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Characterizing low-energy, keV-range nuclear recoils near the detector threshold is one of the
major challenges for large direct dark matter detectors. To that end, we have successfully used an
Yttrium-Beryllium photoneutron source that emits 152 keV neutrons for the calibration of the light and
charge yields of the XENONnT experiment for the first time. After data selection, we accumulated 474
events from 183 hours of exposure with this source. The expected background was 55� 12 accidental
coincidence events, estimated using a dedicated 152 hour background calibration run with a Yttrium-PVC
gamma-only source and data-driven modeling. From these calibrations, we extracted the light (charge)
yield for liquid xenon at our field strength of 23 V=cm between 0.3 (0.7) keVNR and 5.0 keVNR. This
calibration is crucial for accurately measuring the solar 8B neutrino coherent elastic neutrino-nucleus
scattering and searching for light dark matter particles with masses below 12 GeV=c2.

DOI: 10.1103/rsl9-j1ky

I. INTRODUCTION

The past decade witnessed major improvements in
xenon-based dark matter (DM) experiments, bringing us
to the verge of entering the “neutrino fog” [1]. 8B neutrinos
from the Sun transfer O(1 keV) energy to the entire nucleus
of xenon via a process called coherent elastic neutrino-

nucleus scattering (CEνNS) [2–4]. Recently, solar 8B
CEνNS signals were first indicated by the liquid xenon
time projection chambers (TPCs) of XENONnT [4] and
PandaX [5] close to the three-sigma level. Such a low-
energy signal is also characteristic of DM with a mass
around 6 GeV=c2, favored by some light DM models [6–
8]. To avoid mismodeling these low-energy nuclear recoil
(NR) signatures, it is therefore imperative to properly
calibrate the detector response to them. To that end, we
conducted an NR calibration of the XENONnT TPC [9]
using an external Yttrium-Beryllium (88YBe) photoneutron
source. As shown in Fig. 1, the neutrons from the 88YBe
source that enter the TPC produce a recoil energy spectrum
similar to 8B CEνNS, providing the opportunity to char-
acterize this rare process.
XENONnT is one of the leading DM detectors searching

for weakly interacting massive particles (WIMPs). It uses a
dual-phase TPC filled with liquid xenon, of which
5.9 tonnes constitute its active target [9].
Particle interactions inside the TPC generally produce

both scintillation light and ionization electrons in the
detector. While the scintillation light generates a prompt
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signal (S1), the ionization electrons drift upwards and
are extracted into a gas phase at the top of the TPC, via
applied electric fields. Drift time is the duration
required for electrons to drift to the liquid-gas interface,
with the maximum drift time being 2.2 ms for
XENONnT. The extracted electrons produce a secon-
dary scintillation signal (S2) due to their interaction
with xenon atoms in the gas phase. Both the S1 and S2
signals are detected in two arrays of photomultiplier
tubes (PMTs) placed on the top and bottom of the
detector. The drift time between the S1 and S2 signals
is used to determine the depth of the interaction which
is defined as Z-coordinate, and the scintillation light
pattern of the S2 signal as recorded with the top PMT
array is used to reconstruct the X and Y coordinates of
the interaction. Position and drift time are then used to
correct for detector effects and obtain the corrected cS1
and cS2 signal strengths [10]. Furthermore, the ratio
between the areas of the S1/S2 signals is crucial for
discriminating between nuclear recoil (NR) events and
electronic recoil (ER) events. Particles such as neutrons
and WIMPs cause NR events by interacting with xenon
nuclei, while particles like gamma rays and beta
particles cause ER events by interacting with electrons
in xenon atoms [11].
This paper describes the calibration of XENONnT using

a 88YBe neutron source [12], achieving a low-energy
calibration down to (0.30� 0.02) keVNR. In the following,
we will report the kinetic energy of the neutron in keV and
the energy of the nuclear recoil in keVNR. To understand the
background arising from 88Y gamma emissions in the
source, additional data was taken with the neutron-emitting

beryllium replaced by polyvinyl chloride (PVC) plastic of
comparable density and shape.
In the following sections, we will first introduce the

design and preparation of the 88YBe calibration in Sec. II.
Following that, we will discuss calibration operations and
explain how to evaluate various backgrounds when select-
ing data in Sec. III, and finally proceed with fitting and
extraction the light and charge yields in Sec. IV.

II. DESIGN OF THE 88YBe SOURCE

A. Design considerations and
challenges

The 88YBe photoneutron source produces quasimonoe-
nergetic 152 keV neutrons via photodisintegration of 9Be
by 1.84 MeV γ-rays from 88Y decays [12].
One of the key challenges of calibrating with such a

source is the low neutron rate due to the small 9Beðγ; nÞ8Be
cross section of 0.65 mb [13], requiring overwhelming γ-
ray activity. This low cross section corresponds to a mean
free path between photodisintegration interactions of
approximately ρBe=mBe=ð0.65 mbÞ ≈ 125 m, highlighting
the comparatively high gamma activity needed to construct
a useful calibration source.
As meter-scale liquid xenon TPCs have relatively long

electron drift times at the millisecond-scale [14,15], a
similarly long event window for matching S1 and S2
signals is required. As a result, the rate of mismatched
S1 and S2 signals is high for such detectors. These
background events, called accidental coincidence (AC)
events, can reach up to 1 kHz without dedicated treat-
ment due to the high activity of the 88Y source. In
addition, ER events can contaminate the NR calibration
region of interest due to their high rate, even after
discrimination between ER and NR events is considered
[16]. Therefore, a high atomic number material is needed
to effectively block most of the γ-rays from the 88Y
decays, while minimizing the energy loss of neutrons
passing through it.
We mounted the source assembly on the I-belt system of

