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The response of liquid xenon to various types of ionizing radiation has been extensively studied
theoretically and experimentally. Recent progress in direct detection dark matter experiments highlights the
significance of composite events, where multiple particles interact with xenon simultaneously and generate
overlapping ionization signatures. In these events, recombination of electrons and ions associated with
different primary particles leads to additional suppression of the ionization signal, introducing a new source
of uncertainty in dark matter searches and Migdal effect studies. We developed a model to estimate the
recombination enhancement for overlapping low-energy particle interactions. This method, which has
minimal dependence on xenon microphysics and is primarily driven by existing experimental data, yields
predictions that are consistent with available measurements of composite interactions. Furthermore, we
demonstrate that the model predictions are robust against xenon microphysics assumptions.

DOI: 10.1103/8bdr-6njs

I. INTRODUCTION

Liquid xenon is widely used in rare event searches
because of its low intrinsic radioactivity, the production of
both scintillation and ionization signals, and its ability to
identify the types of particle interactions from the energy
partition between these two signal channels [1]. Currently,
there are three multi-ton dual-phase xenon time projection
chamber (TPC) experiments in operation that search for
direct dark matter interactions [2—4]. A ton-scale xenon
detector with a '3®Xe-enriched target has also been pro-
posed to study the hypothesized neutrinoless double beta
decay process [5].

The response of liquid xenon to different particle
interactions has been extensively studied experimentally,
and a comparable effort is made to model these interactions
[6,7]. In particular, the charge and light outputs of liquid
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xenon from nuclear recoil (NR) interactions, which re-
present possible dark matter signals, have been calibrated
down to the sub-keV region [8,9] and up to hundreds of
keV [10], and its responses to electron recoils (ERs) have
also been studied with a variety of sources including 3’Ar,
3H, and 8Kr [11-14]. These calibrations have enabled the
precise modeling of expected dark-matter-induced NR
signals in liquid xenon and their strong separation from
ambient ER backgrounds. The precision of measurement
data and model predictions continues to be improved with
ongoing efforts.

Recent progress in xenon-based experiments has drawn
attention to a new class of particle interactions, which
produces multiple ionizing particles at the same time and
the same location. Because of the close proximity, the
electrons and ions produced by different ionizing particles
overlap and can interact; as a result, the observable light
and charge signals by a particle are altered by neighboring
particles. We refer to these events as composite inter-
actions. Different from a “multisite” interaction that con-
tains two or more (nearly) simultaneous energy depositions
at well-separated locations, a composite event produces a
xenon response that is not the sum of those for the
constituent interactions.

Published by the American Physical Society
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An example of composite interaction is the electron
capture (EC) decay, in which a nucleus captures an inner
shell electron and emits a neutrino. Because neutrinos
usually escape a detector without interacting, the main
signature of an EC decay is the atomic relaxation of the
shell vacancy and, sometimes, deexcitation gamma rays
from the newly formed nucleus. EC decays of '>Xe, 1?"Xe,
and Ar are widely used in the calibration of xenon
detectors for their well-defined, low-energy signatures
[11,13,15-19]. However, EC decays usually lead to multi-
ple decay products, making the xenon response complex.
For example, the primary decay channel of an L-shell
xenon vacancy (or a higher shell) is Auger electron
emission. Each Auger decay results in the emission of
an electron and the production of two outer shell vacancies,
which would also decay primarily through the Auger
process. Therefore, a single xenon L-shell EC may produce
several low-energy electrons at nearly the same time. The
slowdown of each primary particle in liquid xenon pro-
duces a group of xenon ions and electrons, the recombi-
nation of which determines the measurable light and charge
signal strengths. In an EC decay, the exposure of xenon
ions from one primary particle to electrons from other
primary particles leads to additional electron-ion recombi-
nation. As a result, the signal output of an EC decay can
differ from that of a single electron of the same energy. This
effect was observed in XELDA and LZ, with the L-shell EC
decays measured to have ~90% of the beta charge yield
[16,19].

The charge suppression effect from recombination
enhancement is more significant in events with more
complex compositions. Double EC (DEC) decays of
124X e have been observed in the large xenon TPC experi-
ments [20-23]. '>*Xe is a naturally occurring xenon isotope
with ~0.1% abundance. It can decay to **Te by capturing
two inner shell electrons and emitting two neutrinos, with
an extraordinarily long half-life of >10?? yrs. Because of
the two simultaneous EC decays at the same location, the
light and charge generation process in '>*Xe DEC events is
strongly modified. In the 2024 dark matter search of LZ
(WS2024), the observed charge yield of double-L EC
decays is only ~64% of the sum of two single-L EC
decays, or ~70% of that of beta events of the same total
energy [2]. The reduction in charge yield and increase of
light yield cause these events to leak into the NR parameter
space more than typical ERs, making them a dangerous
background in dark matter searches. Similarly, elastic
neutrino scattering with electrons in xenon can produce
a recoiling electron and a simultaneous atomic vacancy,
another composite event topology with an increased leak-
age into the dark matter parameter space. As liquid xenon
experiments continue to increase exposure and grow in size
[24], the rare '>*Xe DEC decays and neutrino-electron
scatters will become major backgrounds, and an indepen-
dent evaluation of the xenon response is required.

