-
Imel box formalism [1], which describes geminate recom-
bination of electrons and ions initially distributed within a
small volume (“box”) and accounts for the competition
between Coulomb attraction, diffusion, and electron escape
under the applied drift field. In this limit

In(1 -+ 7)), @)

1

r=1-

where y = Cy/F is the recombination parameter, with F
the drift field and Cy,,, a phenomenological parameter that
effectively sets the “box” scale.

The initial number of ionization pairs, N;, is estimated
assuming a constant excitation-to-ionization ratio, and is
modeled as

es,(€) 3)

N; = px(e) :ﬁs ©) + s (e)’

where f is a normalization constant. The function «
quantifies the energy fraction going into electronic excita-
tions, while s, and s, are the electronic and nuclear
stopping powers, respectively. Both s, and s, depend on
the dimensionless variable ¢ (~0.0135 E,,/keV in LAr),
which in turn depends on the recoil energy E,,,, the atomic
number, and the Thomas-Fermi screening length, as dis-
cussed in [9].

It is worth noting that the ionization response model of
Eq. (1) depends on the nuclear stopping power through
s,(€), which in turn depends on the choice of atomic
screening potential, as well as on two free parameters:
the recombination constant C,, and the normalization
constant f.

The model Q}'(E,,) from Eq. (1) was previously con-
strained by a simultaneous fit to ARIS, SCENE, and
DarkSide-50 (Ref. [2]). Here we repeat that fit including
the new ReD measurement, which provides direct sensi-
tivity in the few-keV region and tightens constraints on the
atomic screening models.

III. THE RED EXPERIMENTAL SETUP

In the recent campaign of the ReD experiment [16], the
setup was exposed to neutrons from a 2>>Cf fission source.
ReD is a small-scale dual-phase LAr TPC specifically
designed to study the ionization response to nuclear recoils.
The chamber has an active volume of 5 x 5 x 6 cm?, with a
7 mm-thick gas pocket above the liquid. An electric field of
200 V/cm, established between two Indium Tin Oxide-
coated acrylic windows acting as an anode and a cathode,
allows a maximum electron drift time of 54 ps. Light
signals from both scintillation (S1) in the liquid and
electroluminescence (S2) in the gas pocket, induced by
drifted ionization electrons, are collected by cryogenic
silicon photomultipliers arranged in two 5 x 5 cm? tiles

placed above and below the active volume. The nuclear
recoil energy estimator S2 is converted into the number of
ionization electrons by normalizing it to ¢, = 18.6 &+
0.7 pe/e” [17]. Here g, is defined as the average number
of photoelectrons detected per free electron extracted
into the gas phase. Effects that reduce the number of
electrons surviving drift and extraction in the gas phase are
included in the detector response implemented in
Monte Carlo. A more detailed description of the ReD
detector is provided in [18].

To perform the neutron time-of-flight (ToF) measure-
ments, the setup includes two fast BaF, scintillators
coupled to photomultiplier tubes, which were placed sym-
metrically around the 2>>Cf source to detect prompt fission
radiation and define the start time. The stop signal is
provided by a neutron spectrometer located approximately
1 m from the TPC and 2 m from the source. It consists of
two 3 x 3 arrays of l-inch EJ-276 plastic scintillators,
allowing for position reconstruction and neutron/y dis-
crimination via pulse shape analysis. The arrays are placed
symmetrically above and below the beam axis, covering a
range of scattering angles of 12° to 17°, which enables
exploration of the LAr response to nuclear recoil energies in
the [2, 8] keV range. This is made possible by the broad energy
spectrum of neutrons from ’Cf, which extends to over
10 MeV, with an average energy of approximately 2 MeV.

The overall ToF resolution, measured using prompt ys
from 232Cf, is 0.7 ns, allowing the neutron energy to be
reconstructed with an uncertainty of 1-2%. The resulting
O, is in excellent agreement with that measured by the
ARIS experiment [3] at 7.1 keV, as reported in [17], which
also provides details of the ReD measurement.

The Q, measured by ReD, and shown in Fig. 2 (gray
points), exhibits an overall uncertainty of 5.7% at 2.4 keV,
decreasing to 4.3% at 7.5 keV. The dominant sources of
systematic uncertainty stem from the calibration of g, and
from a potential vertical shift (Az) of the TPC. The latter
refers to an offset between the TPC and the center of the
cryostat, which is aligned using a laser with the axis defined
by the 23’Cf source and the center of the neutron spec-
trometer. The presence of nonzero Az was investigated
using calibration data from a *'Am source placed at the
vertical center of the cryostat surface. The distribution
along the z-axis of 59.5 keV y-rays from *!Am, recon-
structed in the TPC via the electron drift time, was
compared to Monte Carlo simulations. This study yielded
an estimated offset of 0.23 £ 0.96 cm.