XENONnT [9], and lowered it into the neutron veto
detector hosted inside the water Cherenkhov muon veto
detector [9]. The I-belt subsystem is shown in Fig. 2 (left) in
blue, and allows us to control the vertical position of the
source and lower it into position beside the cryostat during
calibration runs.
The size of the assembly that houses the 88YBe source is

restricted to a ð16 cmÞ3 cube due to mechanical clearances
in the I-belt system. This motivates the use of tungsten as
the shielding material instead of the more commonly-used
lead [12,18]; while tungsten has a lower atomic number,
the density of bulk tungsten is higher, leading to a lower
radiation length [19].
Lowering the source assembly past the vacuum

flange at the top of the cryostat requires it to be set

FIG. 1. Comparison of the single-scatter nuclear recoil energy
probability density function (PDF) between coherent elastic
neutrino-nucleus scattering from solar 8B neutrinos (red) and
88YBe neutrons entering the TPC (blue). The similarity and large
overlap makes 88YBe neutrons an ideal source to calibrate signal
yields for the 8B neutrino coherent elastic neutrino-nucleus
scattering.
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back with respect to the outer diameter of the cryostat,
moving it ∼10 cm away from the cryostat’s outer wall.
To avoid the broadening of the neutron energy spec-
trum and the reduction of the neutron flux, we designed
and installed an air-filled stainless steel box to displace
the water between the TPC and the calibration source
with air. The air box was manufactured and fixed
to the exterior of the cryostat of XENONnT before
commissioning.

B. Optimization of the source geometry

In addition to tackling the design challenges mentioned
earlier, and to ensure a successful calibration, we optimized
the geometry of the source assembly using simulations to
improve the signal-to-background ratio. A schematic of the
full 88YBe source assembly is shown in Fig. 2. The 88YBe
source is composed of a 88Y disc source, containing a
5 mm × 3 mm ðdiameter × heightÞ active element, sand-
wiched between two identical, cylindrical Be targets.
We used Geant4 [20] simulations to understand the

trade-off between increasing the beryllium target size to
increase neutron yields and the corresponding decrease in
the amount of tungsten shielding needed to accommodate a
larger beryllium target while not exceeding the maximum
total physical size of ð16 cmÞ3, thereby allowing us to
improve the signal-to-background ratio. These simulations
were used to determine the optimal diameter and thickness
of the beryllium targets, as indicated in Fig. 2, using a

figure of merit based on the ratio of the rate of nuclear
recoil to that of electronic recoil events.
To streamline the calibration procedure, a stainless steel

capsule with 2–3 mm thickness was added to the design to
contain the 88YBe source and the beryllium targets. Due to
the increased amount of shielding material that needs to be
removed to accommodate this stainless steel capsule, the
chosen dimensions were slightly smaller than the optimal
dimensions derived from simulations; however, the reduced
size of the beryllium target was not found to result in a
difference that was statistically significant given our sim-
ulation statistics. The final source assembly has dimensions
50 mm × 25.4 mm (t × d) excluding the steel capsule, and
55.5 mm × 29.4 mm (t × d) including the steel capsule,
resulting in a final 94.5 mm of tungsten between the source
capsule and the TPC. More details regarding the optimi-
zation procedure can be found in Appendix.

III. 88YBe CALIBRATION AND EVENT
SELECTION

A. Calibration operations
88YBe calibration operations started with the commis-

sioning of the I-belt system, followed by data-taking with
the beryllium targets, and finally data-taking with a PVC
dummy target replacing the beryllium target. All compo-
nents that entered the water tank were cleaned with ethanol
and deionized water to minimize any impact on the

FIG. 2. Left: A CAD rendering of the XENONnT cryostat inside the neutron veto detector (see Ref. [9] for more details). Also shown
is the I-belt system (blue), along with the tungsten source box (gray) and the water displacement box (orange). Right: The 88YBe source
assembly, along with the relevant cryostat parts. In addition to the orange stainless steel air box, used to displace water between the TPC
and the source, and gray tungsten source box, yellow indicates air holes that exist due to the manufacturing process of the tungsten
shield, light-blue represents beryllium, purple indicates the acrylic disc that the 88Y source is made of, and the small orange point
indicates the 88Y activity. The geometric parameters being optimized are the diameter (d) and thickness (t) of the cavity in the tungsten
block containing the beryllium target and 88Y source [17].
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transparency of the water. During commissioning, a water-
proof camera was lowered into the water to verify the
operation of the I-belt system and that all mechanical
components had the expected mechanical clearance.
After these tests, the tungsten source box was brought

back to the water surface, the source assembly containing
the targets and the 88Y disc source were inserted, and the
combined assembly was lowered back into the calibration
position shown in Fig. 2 (left). Starting from September
30th 2022, 88YBe source data was taken till October 9th
2022, accounting for a total live time of approximately
183 hours. The 88Y γ-source had an activity of 316 kBq at
the start of the calibration. Following this 88YBe calibra-
tion, the 9Be target was replaced by a PVC target with the
exact same geometry, and data was taken for an effective
live time of around 152 hours from 10th October 2022.
During this calibration, the detector was operated at a drift
field of ð23� 1.5Þ V=cm, the same as in the science search
runs [4,16].