Another important signal with a composite signature is
the Migdal interaction. The Migdal effect predicts that
when a neutral particle scatters off a nucleus, it could result
in an atomic excitation or ionization due to the electro-
magnetic coupling between the nucleus and shell electrons
[25,26]. This signal contains both an NR and an ER
component, and the latter further consists of a Migdal
electron (in the case of Migdal ionization) and an atomic
shell vacancy. The inelastic nature of this process allows a
bigger fraction of the neutral particle’s kinetic energy to be
transferred, which can make a detector more sensitive to
low-energy particles through scattering. Despite the
extremely small probability for Migdal interactions [26],
several experiments have claimed competitive low-mass
dark matter sensitivities by assuming this signal channel
[27-30]. Unfortunately, the effect has not been experimen-
tally verified to date. In addition to other challenges, the
composite nature of the Migdal signal creates large
uncertainties in the signal response [31-33], making a
definitive search difficult. Even if the Migdal effect is
confirmed, dark matter searches with considerable NR
energy deposits are still subject to the aforementioned
uncertainty in the signal model [30].

Direct measurements of liquid xenon’s response to
composite interactions are highly desired. However, the only
measurements demonstrated so far are the simple single-shell
EC decays by »Xe, '?’Xe, and *’Ar [11,13,16,18,19,34].
Calibration of other composite tracks is less practical due to
the following reasons. For *4Xe DEC decays, its low isotopic
abundance and extraordinarily long half-life make a high-
precision measurement prohibitive; so far, the highest
statistics for this process come from LZ, an experiment that
suffers from a degeneracy between this background and
high-energy signals in some dark matter models [35].
Similarly, despite its rarity, a Migdal interaction is by far
the most likely mechanism to produce overlapping NRs and
ERs. On the other hand, proxy calibrations face substantial
difficulty in producing prescribed ionizing particles that
perfectly overlap. Compton scatter and photoabsorption of
gamma rays can liberate an electron and simultaneously
produce an atomic vacancy, but the probability for innershell
ionization is low, and the signals cannot be conveniently
separated from backgrounds. It should be noted that regular
“single-track” particle interactions may contain composite
tracks when an energetic secondary particle is produced, but
this process is stochastic and cannot be controlled. In fact, itis
one of the main sources of recombination fluctuation [6],
which is captured statistically in the measured spreads of
charge and light signals.

This work aims to provide a model that evaluates the
liquid xenon response to low-energy composite events
based on its measured response to the constituent inter-
actions. We take a data-driven approach that has a minimal
dependence on xenon microphysics. The model predictions
will be compared with available experimental data from
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composite interactions. This paper is organized as follows:
Section II describes the method used for the modeling;
Sec. III presents the results of the model and their
comparison with data; Sec. IV discusses the validity of
the assumptions and implementations of the modeling
method, and Sec. V concludes this work.

II. MODELING METHOD

A composite event contains multiple ionizing particles
emitted from the same location at the same time. Each
primary particle produces a positive ion track and a
negative electron cloud as it slows down in liquid xenon.
In this work, we use the phrase “ion track,” or “track” in
short, to refer to a group of ions affiliated with a primary
ionizing particle. The movement of positive ions under
electric fields or from diffusion is relatively small, so they
are treated as stationary. The electrons that carry significant
initial kinetic energy will have the energy dissipated
through scattering with neighboring xenon atoms and
thermalize." If an electron wanders close to a positive
ion and its kinetic energy does not allow it to escape, it may
recombine with the ion. A good understanding of the
recombination process for single particle tracks in liquid
xenon has been achieved by combining experimental
measurements and theoretical modeling [6,7,36].

We extend the knowledge of how an ion track recom-
bines with its “native” electron cloud to its interactions with
“foreign” electrons from a colocated ion track. This
approach is motivated by the estimation that ionization
electrons can travel 4-5 pm in liquid xenon before they are
thermalized [37], a distance larger than the typical track
size of ERs of up to 50 keV or that of NRs up to 100s of keV
[6]. Therefore, the distribution of thermalized electrons
with different origins should appear nearly identical to the
ion tracks. Electron-ion recombination occurring prior to
thermalization is indistinguishable from direct excitations
[6]; the effect of varying exciton-to-ion ratios is a source of
systematic uncertainty and will be discussed in Sec. III.