The systematic uncertainty on g, impacts Q, uniformly
across the energy range, introducing a 3.8% scaling
uncertainty in a consistent direction. In contrast, nonzero
Az affects the reconstructed scattering angle and, conse-
quently, the inferred recoil energy of each event, leading to
an uncertainty on the mean energy that varies between
0.7% and 2.4%. Although this uncertainty is small, a
nonzero offset introduces a visible bias in Q,, with opposite
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Global fit of ReD, ARIS, SCENE, and DS-50 datasets
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FIG. 2. Simultaneous fit to the ReD, ARIS, SCENE, and
DarkSide-50 datasets assuming the Lenz-Jensen screening func-
tion (green solid line). ReD data points are shown with both prior
(gray) and posterior (red) uncertainties. The gray line and its
corresponding uncertainty band represent the previous ionization
model, based on the ZBL screening function and fitted without
ReD data [2]. For comparison, the global fit including the ReD
dataset was also performed using the screening functions of ZBL
(orange dashed line) and Moliere (purple dashed line).

trends for nuclear recoils detected by the top and bottom
plastic scintillator arrays.

IV. THE GLOBAL FIT

The fit of Q}'(E,,) follows the approach developed in
Ref. [2], where a simultaneous fit to data from the ARIS,
SCENE, and DarkSide-50 calibrations was performed,
providing coverage over the full range from about three
to more than 200 extracted electrons. The fit minimizes a
global y2, obtained by summing the > contributions from
each dataset after marginalizing over the corresponding ¢,
values.

The DarkSide-50 dataset consists of a continuous
nuclear recoil spectrum from 0.4 to 200 keV, produced
using a neutron source based on the '°C(a, n)'O reaction,
initiated by alpha particles emitted in the decay of **'Am
(AmC source). The SCENE and ARIS datasets provide
monoenergetic nuclear recoil lines in the ranges 17-60 keV
and 7-120 keV, respectively. In the ARIS detector, which
did not include a gas pocket, only the prompt scintillation
light (S1) was observed. ARIS data, acquired at 200 V/cm,
are rescaled to the DarkSide-50 response by comparing the
field-off S1 light yields of the two detectors. This mapping
allows each ARIS recoil energy to be associated with the
corresponding S1 value at 200 V/cm in DarkSide-50.
Further details can be found in Ref. [2].

In this framework, the low-energy ionization response
down to sub-keV nuclear recoils is constrained by in situ
DarkSide-50 calibration data, as demonstrated in previous
analyses [2,14]. In this work, we extend this approach by
including the ReD Q, measurements, which provide direct

constraints in the 2—10 keV range, an energy region highly
sensitive to the choice of screening potential.

The fit is performed by minimizing a global y?> map,
numerically constructed as the sum of the individual y?
contributions from each dataset. The free parameters C
and f are varied, while the drift field is fixed at 200 V/cm,
common to all datasets. The ReD nuisance parameters, g,
and the TPC vertical offset, are included in the fit with
Gaussian penalty terms based on their respective uncer-
tainties. To account for the systematic uncertainty on Az,
the ReD data are split into two subsamples corresponding
to events tagged by the top and bottom scintillator arrays,
which are required to yield consistent Q, values. Each
subsample is independently divided into five energy
intervals, and in each interval an unbinned likelihood fit
is performed using a Gaussian signal over a constant
background. The stability of the extracted Q, values was
verified by varying the energy intervals.

The resulting 2x5 Q, points are fitted with the

V(E,,) model. For a given screening function model,
the fit is performed by scanning the (C,,, /) parameter
space. At each point, the nuisance parameters g, and Az are
marginalized to compute the corresponding y?, which
contributes to the global y*> map.

The posterior distributions are derived from a Bayesian
analysis based on the y*> maps obtained in the global fit. The
likelihood function is constructed as £ o exp(—y?/2) over
a uniform prior in the (Cy., ) parameter space. Posterior
means and confidence regions are estimated via numerical
marginalization.

To quantify the preference among the three screening
models, we compute the Bayes factor (BF), which com-
pares the marginal likelihoods (or evidences) integrated
over the parameter space. This approach is well suited for
non-nested models, where standard Ay tests do not apply.
Assuming equal prior belief in two models, a log;(BF > 2
implies that the data make one model at least 100 times
more likely than the other, a level considered decisive
[19,20]. The results indicate a decisive preference for Lenz-
Jensen over ZBL, with log,(BF = 3.8, and an even
stronger preference over Moliere, with log;, BF = 7.2.