B. Event selection

Following the data acquisition, comprehensive analyses
were performed to select NR events and subsequently
determine the light and charge yields. Due to moderation by
the materials in the path, predominantly the residual water
between the source and the air box in the neutron veto, the
mean kinetic energy of neutrons entering the TPC was
lower than the emission energy of 152 keV, with the
energies mainly ranging from 10 keV to 100 keV. Since
neutrons tend to scatter multiple times in the large volume
of liquid xenon and 80% of simulated 88YBe NR events had
more than one reconstructed S2, MS neutron NR events
were included in the event selection. This was done to
maximize statistics and to probe the lowest possible NR
energy, even though the geometry of the source had been
optimized on the ratio of single-scatter (SS) NR events to
γ-induced ER background. Selected events had to have at
least two observed photons and no more than 10 observed
photons in the S1 signal. This upper bound was motivated
by the scarcity of NR events with more than 10 observed
photons in the S1 signal, as only 7% of NR events were
expected to exceed this threshold. Since the mean free time
between two scatters for 100 keV neutrons is approxi-
mately 30 ns, prompt scintillation photons from different
scatters within a MS NR event are merged into one S1.
Consequently, in MS NR events, scatters which generate 0
or 1 observed scintillation photon can also be included in
this selection. In this way, the energy threshold of this
calibration can be further lowered compared to what is
obtained from only selecting SS NR events, which were
required to have at least two observed photons in the S1
signal. For clarity, the event selection described below was
based on the largest S2 in the event, while the S1
corresponded to the total prompt scintillation photons from
all scatters combined.

Selecting NR events from the 88YBe source data is
challenging, because both γ-rays and neutrons emitted from
the 88YBe source interact within the liquid xenon. While
neutrons deposit energy through elastic scattering with
xenon nuclei, γ-rays primarily interact with xenon atomic
electrons via Compton scattering. In this analysis, 88YBe
neutron NR events do not overlap with γ-ray ER events,
as NR events deposit much lower detectable energies
(few keV) and the cS2/cS1 leakage from γ-ray ER events
is negligible due to the source design. However, γ-ray ER
events with large energy depositions can also induce
delayed electrons [21] and isolated S1 signals. Delayed
electrons can appear after signal detection, even beyond the
maximum drift time. Possible origins for delayed electrons
include electrons captured by impurities in the liquid xenon
and released later [21], or electrons trapped at the liquid-gas
interface [22]. Isolated S1 signals refer to S1 signals which
are not paired with S2 signals within one maximum drift
time and may originate from pile-up of PMT afterpulses or
PMT dark counts. Isolated S1 signals and delayed electrons
can lead to the formation of AC events in two ways,
becoming a major background in the low-energy region of
NR events. Firstly, the AC events can arise from a random
pairing of S2 signals from delayed electrons and isolated S1
signals. Secondly, isolated S1 signals can also form a match
with true NR S2 signals, thereby producing AC events. A
high rate of delayed-electron S2 signals was observed in the
region of S2 < 120 PE (≲4 electrons), due to the increased
probability of coinciding delayed electrons within the same
S2 time window, leading to a significant population of AC
events. This motivated the lower S2 area bound of 120 PE,
while the upper bound of 900 PE was set to minimize ER
leakage from γ-ray ER events.
It was observed that delayed electrons and isolated S1

signals exhibit significantly higher rates following large
signals, with delayed electrons also showing positional
dependence on large preceding S2 signals. To reduce the
AC background, we first removed events that were tem-
porally and spatially close to S1 signals larger than 1000 PE
or S2 signals larger than 10000 PE, as detailed in [4].
Two additional cuts were developed to further improve

the signal-to-background ratio. The first was a optimized
fiducial volume cut. As the mean free path for neutrons
with these low energies entering the TPC is approximately
10 cm [23,24] in the liquid xenon, most NR events occur
near the TPC wall and are spatially correlated with the
source position. However, in the 88YBe data, there was an
additional spatially uniform component, similar to that in
88Y-PVC data, which originates from AC events. This
component can be reduced using an optimized fiducial
volume. The shape of the fiducial volume was determined
by a 88YBe NR-only simulation, aiming to encompass 90%
of simulated NR events. Additonally, the drift field is
distorted [25] near the TPC wall. This leads to the effect
that ionization electrons produced from interaction sites
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close to the wall can be captured by the TPCwall during the
drifting to the liquid-gas interface, in turn reducing the size
of observed S2 signals originating from regions near the
walls. ER events from the 88Y γ-rays were used to study the
loss of S2 signal strength near the TPC wall. This analysis
resulted in the adoption of an outer radius of 62.2 cm for the
fiducial volume, thereby limiting the events adversely
affected by this effect to 7%. While this charge loss effect
is modeled in the analysis, this choice of fiducial volume
helps avoid issues arising from mismodeling at radii where
this effect becomes dominant. In addition, two regions near
perpendicular wires on the gate and anode electrodes,
which were employed to prevent electrode sagging, were
also excluded due to the known difficulty [25] of modeling
the pulse shape of S2 signals in these regions. The final
shape of the fiducial volume is shown in Fig. 3, where it can
be seen that the fiducial volume cut removed a large
fraction of AC events.
Events after all above-mentioned cuts are presented in