This work extracts the recombination property of an ion
track and applies it to the interaction with all available
electrons in a composite event. This treatment assumes that
the spatial separation between the tracks, as well as the
individual track length, is significantly shorter than the
electron cloud size, beyond which a more sophisticated
model will be needed. The probability for an ion track to
recombine with electrons has a complex dependence on the
track geometry, the ionization density, its relative location
within the electron cloud, and also external electric fields.
The instant recombination probability for any individual
electron and ion is hard to estimate, but the average

Tn an external electric field, electrons are accelerated by the
field while they lose energy through collision with atoms, so the
“thermal” energy distribution depends on the electric field
strength.

recombination probability of all electrons and ions in the
track can be empirically calculated from the observed
xenon response. For a particle track that, by itself, produces
N, electrons and N, photons, its initial ion number before
recombination (N;) can be calculated using the exciton-to-
ion ratio (N /N;),

o Net N (1)
l 1+Nex/Ni'

Then, the average recombination probability is

Ni_Ne

v )

7=

A simple cross-track recombination model can be con-
structed by assuming that 7 is a constant property of an ion
track, independent of the environment that the track is in, so
the same 7 value can be applied to both in-track and cross-
track electron-ion recombination in composite events. In
the case of m colocated ion tracks in a composite event, all
{7} values, where the track index k = 1...m, can be
independently calculated using Eq. (2) if single-track yield
data are available. However, these m probabilities are not
independent of each other because one electron cannot
combine with multiple ion tracks. We therefore interpret 7
as the conditional probability for an electron to combine
with track k£ when the electron does not combine with any
other track. This leads to a renormalization of the recombi-
nation probability as follows:

7 -
Py :XkH(l - ),

K #k

A:H(I—Fk)'*‘Z?kH(l—?k’) (3)
K

kK K#k

Here, P, is the normalized probability for an electron to
recombine with track k, and the intermediate parameter A
provides the normalization. With all {P;} values obtained,
the multitrack electron-ion recombination process can
be modeled as a multinomial distribution, and the number
of electrons surviving recombination, or the charge yield
of the composite event, can be calculated. Because this
method models a composite event based on individual
tracks under the same condition, the effects of track
topologies and external electric fields are automatically
accounted for.

This recombination method is simple to understand and
easy to implement, but can overestimate the electron-ion
recombination strength due to the oversimplified constant-r
assumption. The ability of an ion track to capture electrons
depends on the number of available ions in the track, so the
average probability 7 is a function of both the initial track
ion number and the final ion number. In a composite event,
the additional cross-track recombination further reduces the

012014-3



J. XU et al.

PHYS. REV. D 112, 012014 (2025)

final ion count in a track, which also reduces the average
recombination probability 7. Therefore, results from this
constant-r method should be seen as a lower bound of the
charge yield for a composite interaction.

This weakness of the model can be mitigated by
incorporating an electron recombination probability that
varies with the instant track ion number. This approach will
be referred to as the running-r method. For single-track
events, Egs. (1) and (2) calculate the initial ion count N; and
the average recombination probability 7 using the observed
light (Npp,) and charge yields (N,). In the same way, an
empirical function of 7(N;) can be derived with exper-
imental data from single-track events of different energies.
This approach assumes that the energy dependence of
recombination is driven by the ion number in the event,
which is approximately true for a modest change of event
energy. An alternative way to get 7(N;) is to use the box
recombination model developed by Thomas and Imel (TIB)
[36]. TIB predicts an analytical formulation for 7 as

In(1 ;
n( ;—é)’ £ N;a ()

N 4a’u_E’

where £ is an intermediate parameter, « is the recombina-
tion coefficient (recombination probability per ion per unit
time), a is a dimensional parameter, y_ is the electron
mobility, and E is the strength of an external electric field.
This model has been used to describe the recombination
process in low-energy NR and ER events in liquid xenon
[6,7]. Both the empirical and TIB recombination functions
are studied in this work.

In the running-r implementation, we assume that r(N;),
the instant recombination probability for one electron when
there are N, ions in the track, follows the same functional
form as 7(N;), up to a scaling factor

r=1-

r(N;) = F(C,N;). (5)

The scaling parameter C, is needed because 7(N;) is the
average recombination probability for all electrons over a
range of ion counts in the track, which differs from the
instant r(N;) value at the beginning of the process. Thanks
to the monotonic nature of 7(N;), C, allows r(N;) to take a
value greater than 7(N;), and as the number of ions
decreases, r is gradually reduced to below the average
recombination probability. In the TIB case, C, also absorbs
the track property parameter a/(4a’u_E). The value of C,
for a track can be determined from experimental data
through Monte Carlo simulations of the recombination
process by testing a range of C, values. Each C, corresponds
to a unique running-r function and produces a distribution
of the surviving electron number for the single-track event
of interest; the C, value producing a mean charge yield that
matches experimental data is chosen and applied to this
track in the modeling of composite interactions. When

Calculate N; Set Cy
[Ea. ()] (see caption)

Calculate
for each track .
instantaneous r L

Compute \
normalized |

recombination
probabilities

for composite
track [Eq. (3)]

Does electron
recombine?

Yes Yes

'}

Recombine with ‘
track k with No
probability Py

1
Update N; of
track k

More electrons
to process?