We verify that the posterior mean values are in excellent
agreement with the best-fit points (Table I) obtained from
the y? minimization, indicating that the likelihood surfaces
are well behaved and that the fit is not biased by asym-
metric parameter degeneracies. This consistency check
provides additional confidence in the robustness of the
model selection.

A simultaneous fit of all datasets was performed sepa-
rately for each of the three screening functions. The results
are shown in Fig. 2, where the ReD Q, measurements are
displayed assuming both the prior and the posterior
nuisance parameters, the latter obtained from the fit using
the Lenz-Jensen SF. For visualization purposes, the ReD
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TABLEI. Best-fit values of the free parameters Cy,, and f from
the global fit to all datasets, for each of the tested screening
functions.

Parameter ZBL Lenz-Jensen Moliere
Chox [V/cm] 8.1791 7.9102 8.6°03
B [x10°] 7.0503 6.5 8.8704
Az [em] —0.531910 —0.5810% —0.3910%
g, [pe/e”] 18.2°0+4 18.8 £ 0.4 17.6504

Q, points shown in the figures correspond to the combined
top and bottom array subsamples.

This fit yields nuisance parameters g, = 18.8 0.4 pe/e”~
and Az = —0.5870Y7 cm, which are consistent within 1o
with the priors and with the posteriors obtained using the
other two SFs. This demonstrates that the nuisance para-
meters are stable and largely independent of the specific
choice of SF.

With the posterior nuisance parameters, the uncertainty
on the ReD Q, measurement is reduced to 4.5% at 2.4 keV
and 3.0% at 7.6 keV. This behavior reflects the fact that
variations of the nuisance parameters Az and g, affect the
reconstructed recoil energy and electron yield, respectively,
and therefore propagate to both the mean value and the
uncertainty of the extracted Q, points.

The global fit using the Lenz-Jensen SF shows excellent
agreement with the data. In contrast, both the ZBL-based
model [2] and the Moliere one underestimate Q, with
respect to ReD data below 5 keV.

For the Lenz-Jensen model, the posterior mean and
standard deviation are Cyox =7.9 V/em with o¢, =
0.3 V/cm and g = 6.6 x 10 with o5 =0.3x 103, with
a correlation coefficient of 0.24. These values characterize
the O, model favored by the global fit.

The contours representing the 1o, 26, and 36 confidence
levels in the (Cyoy, ) plane are shown in Figs. 3-5 for the

ZBL

oba

5 6 7 8 9 10 11 12 13

—————— 7" Global Fit

FIG. 3. Global fit under the ZBL screening model. The lo
(solid line), 26 (dashed), and 3¢ (dotted) confidence contours are
shown for each dataset, along with the global fit result (cyan).

Lenz-Jensen

1.4
1.2 /
1.0 /
a [
-
0.8— - p
[ " m-Dss0
0.6 “" ReD
[ ARIS .
_|..SCENE
R — - : Global Fit
N | | I | B | |
6 7 8 9 10 i1 12 13

FIG. 4. Same as above, for the Lenz-Jensen model. The
confidence contours exhibit excellent agreement among all
datasets in the (Cyoy, ) plane.

Moliere

""SCENE
Global Fit

D i 1 | Lo 1 | |
5 6 7 8 9 10 1 12 3

FIG. 5. Same as above, for the Moliere screening model. Note
the strong tension between ReD and DarkSide-50 datasets.

7ZBL, Lenz-Jensen, and Moliere screening functions,
respectively. Each dataset is shown separately, together
with the global fit result. The Lenz-Jensen model yields a
remarkable agreement across all datasets, with overlapping
confidence regions and a significantly higher marginal
likelihood compared to the other screening models. In
contrast, the ZBL potential exhibits clear tension, while the
Moliere potential shows even more pronounced inconsis-
tencies, in particular between the DarkSide-50 and ReD
datasets.

V. IMPACT ON THE WIMP SENSITIVITY

The impact of the fitted Lenz-Jensen SF-based response

V(E,), compared to the previous model based on the
ZBL SF, on the resulting WIMP spectra is illustrated in
Fig. 6, for various WIMP masses and assuming the
DarkSide-50 detector resolution [14]. Due to the absence
of a stochastic model for the energy quenching process
in nuclear recoils, two scenarios are considered: one

assuming no fluctuations (NQ), and one incorporating
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No Quenching Fluctuations —— Lenz-Jensen
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FIG. 6. Probability density functions of the expected WIMP-
induced ionization spectra in DarkSide-50 for WIMP masses of
1.2, 3.5, and 7.0 GeV/ c2, shown for three different SF models.
The Q}I(E,l,) response based on the ZBL SF corresponds to the
previous fit without ReD data [2], while the Moliere SF-based

}T,I (E,,) curve is from this work. In the top panel, no fluctuations
are assumed in the nuclear recoil quenching process (NQ),
whereas in the bottom panel, quenching fluctuations are modeled
with a binomial distribution (QF).

binomial fluctuations between detectable and undetectable
quanta (QF).