the cS1 and cS2 space in Fig. 4, which are the S1 and
largest S2 signals corrected for their positions inside the
TPC [10]. Comparing the 88Y-PVC and 88YBe data shows
that the majority of selected events are NR events.
However, the residual events in the 88Y-PVC data indicate
a significant presence of AC events in the region of interest
(ROI), as the majority of γ-ray ER events have S2 signals

larger than 900 PE, while the remaining events in the ROI
arise from the random pairing of isolated S1 signals and
delayed electrons induced by γ-rays.
To better understand AC events, we construct data-

driven AC model Axidence [26], following a systematic
procedure. First, we prepare S1 and S2 ensembles. The S1
ensemble includes all isolated S1 signals, defined as S1
signals that are not paired with any S2 signal. The S2
ensemble includes both isolated S2 signals, defined as S2
signals that are either not paired with any S1 signal, and S2
signals associated with S1 ≤ 10 observed photons. Here,
isolation refers only to the absence of a partner of the
opposite type: additional S1 signals may still accompany an
isolated S1 signal, and additional S2 signals may accom-
pany S2 in the prepared S2 ensemble. These prepared S1
and S2 signals, together with their surrounding S1 and S2
signals, are resampled using a bootstrap technique and
processed through the full reconstruction pipeline. During
the resampling stage, an AC event is formed either when an
isolated S1 and an S2 from the ensembles fall within the
maximum drift time of 2.2 ms, or when an isolated S1
replaces the original small S1 associated with an S2. In both
cases, the resulting event is identified as an AC event by the
reconstruction algorithm. All event-selection criteria
applied in the main analysis are also applied to these
simulated AC events to ensure consistency. Finally, the AC

FIG. 3. 88YBe event (blue dots) distribution shown in the XY (left) and R2Z (right) planes. The X, Y, and Z coordinates represent the
reconstructed position of the largest S2 signal in the event. The events projected onto the XY plane have been selected based on a cut
along the z-axis, specifically within the range of −139 cm ≲ z≲ −10 cm. The black solid lines show the position of TPC walls and the
orange solid lines indicate the position of the source. The region within the red lines is the employed fiducial volume (FV). Four gray
dashed lines indicate two regions near perpendicular wires, which were excluded from the fiducial volume. Clustered events at the top of
the R2Z plane are surface background events, while those at the bottom are cathode events. Events which are outside the fiducial volume
and uniformly distributed in the XY plane are mainly residual AC events after removing events in periods with a high rate of delayed
electrons and isolated S1 signals.
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model is normalized using the measured rates of isolated S1
signals and S2 signals in the S2 ensemble (i.e., isolated S2s
and S2s accompanied by S1 ≤ 10 photons) after all cuts,
together with the total livetime of the calibration dataset, in
order to reproduce the expected AC background rate. The
robustness of the AC model methodology is validated using
the 88Y-PVC dataset. After applying all analysis cuts except
the final boosted decision tree (BDT) cut, 88 events remain
in the 88Y-PVC data, compared to 72 events predicted by
the AC model. This level of agreement, within approx-
imately 20%, demonstrates that the model reliably repro-
duces the rate of AC events. We therefore assign a
conservative 20% systematic uncertainty to the AC pre-
diction in the 88YBe dataset.
We rely on the distinction between MS NR events and

AC events to improve our signal-to-noise. Depending on
the separation in space and time among scatters, one or
multiple S2 signals can be reconstructed from MS NR
events. For events with more than one reconstructed S2

within the event time window, the time, position, and pulse
shape information of the two largest S2 signals were used to
distinguish between MS and AC events, as the time and
position differences among scatters in MS events are
correlated. NR events with only one reconstructed S2 were
difficult to distinguish from AC events and were excluded
from the data selection. A BDT classifier [27] was employed
to enhance the discrimination between NR events and AC
events, thereby further reducing the AC background. To train
the BDT classifier, the 88YBe NR-only simulation [28] was
used as signal. The 88Y-PVC AC model served as the
background for training the BDT model.
To evaluate the performance of the trained BDT model,

an independent testing set with one-fourth of the size of the
training set was used. After training, the model demon-
strated a true positive (signal) rate of 92% and a true
negative (background) rate of 86% on the test set, indicat-
ing a robust performance with no signs of overfitting. The
final selection cut was defined based on the BDT score after
training, which represents the predicted probability of an
event being AC. The BDT score distribution is shown in
Fig. 5. The cut was set to exclude events with an AC score
greater than 0.4, effectively rejecting 91% of AC events
while retaining 89% of NR events. After applying all cuts, a
total of 474 events remained in the 88YBe data. However, a
fraction of AC events was still expected to exist among the
selected events, particularly those arising from the random
pairing of S2 signals from NRs and isolated S1 signals,
which do not exist in the 88Y-PVC data. Therefore, another

FIG. 4. 88YBe events are represented by blue scatter points in
the space of the corrected S1 signal and the corrected largest S2
signal, denoted as cS1 and cS2, respectively. The dark (light)
purple region represents the 68% (95%) expected AC events as
predicted by the 88YBe AC model. Additionally, the solid
(dashed) green contour delineates the 68% (95%) expected
NR events. A clustering of events within cS2 < 200 PE and
cS1 < 4 PE shows a substantial population of AC events. 1D
projections in the cS1 and cS2 space are shown for both 88YBe
(blue) and 88Y-PVC (orange) calibration data, displayed adja-
cently. The histogram of the 88Y-PVC data is scaled by a factor of
1.4 to account for the differences in calibration time and the
activity of the 88Y source. The 88YBe data includes both AC and
NR events, whereas the 88Y-PVC data contains only AC events.
Projections for the 88Y-PVC data reveal a significant presence of
AC events, particularly in the lowest energy bins, which also
suggests a substantial quantity of AC events in the 88YBe data.