No
"

Calculate final
charge yield

FIG. 1. Ilustration of the running-r recombination modeling
process. The dashed box highlights actions on each constituent of
a composite track: N; is calculated from track yields; C, is
obtained by testing a range of C, using the one-track modeling
process and finding the value that produces the correct track
yield. The constant-r process differs in the red boxes: Instead of
C,, the average 7 [Eq. (2)] is used in each subsequent loop until N;
decreases to 0 (then r = 0).

r(N;) is applied to the tracks in a composite event, the
probability renormalization and recombination simulation
follow the same approach as used in the constant-r method.
This process is illustrated in Fig. 1. However, the inter-
pretation of the simulation step has additional subtleties. In
the constant-r method, because the track property does not
change between electrons, the order of electrons in the
simulation does not matter, and an electron-by-electron
simulation is equivalent to a method that treats recombi-
nation of all electrons simultaneously. In the running-r
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method, the electron-by-electron simulation indicates that
recombination occurs sequentially. Under this approach,
the ions that have recombined with electrons in the early
stage of the simulation have absolutely no effect on
electrons considered later in the simulation. In reality,
the recombination process for all electrons occurs simulta-
neously. Every electron is initially subject to the Coulomb
force of all ions, and then the number of relevant ions
gradually decreases until the electron of interest recom-
bines or escapes. By simplifying the simultaneous multi-
body recombination process to a sequential single-electron
process, this method underestimates the recombination
probability. This effect is compensated for in the run-
ning-r simulation of single-track events by tuning C, to
anchor the model prediction to experimental data from
single-track events, but the compensation falls short in
composite events in which the ion counts in the tracks are
further reduced. As a result, the running-r method carries a
small underestimate of the recombination probability, and
the results should be seen as an upper bound of the charge
yield for composite events.

III. SIMULATION AND RESULTS

In this section, we apply the developed recombination
model to three composite interaction examples and com-
pare model predictions with experimental measurements.
The model can be made fully data driven, using only
experimental data from single-track events as input, but
when necessary or convenient, we also use xenon yields
evaluated by the public version of NEST [7], which is a fit to
large ensembles of experimental data and provides xenon
response as a continuous function of the event energy and
electric field. The uncertainty in NEST-predicted ER yield
values is estimated to be 10%—-15% [7].

We first study the double L-shell EC decay of '**Xe,
which is a relatively simple example of composite events
with two identical tracks. At the LZ WS2024 electric field
of 96.5 V/cm, the photon and charge yields for single beta
particles at the average xenon L-shell EC energy of 5.2 keV
are evaluated to be 41.8 ph/keV and 31.9 e—/keV by the
default NEST version. Because of the composite nature of
EC decays, the L-shell EC charge yield is suppressed to
~90% of that of betas, leading to a measured value of
27.8+ 1.0 e—/keV in LZ [19]. With an exciton-to-ion
ratio (N, /N;) of 0.06 and a W value of 13.5 eV assumed
for ER events [6,38,39], the initial number of ions prior to
recombination in an L-shell EC track is estimated to be 363,
and the average electron-ion recombination probability is
calculated using Eq. (2) to be 7 = 0.60.

The single-L. EC recombination probability 7 is then
used to simulate the recombination process for the two
L-shell tracks in a '**Xe DEC decay. The simulation begins
with two ion tracks and two electron clouds, and then each
electron is tested for recombination using the renormalized
probability [Eq. (3)]. It is noteworthy that DEC decays of

400—

300— Jrl’hlr: k

100— rlj(
. L Lied
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Counts

T
\
\
\
\
\
\
\
\
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\
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1 i | Lhna | . . I .
180 200 220 240 260 280 300
Number of surviving electrons

FIG. 2. Charge yield distributions predicted for double-L. EC
decays of '?*Xe estimated using the constant-r (blue), TIB-based
running-r (red), and NEST-based running-r (cyan) methods; an
N /N, value of 0.06 is assumed. The 1o band of LZ best fit is
shown in the green shaded region; the charge yield of 10.04 keV
electrons is shown as the vertical dashed line, and the sum of two
L-shell EC decays without considering cross-track combination
is shown as the vertical solid line.

xenon produce a different nucleus from single EC decays,
and thus the atomic energy levels are slightly shifted. We
follow the calculation in [40] that predicts a double-L. EC
decay energy of 10.04 keV and adjust the initial ion
numbers accordingly but assume that the track recombi-
nation probability remains the same. Ten-thousand simu-
lations are carried out to produce a distribution of the
number of electrons surviving both in-track and cross-track
recombination, as shown in Fig. 2 (blue histogram). The
predicted mean charge yield of 174 £ 10 electrons is
slightly lower than the LZ best fit of 180 &+ 11 electrons
[2], but the two values agree within uncertainties. The
uncertainty on this model prediction only includes that
from the measured yield for single-L. EC decays and effects
of the assumed N.,/N; value will be discussed later in
this section.