The Lenz-Jensen SF predicts a higher ionization yield at
low energies compared to the ZBL SF, thereby increasing the
probability of detecting signals above analysis thresholds.
This results in improved predicted sensitivity, especially
for WIMPs with masses in the order of O(1 GeV/c?),
which produce nuclear recoils close to the DarkSide experi-
ment thresholds. We then recalculate both the DarkSide-50
observed and the DarkSide-20k expected exclusion limits,
adopting the Lenz-Jensen screening function in place of the
ZBL one, given its improved agreement with the overall
calibration data.

The 90% C.L. exclusion limits are derived from a binned
profile likelihood fit, following the same procedure and
inputs (namely, statistical and systematic uncertainties,
background models, and detector resolutions), as in the
previous limit calculations for DarkSide-50 [14] and
DarkSide-20k [15]. For DarkSide-50, the analysis thresh-
old is set at 4 e~, with a dataset corresponding to an effec-
tive exposure of approximately 12 ton/day after selection
cuts. For DarkSide-20k, the simulated dataset assumes
10 years of data taking, yielding an effective exposure of
342 ton/year and a 2 e~ analysis threshold. The DarkSide-
20k background model includes spurious electrons, which
dominate the event rate in the few e~ range. Although
their origin is not yet fully understood, they are observed
to correlate with impurity concentrations in LAr. See
Refs. [14,15,21] for additional details.

Binomial Quenching Fluctuations
10740

—— DS-50 - QF - 2025

————— DS-50 - QF - 2023

—— DsS-20k - QF - 2025

————— DS-20k - QF - 2024
Lz 2025

~——— XENONnT 2025

—— PandaX-4T 2025

10741

10742 Excluded region

LAr Neutrino fog n=2

10743

10744

Dark Matter-Nucleon Og; [cm?]

" 1 | . | n ‘AW
0.8 1.2 2.0 3.0 4.0 6.0 10.0

my [GeV/c?]

FIG. 7. DarkSide-50 (red) exclusion limits with a 4 ¢~ analysis
threshold and DarkSide-20k (teal) expected sensitivity assuming
the binomial quenching fluctuation model (QF), 10 years of
exposure, and 2 e~ threshold. The updated limits are derived
using the Lenz-Jensen screening function in the LAr ionization
response model and are compared to previous results obtained
with the ZBL screening function. Most recent limits from
XENONTNT [22], LZ [23], and PandaX-4T [24] are also
presented. The neutrino fog in LAr with index n =2 [25] is
also shown.

The DarkSide-50 and DarkSide-20k limits are shown in
Figs. 7 and 8 for the QF and NQ scenarios, respectively.
Owing to the improved ionization response model in LA,
the DarkSide-50 limit improves by a factor of 5 (2.5) at
1.2 GeV/c? assuming QF (NQ) fluctuations, setting the
world’s most stringent limits in the [0.8,3.5] GeV/c?
([1.0,3.3] GeV/c?) mass range. Similarly, for DarkSide-
20k, the 90% C.L. exclusion sensitivity improves by a
factor of 3 (10) at 1.2 GeV/c? for the QF (NQ) model.

No Quenching Fluctuations

1040
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rrrrr DS-50 - NQ - 2023

—— DS-20k - NQ - 2025

rrrrr DS-20k - NO - 2024
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& 1074
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FIG. 8. DarkSide-50 exclusion limits (red) and DarkSide-20k
projected sensitivity (teal) under the NQ assumption. For color
scheme and references, see the caption of Fig. 8.
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VI. CONCLUSIONS

The combined ReD, ARIS, SCENE, and DarkSide-50
datasets yield a significantly improved description of the
LAr ionization response at low energies, which translates
into stronger WIMP exclusion limits and enhanced pro-
jected sensitivity for DarkSide-20k. The analysis is per-
formed within the Thomas-Imel recombination framework
previously adopted in DarkSide studies. The addition of
ReD measurements tightens the constraints on the model
parameters and enables a data-driven selection of the
preferred atomic screening function. Thanks to its high-
accuracy event-by-event energy reconstruction, ReD also
has the potential to resolve the ambiguity between the two
quenching-fluctuation scenarios. A dedicated campaign
within the new ReD+ project, employing a 2>’Cf source
and a deuterium-deuterium neutron generator, is planned to
further pursue this investigation.
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