FIG. 5. BDT score distribution, the probability of an event
being an AC event, as predicted by the trained BDT classifier. A
smaller BDT score indicates a higher probability of an event
being NR, while a larger BDT score suggests a higher probability
for an event being AC. In 88Y-PVC data, all events are assumed to
be AC events while 88YBe data contains both NR and AC events.
The BDT score distributions of NR and AC simulation are very
distinct, which reflects the satisfactory discrimination power of
the trained model. In addition, the gray dashed line represent the
cut threshold.
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data-driven AC model [4,11] based on the 88YBe data was
developed to estimate the number of the remaining AC
events after the BDT cut, yielding an expectation of
(55� 12) AC events within the dataset.

IV. MODELING AND FIT RESULTS

In order to determine the low-energy NR light and charge
yields, quantifying the number of photons and electrons
generated per keVNR of energy deposition in liquid xenon,
the selected 88YBe events were fitted by the detector
response model using Appletree [29]. The fit region was
defined to be the number of observed photons in S1∈ [2, 10]
and cS2∈ [120, 900] PE. The detector response model,
as detailed in Ref. [11], comprises both the yield model and
the detector reconstruction model to generate NR signals.
The parametrized Noble Element Simulation Technique
(NEST v2) [30] yield model is employed to converts
deposited energy into scintillation photons and ionization
electrons. Subsequently, the detector reconstruction model
transforms these produced photons and electrons into the
observed S1 and S2 signals.Wewill detail our procedures as
follows; yield model, event efficiencies, NR signal model-
ing, and parameter extraction (fitting).
In NEST v2, the parameters α and β control the total

number of quanta produced by an NR. The drift field
dependence of yields in NEST v2 is controlled by two
parameters, γ and δ, with the relationship ς ∝ γEδ, where ς
denotes the field dependence and E represents the drift field
strength. However, the 88YBe calibration data was acquired
at a single drift field strength of ð23� 1.5ÞV=cm. In the fit,
δ was fixed at its NEST v2 default value of −0.0533 to
avoid degeneracy. The parameters ϵ, ζ, and η control the
shape of the charge yield, while θ and ι control the shape of
the light yield. The parameters Fex and Fi determine the
statistical fluctuations of excitons and electron-ion pairs,
respectively, while ξ and ω govern the variance of recom-
bination. We kept all parameters’ priors in the yield model,
except for δ, uniformly distributed within specific ranges
for each parameter. The prior distributions for each param-
eter in the yield model are detailed in Table I.
Besides the yield model, modeling the detector

reconstruction of low-energy NR events is crucial for
obtaining reliable yields. Various efficiencies were studied.
Firstly, MS NR events have a lower S1 reconstruction
efficiency compared to SS NR events. Due to the low speed
(∼0.01c) of 88YBe neutrons and their ability to scatter
multiple times in liquid xenon, the time separation between
single photons in S1 signals can be larger than that from a
SS event. This can lead to incorrect classification of S1
signals as S2 signals or unknown (neither S1 nor S2),
thereby reducing the S1 reconstruction efficiency for MS
NR events. This effect was more pronounced for MS NR
events with large S1 signals, which result from the merging
of photons produced by a large number of scatters.
Therefore, a map for the S1 reconstruction efficiency

was built from a large sample of simulated MS NR events
and subsequently employed in the fitting process.
Secondly, the high rate of delayed electrons and isolated
S1 signals caused by γ-rays can reduce the efficiency of
event building, as the event building algorithm may fail
when physical S1 or S2 signals are surrounded by too many
signals comparable in size. To estimate the event building
efficiency for 88YBe NR events, a salting study using Saltax
[31] was performed by injecting simulated NR events into
88YBe calibration data. If simulated NR events are intro-
duced into periods with a high rate of delayed electrons and
isolated S1 signals, the event building efficiency for these
simulated NR events will be reduced. This method enabled
assessing how delayed electrons and isolated S1 signals
influence event building, yielding a measured efficiency of
57.4%. Thirdly, delayed electrons exhibit strong spatial
correlations with γ-ray-induced events, which predomi-
nantly occur near the TPC wall. The spatial correlations
introduce a spatial dependence in the event selection
efficiency, which was evaluated by the study of injecting
simulated NR events into the data as well. For instance, the
event selection efficiency at R ¼ 60 cm was only 25% of
that at R ¼ 40 cm, thereby illustrating this spatial depend-
ence. The combined efficiency was the product of S1
reconstruction efficiency, event building efficiency and
event selection efficiency, as illustrated in Fig. 6. The
uncertainty in the combined efficiency was conservatively
estimated to be 20.6%, primarily attributed to the uncer-
tainties associated with the S1 reconstruction efficiency and
event selection efficiency.
The 88YBe NR signals were simulated using the detector

response model implemented in Appletree [29] as follows.