The modeling process with the running-r method
requires a few extra steps. For this study, we tested both
an empirical 7(N;) function and the TIB function to model
the dependence of the recombination probability on the
track ion number. In principle, the empirical 7(N;) function
can be derived exclusively using experimental yield data,
but for convenience, we calculate it using NEST-evaluated
beta yields at the LZ WS2024 electric field. With either the
empirical or TIB function, we first determine the model
parameter C, in r(N;) by simulating the recombination
process in a single-L EC decay with a running probability.
In the simulation, all available electrons are tested for
recombination sequentially; if an electron recombines, the
track ion count is reduced by 1, and the track recombination
probability is reevaluated based on the test C, value; after all
electrons are tested, an estimate of the surviving electron
number is obtained. For each test C,, 10,000 simulations are
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carried out to produce a charge yield distribution. Then the
C, value that makes a prediction best matching the LZ
measurement is chosen for the simulation of '**Xe DEC
decays.

The simulation of the two colocated L-shell tracks in a
124X e DEC decay is similar to the above process except that
there are two initially identical ion tracks and twice more
electrons. As a result, every time an electron recombines
with an ion, the corresponding track’s recombination
probability is updated, and both tracks’ probabilities need
to be renormalized. The predicted charge yield distributions
for double-L. EC decays of '**Xe using the running-r
method are also shown in Fig. 2, with the empirical
7(N;) result in cyan and the TIB-based result in red.
The mean charge yields are found to be 190 £ 11 and
195 £ 11 electrons, respectively, also consistent with the
LZ result but slightly higher.

It should be noted that when cross-track recombination is
not considered, two L-shell EC decays, with the summed
energy scaled to that of double-L. EC decays of '?Xe,
would produce ~280 =+ 10 electrons (solid vertical line in
Fig. 2). The different implementations of our recombina-
tion model, using ~700 electrons as the starting point,
produce charge yield predictions around 180 electrons near
that observed by LZ. The predicted charge yield values are
also significantly lower than the NEST-predicted yield of
10.04 keV beta particles (dashed vertical line in Fig. 2),
even when a conservative 15% NEST yield uncertainty is
considered. The convergence of the different models and
the excellent agreement between model predictions and the
LZ measurement strongly support the validity of our
proposed recombination enhancement model.

All model implementations have an apparent depend-
ence on N, /N; for single-L. EC tracks, which has been
assumed to be 0.06 [6,38]. However, other estimates of
Ny /N, exist in the literature [39], and NEST further models
it as energy dependent with a value between 0 and 0.2 [7].
Figure 3 shows the 12*Xe DEC yield predictions for N.,/N;
values in this range, with the constant-r result shown in
blue and the TIB-based running-r result in red. For both
methods, varying N.,/N,; only changes the model predic-
tions by ~4%, which also remain in good agreement with
the LZ best fit. This is due to our approach of fixing the
model predictions for constituent tracks at the experimental
observed yields. A higher value of N, /N; reduces the
number of initial ions in a track prior to recombination, and
thus requires a weaker recombination strength for the track,
which, when applied to double-L. EC decays, also partially
compensates for the smaller initial ion numbers. It is worth
noting that reducing the liquid xenon W value has a similar
effect to decreasing N.,/N;, and choosing W = 11.5 eV
[41,42] lowers the model predictions by <4%. In addition
to reducing the model’s dependence on the assumed
N /N; and W values, anchoring single-track predictions
to data also mitigates inaccuracies in the chosen 7(N;)
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FIG. 3. Mean charge yield predicted for double-L EC decays of
124Xe, with different N,,/N; assumptions estimated using the
constant-r (blue) and TIB-based running-r (red) methods. The 1o
band of the LZ best fit is shown in the green shaded region; the
charge yield of 10.04 keV electrons (dashed line) and the sum of
two L-shell EC decays without considering cross-track combi-
nation (solid line) are shown as references.

functions. This is reflected in the excellent agreement
between the running-r results using the empirical 7(N;)
function and TIB, as illustrated in Fig. 2. For this reason,
only the more convenient TIB function is used for the
running-r test here and for the rest of this work.

Next we apply the recombination model to the EC
decays of 3’Ar in xenon. As explained in Sec. I, each
inner shell EC decay is a composite event, and the response
of liquid xenon to K- and L-shell *’Ar EC decays has been
measured in multiple experiments [11,13,18]. However,
our model does not support a simulation of the full EC
decay process. First, each EC decay produces several
Auger electrons, and according to the EADL [43], most
electrons have energies below 100 eV where the yield
values are not known. Second, the recombination properties
of particle tracks containing a small number of ions may
depend strongly on the number of ions, which renders them
unsuitable for extrapolation to cross-track recombination.
Third, by simplifying a composite event as a superposition
of constituent particle tracks, we treat recombination as a
linear process, which may or may not be valid when the
number of tracks becomes large. Instead, we simulate the
K-shell EC decays to L-shell and use L-shell yield
measurements to predict the K-shell charge yield.