TABLE I. Prior and marginal posterior distribution of each
parameter in the NR yield model from the 88YBe calibration. The
default values of each parameter from NEST v2.3.11 are also
shown as a comparison.

Parameter NEST v2 Prior Marginal posterior

α 11.0þ2.0
−0.5 [8.5, 21] 12.1þ2.7

−2.3

β 1.10þ0.05
−0.05 [0.85, 1.35] 1.01þ0.14

−0.13

γ 0.0480þ0.0021
−0.0021 [0.0375, 0.0585] 0.0466þ0.0072

−0.0065

ϵ 12.6þ3.4
−2.9 [0, 29.6] 16.3þ6.8

−6.1

ζ 0.3þ0.1
−0.1 [0, 0.8] 0.4þ0.3

−0.3

η 2þ1
−1 [−3, 7] 4þ2

−2

θ 0.30þ0.05
−0.05 [0.05, 0.55] 0.31þ0.17

−0.18

ι 2.0þ0.5
−0.5 [−0.5, 4.5] 1.8þ1.9

−1.8

Fex 0.4 [0, 1] 0.5þ0.3
−0.3

Fi 0.4 [0, 1] 0.5þ0.3
−0.3

ξ 0.50 [0, 1] 0.51þ0.34
−0.34

ω 0.19 [0, 1] 0.48þ0.34
−0.33
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The energy deposition and positional information for each
scatter were obtained from Geant4 simulations. These
Geant4 simulations modeled both the transport of neutrons
through the detector materials, and the position and energy
of nuclear recoils produced from the interactions between
neutrons and the liquid xenon target. The energy deposi-
tions of these nuclear recoils are then clustered at the
microphysics scale using the epix package [11,32].
The yield model was then applied to simulate the number

of scintillation photons, Nph, and ionization electrons, Ne.
The number of observed scintillation photons from each
energy deposition were determined by Nph, the photon gain
(g1 ¼ 0.137� 0.001 PE=photon) the double photon emis-
sion probability (pDPE ¼ 0.229� 0.024), and the single
photon acceptance (psp ¼ 0.921� 0.010), with the total
number of observed photons in the S1 signal for a MS NR
event being the sum over all energy depositions [11].
Electrons from distinct energy depositions were merged
when they occurred in close temporal and spatial proximity,
as indicated by full waveform simulations, leading to one or
more reconstructed S2 signals for a MS NR event
[10,11,28]. The area of each S2 signal was determined
by the electron lifetime (τ ¼ 21.8� 0.2 ms) and the
electron gain (g2 ¼ 16.8� 0.4 PE=electron). The recon-
structed position of each S2 signal was computed as a
weighted average of the positions of the contributing
energy depositions, where the weights corresponded to
the number of drifted electrons from each contributing

energy deposition. The largest S2 signal used in the fitting
was then corrected for position and electron lifetime effects
to yield the cS2 signal [10]. With the simulated number of
observed photons in the S1 signals and the cS2 signals for
MS NR events, the previously described efficiencies were
applied. We assigned a 5% S1 efficiency, conservatively
estimated by the salting method. The S2 efficiency is
estimated based on the acceptance of the same set of cuts.
The efficiencies are estimated based on calibration and
sideband data, with values taken to be conservative. A
normalization factor, Nnr ¼ ð1.6� 1.4Þ × 104, was applied
to scale the NR signal simulation to the expected number of
YBe-induced NR events. It was derived by normalizing the
simulated NR rate to the observed 129Xeðn; n0γÞ 39.6 keV
activation line in data. The dominant uncertainty on this
normalization arises from the modeling of the xenon
neutron-capture ðn; γÞ cross section, because subsequent
capture gammas can overshadow the 39.6 keV activation
line and thereby change its visible rate. This systematic was
evaluated by comparing the baseline Geant4 configuration,
QGSP_BERT_HP, with alternative physics-list and
nuclear-data treatments for neutron transport and inter-
actions [20,33]. The resulting variation in the balance
between 129Xeðn; n0Þ129mXe production and subsequent
neutron capture was found to dominate the spread in the
inferred Nnr. The data-driven AC model established pre-
viously was used as the background with an additional fit
normalization factor (Nac ¼ 55� 12) introduced to scale

FIG. 6. Top: Comparison of 88YBe best fit simulation (blue) to the 88YBe data (black) in terms of the number of observed photons in
S1 (left) and the largest cS2 (right). Both comparisons exhibit excellent agreement between the simulation and the data. Additionally, the
individual contributions of NR events (green) and AC events (purple) are depicted. Bottom: 1D projections of the combined efficiency
(orange), which is the product of the S1 reconstruction (red), event building (violet), and event selection efficiency (dark gray), are
shown with respect to the number of observed photons in S1 (left) and cS2 (right).
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the AC model without altering the shape of its event
spectrum.
In total there were 21 parameters in the detector response

model, including 12 yield model parameters and 9
Gaussian-constrained detector reconstruction parameters.
An affine invariant Markov chain Monte Carlo algorithm
[34,35] was used to sample from this hyperdimensional
space to find the best-fit parameters which maximize the
posterior. In Fig. 6, the best-fit model shows excellent
agreement with the data, yielding a p-value of 0.995 using a
binned Poisson χ2 test [36,37] defined by Eq. (1). χ2 is
defined to be the log likelihood ratio between the simu-
lation and the data, where L denotes the likelihood function
given by Eq. (2). Here, y and n denote the simulation and
the experimental data, respectively. Specifically, yi and ni
represent the number of events in the ith bin of the
simulation and data in the fit region, respectively,