Because of the relatively simple atomic structure of *’Ar,
the EADL predicts that most K-shell vacancies (~80%)
decay to two L-shell vacancies (0.2 or 0.27 keV) by
emitting an Auger electron of 2.3-2.38 keV energy [43].
As a result, we only simulate the decays of a 2.8 keV
K-shell 3’Ar vacancy to a 0.2 keV L-shell vacancy, a
0.27 keV L-shell vacancy, and a 2.33 keV Auger electron.
In the simulation, we use the L-shell EC yield measured by
pixeY at 100 V/cm [13] and that by XENONIT at 82 V/cm
[11]; the Auger electron yield is evaluated by NEST at the
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corresponding electric field. Figure 4 shows the 3’Ar
K-shell charge yields predicted with the constant-r method
(blue) and the TIB-based running-r method (red) for both
PIXeY (top) and XENONIT (bottom). The predictions using
the two methods are found to be very close to each other,
possibly a result of low cross-track recombination due to
the small recombination probabilities for single-track ERs
at low energies. The results are in excellent agreement with
PIXeY data but are slightly higher than XENONIT data. The
discrepancy is mainly attributed to uncertainties in the
K-shell yields measured in the two experiments, which
differ by >10% at comparable fields; simplifications in the
model such as ignoring the decay modes involving x-ray
emission or outer shells may have also contributed addi-
tional inaccuracies in the prediction. As indicated in Fig. 4,
the model predictions at these two electric fields are similar,
but the measured K-shell charge yield values in the two
experiments are >1c apart. An N, /N, value of 0.06 is
assumed for the ER events in this example, and varying
N /N;between 0 and 0.2 for all constituent tracks changes
the final results by ~2%.

Lastly, we study the recombination enhancement of
colocated NR and ER tracks as in Migdal signals. The
ER component in a typical Migdal interaction consists of an
atomic vacancy and a Migdal ionization electron. As
discussed earlier in this section, the relaxation of an atomic
vacancy produces a composite interaction and a suppressed
charge yield of ~90% relative to that of beta particles has
been measured for L- and M-shell EC decays of xenon
[16,19]. Although EC decays favor inner shell electrons and
the Migdal process favors outer shell electrons, the addi-
tional Migdal electron makes the average M-shell Migdal
ER energy approximately the same as an M-shell EC decay.
Therefore, we conveniently approximate M-shell Migdal
ER signals as monoenergetic EC events at 1.1 keV with
yields measured by LZ [19]. We consider NR energies up to
100 keV, which is slightly above the end point of deuterium-
deuterium neutron scatters with xenon (74 keV). Ateach NR
energy of interest, the in-track and cross-track electron-ion
recombination is simulated for monoenergetic NRs and
1.1 keV Migdal ERs to estimate the total charge yield. We
note that the N, /N, value for NRs is different from that of
ERs, and has been estimated to be 0.7-1.1 [6,7]. For NRs
below 5 keV, the charge and light yields evaluated by NEST
may lead to zero or even negative recombination probability
for some N /N; values,” in which cases we use the NEST
charge yield as the initial ion number and assume no
recombination. An electric field of 200 V/cm is used, so
the model prediction can be directly compared to data from
the Migdal effect search in liquid xenon at LLNL [31].

A negative recombination probability is obtained when the
initial track ion number estimated using N /N; [Eq. (1)] is
smaller than the observed charge yield.

800
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FIG.4. The simulated charge yields of K-shell 3’Ar decays using
the constant-r (blue) and TIB-based running-r (red) methods,
along with their comparison with pixey (top, 100 V/cm) and
XENONIT measurements (bottom, 82 V/cm); the models use the
measured xenon response to L-shell 3’Ar decays and NEST-
predicted beta yields as the inputs. The K-shell measurements
are shown as the green shaded region; the charge yield of a 2.8 keV
electron is shown as the vertical dashed line; the sum of the charge
signals of constituent tracks without considering cross-track
combination is shown as the vertical solid line.

Figure 5 (top) shows the predicted charge yields for
NR + ER signals using the constant-r (blue) and TIB-
based running-r (red) methods. The two methods produce
similar results with a typical difference of ~2%. The
predictions are compared to the sum of the NR and ER
responses of liquid xenon (ignoring cross-track recombi-
nation) with (solid black) and without (dashed black)
considering charge suppression in the ER component.
Normalized to the NR + ER sum without considering
any recombination enhancement, the fractional charge
yield slowly decreases with energy to a minimum of
~80% between 20 and 30 keV. At high NR energies,
the charge suppression becomes less significant because the
ER component and its effect on the total charge output are
relatively small. At very low NR energies, the NR compo-
nent is small relative to the ER, which also reduces the
effect of cross-track recombination. Varying the N../N;
value for the NR (ER) component in the full range changes
the charge yield estimate by 9% (4%) at 7 keV and by <1%
(3%) at 100 keV.

We then apply the charge yield prediction to the 7.0 &
1.5 keV xenon recoil data used to search for the Migdal
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FIG. 5. Top: the average number of electrons surviving re-
combination between a 1.1 keV M-shell Migdal ER and mono-
energetic NRs, simulated using the constant-r (blue) and running-
r (red) methods, in comparison with the simple sum of the signals
without considering cross-track recombination, with full (dashed
black) and 90% (solid black) beta yield assumed for the Migdal
ER component. Bottom: fractions of the evaluated charge yields
relative to the dashed black line in the top figure. An electric field
of 200 V/cm is used.

effect [31]. Following the approach in [31], the pure NR
and ER yields are estimated using NEST, with the NR model
parameters tuned to single-scatter NR data in the Migdal
search, and the ER parameters tuned to in situ gamma
calibrations. The Migdal ER model is separately tuned to
produce a lower charge yield, so the combined NR + ER
yield agrees with model predictions in Fig. 5 at 7 keV.
Figure 6 shows the best fit of the signal and background
models to experimental data, with the Migdal signal
strength fixed at the theoretical value. The suppressed
charge yield in the updated Migdal model (solid red)
relative to that without considering enhanced recombina-
tion (dotted red) causes Migdal events to become degen-
erate with neutron multiscatter backgrounds in the
experiment. As a result, the tension between the Migdal
prediction and the experimental observation is relieved,
confirming that enhanced recombination between colo-
cated NR and ER tracks is a likely explanation of the null
Migdal result observed in [31].

The recombination model developed in this work will
play a critical role in future experimental efforts searching
for the Migdal effect in liquid xenon. A promising Migdal
search approach is to use very-low-energy NRs. As shown
in Fig. 5, the NR + ER recombination enhancement is
< 5% below 2 keV, where the modeling uncertainty is also
negligible as the blue and red curves coincide. As a result,

Counts

25 50 75 100 125 150 175 200
S2 [electrons]

FIG. 6. Reanalysis of Migdal search data in [31] using a Migdal
signal yield from this work. The electron spectrum with scintil-
lation signals between four and ten photoelectrons is compared
with the best-fit signal and background models: Migdal signal at
the nominal strength (solid red), single-scatter NR (blue), neutron
multiscatters in xenon (green) and in passive materials (orange),
and the sum of all components (gray); the Migdal signal model
that simply adds the NR and ER yields without considering
recombination enhancement is also shown (dotted red).

the modeling uncertainty in this regime may also be
neglected, so such Migdal searches will bear the least
uncertainty from the cross-track recombination effect. In
addition, the constant-r method, through its overestimation
of recombination enhancement, can guide a Migdal search
plan toward a more conservative direction and make a
signal claim more convincing. This work also provides a
more robust framework for modeling signals in dark matter
searches using the Migdal effect.

IV. DISCUSSION

The model developed in this work is tested against
experimental data containing composite interactions.
Although results of the constant-r and running-r methods
are interpreted as lower and upper bounds on the charge
yield of composite events, the predictions are found to
converge in these examples and provide strong constraints.
In this section, we discuss the subtleties in the model that
are not covered in Sec. I

The constant-r method can overestimate recombination
by ignoring the reduction of recombination probability for
an ion track in composite interactions. Cross-track recom-
bination allows more electrons and ions to recombine, and,
as the number of ions in the track decreases, its ability to
recombine with additional electrons is reduced. Therefore,
the overall recombination probability for a track should be
lower in a composite event than by itself. However, this
effect is relatively small in the examples studied. Figure 7
shows the reduction of ion counts in one of the two tracks
in the DEC decay simulation of '*Xe (solid line), in
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FIG.7. The simulated reduction of ion number in one track of a
double-L EC decay of '?*Xe (solid line) and that in a single-L EC
decay (dashed line) as electron-ion recombination progresses
using the constant-r method. The X axis is the index of electrons
tested for recombination; the initial ion and electron numbers in
the single-L simulation are scaled to half of the double-L case for
direct comparison.

comparison with that in a single-L. EC decay with no
second track (dashed line). Although both simulations start
with the same track recombination probability, the ion
number in the double-L EC decay does not decrease as fast
as that in the single-L. EC decay. This is because each
electron is competed for by both ion tracks, which reduces
the chance for the electron to recombine with either, as
reflected by the probability renormalization in Eq. (3). As a
result, in both scenarios ~100 ions are left in the track after
all electrons available are tested for recombination.
Because the overall track recombination probability is
approximately related to the average ion count throughout
the recombination process, the effective 7 value in 124%e
DEC decays would only be modestly reduced from that in
single-L. EC decays.

The running-r method incorporates the dependence of
the recombination probability on the ion count in a track.
However, the use of the instant ion count when the electron
of interest recombines or escapes neglects the history of the
track and underestimates the recombination probability. In
single-track events, this effect is compensated for by tuning
the model parameter C, to anchor the model prediction at
experimental observation. In composite interactions, how-
ever, the further reduction of the ion count from cross-track
recombination is undercompensated. This effect causes the
recombination probability evaluated by the running-r
method to be an underestimate and renders the prediction
an upper limit on the charge yield of a composite event.
Similar to the constant-r method, the bias in the running-r
prediction also depends on the additional reduction of ions
in composite events (Fig. 7). It is worth noting that a '**Xe
DEC decay consists of two identical tracks with high
recombination probabilities, so cross-track recombination
causes a relatively large change in the final ion count of

each track, which leads to a significant difference in the
predicted charge yields using the constant-r and running-r
methods (Fig. 2). When two tracks with a large disparity in
ion numbers colocate, cross-track recombination may
introduce a larger inaccuracy for the smaller track, but
its small contribution to the total signal can mitigate the
overall effect. In addition, tracks with low ion counts in
liquid xenon, such as very-low-energy ERs and NRs,
usually have low recombination probabilities which helps
limit the extra loss of ions to cross-track recombination. For
this reason, the model predictions in these cases may
provide tighter bounds, as exampled by Figs. 4 and 5.