χ2 ¼ −2 lnLðy; nÞ þ 2 lnLðn; nÞ ð1Þ

Lðy;nÞ ¼
Y

i

expð−yiÞ · ynii =ni! ð2Þ

Additionally, the best-fit values for all detector
reconstruction parameters lie within the �1σ uncertainties
of the prior estimates.
In Fig. 7, the constrained yields from this analysis are

compared to the default NEST v2 model. The light yield
and charge yields from the fit are in agreement with NEST
v2 model within �1σ uncertainties. The uncertainties on
the fitted light and charge yields were estimated by

sampling the fit parameters from the final 10,000 iterations
of the fitting procedure. These samples effectively approxi-
mate the joint posterior distribution of the parameters. For
each set of sampled parameter values, we ran the simulation
to obtain the corresponding light and charge yields. The
resulting distributions of these yields were then used to
determine the �1σ uncertainties. The larger uncertainty on
the light yield arises from two independent effects. First,
the light collection efficiency is ∼4 times lower than the
electron collection efficiency, so obtaining the same num-
ber of detected photons requires many more primaries than
for electrons. This results in enhanced statistical fluctua-
tions, leading to broader uncertainties in the inferred light
yield compared to the charge yield. Second, in the NEST v2
framework the light yield is parametrized with two addi-
tional shape parameters, θ and ι, compared to the charge
yield. Given our limited statistics, these extra degrees of
freedom are only weakly constrained, and this additional
flexibility in the light yield model further broadens its
uncertainty. In addition, we find that the low-energy shape
of Ly is most sensitive to the parameters θ and ζ, with
variations in other yield parameters producing compara-
tively smaller effects.
To determine the lowest energy sensitivity of the

calibration, we used the method described in [40]. A range
of energy thresholds Ethr are applied in the best-fit detector
response model, and the resulting χ2ðEthrÞ is compared to
χ2ð0Þ of the model without energy threshold to get Δχ2 ¼
χ2ðEthrÞ − χ2ð0Þ as shown in Fig. 8. The energy thresholds
of this analysis were found where Δχ2 ¼ 1. It was found
that the lowest observable recoil energies in the 88YBe

FIG. 7. Light yield (left) and charge yield (right) extracted from the fit to the 88YBe calibration data. The red solid curves represent the
nominal yields and red bands show �1σ uncertainties of yields. The uncertainty bands are calculated using sampled values of fit
parameters in the last 10,000 iterations. The yields from NEST v2.3.11 are shown in black solid curves for comparison. Measurements
from other experiments [38–42], taken at different drift field strength, are also shown for comparison. The yields in the gray shaded
region are presented solely for completeness, as the lowest energies to which this calibration is sensitive are ð0.30� 0.02Þ keVNR for the
light yield and ð0.66� 0.04Þ keVNR for the charge yield.
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calibration are ð0.30� 0.02Þ keVnr for the light yield and
ð0.66� 0.04Þ keVnr for the charge yield. The threshold
Ethr is the energy at which the data no longer remain
statistically consistent with a model in which the light (or
charge) yield is forced to zero below that value. Thus, Ethr
is not sensitive to how tightly the yields are constrained in
the fit. The lower threshold observed for the light-yield
measurement arises from the multiplicity of scatters in MS
NR events. On average, an NR event contains about six
scatters; although each individual scatter may produce only
≤ 1 observed photon, their contributions add coherently
within the S1 window. For illustration, a 0.3 keVnr energy
deposition corresponds to a predicted light yield of
Ly ≃ 5.1 ph=keVnr, or approximately two produced pho-
tons. With a 14% light-collection efficiency, the probability
of observing at least one photon from such a scatter is
∼26%. When several scatters occur in the same event, the
probability that the combined S1 contains at least two
detected photons increases substantially, allowing the S1
signal to satisfy the event-selection criterion even when
most individual scatters fall below this level. This multi-
scatter (MS) accumulation reduces the effective energy
threshold for the light-yield measurement. In contrast, the
largest S2 signal in an NR event typically originates from
only one or two nearby scatters, which must collectively
produce at least four electrons to pass selection. Because
the charge signal is dominated by fewer scatters, it does not
benefit from the same multiplicity enhancement as S1
signal, leading to a slightly higher threshold for the charge-
yield measurement despite its higher collection efficiency.

V. CONCLUSION

The XENONnT collaboration successfully conducted
the first calibration of the XENONnT TPC using low-
energy NR events near the detector threshold from a 88YBe
photoneutron source. The application of machine learning
methods combined with refined simulations enabled us to
maximize the number of reconstructed low-energy NR
events and address the analysis challenges posed by the
high rate of γ-ray emissions from the source. This calibra-
tion enabled us to constrain the light (charge) yield in liquid
xenon down to 0.30 (0.66) keVNR under a low drift-field
condition of 23 V=cm. The constrained yields show no
discrepancies with the NEST v2 model and provide vital
information for searches involving low-momentum transfer
interactions, such as 8B CEνNS [4,5], light WIMPs [8], and
other rare low-energy NR interactions.
Photoneutron sources, such as 88YBe, offer the advan-

tage of producing quasimonoenergetic neutrons with rel-
atively low emitted kinetic energies, without the technical
complexity of operating a deuterium-deuterium neu-
tron gun.
As future underground DM detectors also function as

solar neutrino observatories, precise knowledge of the
yields near the detector threshold will become even more
important for scientific discoveries.
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APPENDIX: DETAILED SOURCE
OPTIMIZATION PROCEDURE