In addition to uncertainties from the modeling methods,
another significant source of uncertainty is from inaccura-
cies in the input yields of constituent tracks. For example, a
1 e~ /keV shift in the assumed single-L xenon EC yield will
change the predicted charge yield of '**Xe DEC decays
(10.04 keV) by approximately ten electrons, comparable to
the uncertainty on the LZ best fit. For the running-r method,
an additional uncertainty comes from the function that is
used to describe the dependence of the recombination
probability on the track ion count. Two functions are studied
for '24Xe DEC decays’: one derived empirically using the
NEST-evaluated beta yields, and the other using the TIB
model. The close match of the two predictions, as shown in
Fig. 2, suggests that the uncertainty on either function is
relatively small in this energy region, so the analytical TIB
function has been used for most of this work.

For recombination in composite events consisting of
similar tracks, such as in a '?*Xe DEC decay, the TIB model
can be used by scaling up the number of total ions in the
event from the single-track value. Within the TIB frame-
work, this scaling represents an increase in the ionization
density without changing the position distribution. As an
approximation, the TIB model can be generalized by
adding the & contribution of each track &, as defined in
Eq. (4) to allow slight variations in the properties of the
constituent tracks:

L In(1+¢)
=z

7=

=) & (6)
X

Charge yields estimated using this TIB extrapolation for
both >*Xe DEC and Migdal signals are found to be similar
to those using the TIB-based running-r method. This TIB
extrapolation method is also studied in Ref. [19], which
reports similar results. To further study the relationship of
the two TIB-based approaches, we compare the predicted
charge yields for hypothetical '**Xe DEC-like events where
the ion count (Fig. 8, top) or the recombination probability
(Fig. 8, bottom) of one constituent track is allowed to vary.

The constant-r method may be seen as a special case where
the recombination probability does not vary with the track ion
count.
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FIG. 8. The charge yield of hypothetical >*Xe DEC-like events
where one constituent track has a varying ion count (top) or
recombination probability (bottom). Results from the constant-r
(blue) and TIB-based running-r (red) methods are compared to
that from simply extrapolating the TIB model by adding &’s
(black, dashed). The vertical gray dotted lines indicate the
physical values of N; (~5 keV per track, ~10 keV total) and
7; the horizontal green dotted lines indicate the LZ best fit.

When the ion count is varied, in the physical region near the
single-L EC energy, the results from different models [red,
TIB-based running r; blue, constant r; dashed black, TIB
extrapolation in Eq. (6)] closely track each other. However,
at high ion counts, Eq. (6) predicts a charge yield that is
lower than the constant-r yield prediction, which is
interpreted as the lower bound in our model. This behavior
is consistent with a known limitation of TIB for overesti-
mating recombination above 10 keV beta energy, which is
mitigated in [6] by incorporating the growth of the track
size. In Fig. 8 (bottom), excellent agreement is observed
near the physical recombination probability of 7 = 0.6, but
the TIB extrapolation predicts significantly lower charge
yield in unphysical regions. Most notably, when one track
is assigned 7 ~ 100%, Eq. (6) predicts ~100% recombi-
nation for the whole event and causes all electrons and ions
to recombine. However, in our model, a hypothetical track
with 100% recombination probability ceases to exist after
all its ions recombine with all of its electrons and would
have no real effect on the charge yield of other tracks.
Similarly, a hypothetical track with 0% recombination
probability only contributes electrons, and its ability to

recombine with electrons will not be affected by a colo-
cated track. Therefore, we conclude that, when TIB is used
as an input, the running-r model developed in this work is
compatible with the TIB extrapolation where TIB is valid,
but our model retains prediction power beyond the appli-
cable scope of TIB.

V. CONCLUSION

We have developed a data-driven model to evaluate the
electron-ion recombination strength in composite inter-
actions, where multiple ionizing particles produce simulta-
neous and overlapping ionization signatures. These events
represent a significant source of uncertainty in both dark
matter search experiments and studies of the atomic Migdal
effect. Our model, using single-track interaction data as
input, generates predictions that strongly constrain the
charge yields of composite interactions in liquid xenon,
and the results are in good agreement with available data.
While the method depends on the assumed exciton-to-ion
ratio from particle interactions in liquid xenon, this
dependence has been verified to be minimal, rendering
the model robust. The method is expected to remain valid
for both electron recoils and nuclear recoils relevant to dark
matter search experiments.
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