Simulating the 88YBe source response in Geant4 is
computationally expensive because of the low photo-
disintegration cross-section. We thus used two separate
simulations to estimate the event rate in the XENONnT
TPC due to γ-rays and neutrons. First, we estimated the
rate of γ-ray-induced neutrons by simulating 1.84 MeV
γ-rays from the active element. We then estimated the
observed neutron rates given the rate of photodisinte-
gration reactions by treating the 9Be as an isotropic
152 keV neutron source [43], taking light and charge
yields, and detector efficiencies [9,16,44] into account.
Furthermore, S1 and S2 signals generated from multiple
scatters of the same primary particle, but close in time
and position, may be merged into single S1 and S2
signals. Such effects were also accounted for in the
simulation framework.
As these Geant4 simulations considered the neutron and

gamma simulations independently without modeling for
the photodisintegration reaction that produces neutrons, we
need to compute this probability of neutron emission
separately to understand the effective exposure time of
the neutron simulation. We did this using a Monte Carlo
simulation, where we simulated 105 γ-rays uniformly from
the small cylindrical active element. We then computed the
probability of a 9Beðγ; nÞ8Be reaction for each γ-ray based
on the trajectory length of the γ-ray in the beryllium target
(l) and the number density of beryllium atoms (NBe), as
pi ¼ σγ;nlNBe. The average probability of 9Beðγ; nÞ8Be
reactions per γ-ray is then given by

pγ;n ¼
1

105

X

i

pi: ðA1Þ

While only MS NR events are considered in the final
analysis (see Secs. III and IV), during the design stage, we
used the ratio of the SS NR events to the total TPC event
rate as the figure of merit (FOM) for the optimization of the
source geometry in order to maximize the signal-to-back-
ground ratio of the calibration. These SS events are defined
as events with one S1 and one S2 signal in the TPC after

combining neighboring signals in space-time, as opposed
to multiscatter events with multiple S1 or S2 signals
attributed to the same neutron. The classification of events
into SS and MS is dependent on the ability to resolve
individual peaks.
While in the Geant4 simulation the beryllium ele-

ments are considered to be uniform sources, in reality
the gamma flux is higher close to the active element of
the 88Y source. To account for this in the computation
of the FOM, a per-interaction weight was used to
compute the rate of SS NR events in the TPC. This
is given by

wi ¼
N
r2i

; ðA2Þ

where N is a normalizing constant to ensure that the
weights sum up to the total number of events, and ri is
the distance between the point of origin of the neutron
in the beryllium target and the 88Y source. Since the
dimension of the 88Y active element is much smaller
than the beryllium target sizes being considered, the 88Y
source was approximated as a point source when
computing weights. The number of ER or SS NR
events is thus computed as

N ¼
X

i∈F

wi; ðA3Þ

where F is the set of events being considered, such as
SS NR events or ER events.
We finally computed the optimization metric using

Eqs. (A1) and (A2) as

S ¼ pγ;nNNRSS=Sn
pγ;nNER=Sn þ Nγ=Sγ

; ðA4Þ

where NNRSS is the number of SS NR events from the
Geant4 neutron simulation after weighting computed
using (A3), NER is the number of ERs from the Geant4
neutron simulation after weighing computed using (A3),
Nγ is the number of ERs from the gamma simulation, and
Sn and Sγ is the total number of neutron and gamma
primaries from the respective simulations, regardless of
whether they formed detectable events in the TPC. This
optimization metric can be interpreted as the number of SS
NR events expected for each background ER event; a
value of S ¼ 1, for example, would mean that we would
expect an equal number of SS NR events and background
ER events.
Using S as the FOM, we optimized the dimensions of the

cylindrical beryllium targets in two steps; 1) optimizing the
thickness while fixing the diameter at d ¼ 40 mm, and 2)
optimizing the diameter while fixing the thickness at
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t ¼ 50 mm. While a full 2D optimization would allow us to
be more confident of finding a global minimum, this two-

step procedure was chosen due to the computational expense
of running a large number of Geant4 simulations. It can be
seen in Fig. 9 that among the considered configurations, the
SS NR metric was highest at a thickness of t ¼ 60 mm and
d ¼ 25.4 mm, the diameter of the 88Y disc source. To avoid
removing too much shielding material when including the
thickness of the stainless steel capsule, the chosen dimen-
sions were t ¼ 50 mm and d ¼ 25.4 mm. This decision had
minimal impact on the resulting neutron yield.

Simulations with the chosen geometry gave us a ratio
between the SS NR event rate and the total event rate of
S ¼ ð6.3� 0.1Þ × 10−4, which was higher than all other
considered designs shown in Fig. 9. In addition to the above
geometry, a stainless steel capsule of 2 mm thickness on all
sides, and with a screw-on cap of 3 mm thickness was
machined to contain the 50 mm × 25.4 mm (t × d) neutron
source. The full source assembly, including the stainless
steel capsule, had dimensions of 55.5 mm × 29.4 mm
(t × d). This resulted in a final 94.5 mm of tungsten
between the source capsule and the TPC.
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