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We report the measurement of the 2*Bi f-decay spectrum to the ground state of *'*Po using the XENONnT
detector. This decay is classified as first-forbidden nonunique, for which theoretical predictions require detailed
nuclear structure modeling. A dedicated identification algorithm isolates a high-purity sample of ground-state
B decays, explicitly excluding events with associated y-ray emission. By comparing the measured spectrum,
which covers energies up to 3.27 MeV, with several nuclear models, we find that the prediction based on the
conserved vector current hypothesis provides the best description of the data. Using this dataset, we additionally
derive charge and light yield curves for electronic recoils, extending detector response modeling up to the

megaelectronvolt scale.

DOI: 10.1103/b3r7-6ff4

I. INTRODUCTION

Rare-event searches require a precise characterization of
backgrounds in the signal region of interest. A ubiquitous
source arises from radon, which emanates from detector mate-
rials containing trace amounts of uranium and thorium. Radon
progeny undergoing B decay [1] constitute a major back-
ground, with 2'*Pb and >'*Bi decays being key contributors
in weakly interacting massive particle (WIMP) dark-matter
searches [2—4] and neutrinoless double B-decay searches
[5-T7].

This study focuses on the 2'*Bi B-decay spectral shape,
whose decay scheme is shown in Fig. 1. The isotope >'“Bi has
a half-life of 19.9 min, a Q value of 3.27 MeV, and a -decay
branching ratio of 99.979%, of which 19.2% decay directly
into the ground state [8].

The Q value at O(MeV) promotes the transition into ex-
cited states. The subsequent deexcitation leads to complex y
emission patterns. Theoretically, the multitude of accessible
decay modes complicates the evaluation of the B spectrum,
as calculations must account for a broad spectrum of nuclear
transitions. Understanding the nuclear structure of isotopes
like 2'Bi is crucial across various fields. One example is the
modeling of the rapid neutron-capture process (r-process) [9],
a key mechanism in stellar nucleosynthesis responsible for
producing elements heavier than iron.

Experimentally, in a liquid-xenon TPC, 8 and y interac-
tions typically produce overlapping signals, which prevents
separating the two components. However, a well-understood

214Bi B spectrum would allow for a continuous detector cal-
ibration up to the 8 end point at 3.27 MeV, which is not
possible with any other calibration sources.

In this study, we report a dedicated analysis in deter-
mining the >'*Bi ground-state spectrum using data from the
XENONNT experiment [10]. Compared to the >'*Bi spec-
trum reconstruction by the NEMO experiment [11,12], the
XENONNT detector has several advantages, including having
an ultralow background and an in situ >*’Rn calibration. As the
full 22Rn decay process is contained within the XENONnT
detector, the o decays and y decays from the same de-
cay chain are utilized to isolate the *'*Bi B decays. The
selection algorithm developed in this work enables an effec-
tively background-free measurement of the 2Bi spectrum.
Particular emphasis is placed on isolating the ground-state
214Bi spectrum, allowing for direct comparisons with theo-
retical predictions. Furthermore, the XENON collaboration
has developed a full-chain simulation framework, incorporat-
ing accurate detector response modeling. The simulation was
adapted to develop the selection algorithm, while the *'*Bi
data serves as a supporting benchmark for the simulation.

II. THEORETICAL FRAMEWORK

In B decay, the interaction is mediated by massive W+
bosons between hadronic and leptonic currents. Assuming the
decaying nucleon does not interact with the other A — 1 nu-
cleons, the probability density of the 8-decay electron being

044303-2
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214Bj
19.9 min

a
Ji=0+

210Pb
22.3 yr

FIG. 1. Decay scheme of *'*Bi to **Po and subsequently to
219ph, The diagram shows 8 decays from 2'“Bi (left) either directly
to the ground state (g.s.) or via excited states of 2“Po (center).
Approximately 80 excited nuclear states are accessible during the
decay (symbolically represented). All these excited states deexcite
via y-decay emissions (red arrows), always including at least one
transition greater than 609 keV. The final step is the « decay of *'*Po
(black arrow) directly to the stable ground state of 2!°Pb (right).

emitted with total energy E, can be expressed as [13]

2

G: 1
P(E,)dE, = —-— ——C(E,
(Ee) (hc)0 2m3h (Ee)

X peCEJEy — E)*Fy(Z, E.)dE,, (1)

where p, is the momentum of the electron, Ey the B-decay
end-point energy, Z the proton number, Gy the Fermi con-
stant, and Fy(Z, E, ) the Fermi function. The nuclear structure
information is encoded by the shape factor C(E,), which can
generally be decomposed into vector, axial-vector, and mixed
vector-axial-vector components:

C(E.) = gyCv(E.) + giCa(E,) + gvgaCva(E.), (2)

where gy and g, are the corresponding coupling constants for
the vector and axial-vector components [1]. The contribution
of the shape factors Cy, Ca, and Cy, is characterized by the
nuclear matrix elements (NMEs).

The theoretical description of the B decay has under-
gone significant advancements in recent years, which have
been essential for the background modeling of the XENON
experiments [14,15], addressing the challenges when mov-
ing towards heavier nuclei and higher B-decay Q values.
The complications include incorporating a large number of
different transition modes in NMEs [16], modeling strong
quenching of the weak-coupling constant g4 due to many-
nucleon correlations [17] involving numerous approaches
[18-22] and applying the mesonic enhancement correction
from the effects of nuclear medium [23].

For the >'*Bi B decay, the transition to the >'*Po ground
state proceeds from 2'*Bi(17) to 2'*Po(0%), corresponding
to a AJ®” =17 change and therefore to a first-forbidden
nonunique decay, which requires nondiagonal NMEs for its
description [24]. The simplest reference is the zeroth-order

—— Allowed --- sNME1
CVC sNME?2

dN/dE

1 1 1
0 1000 2000 3000

Electron Energy [keV]

FIG. 2. Theoretical B-decay energy spectra for ground-state-to-
ground-state transitions of >'*Bi to >'*Po. The solid blue line shows
the Allowed spectrum, the dashed light blue line the CVC-based
spectrum, the dashed red line the sNME] fit, and the dot-dashed
yellow line the SNME? fit.

spectrum, calculated analytically under the allowed approx-
imation using the BETASHAPE software module [15] and
shown in Fig. 2 as Allowed.

A more complete theoretical description is provided in
Ref. [16], where the authors perform nuclear shell-model cal-
culations for the atomic mass number A~214 region using
the KSHELL framework [25] to build the kipe Hamiltonian
[26] and the NUSHELLX @MSU library [27] to extract single-
particle energies considering relevant interaction and valence
space. This produces the low-lying level schemes of 2'“Bi
and 2*Po to within tens of kiloelectronvolts, providing a
reliable nuclear-structure basis for computing next-to-leading-
order B-decay corrections under the conserved vector current
(CVC) hypothesis, which enforces isospin symmetry, fixes the
weak vector coupling to gy = 1.0, and constrains the relevant
vector form factors [28]. The resulting prediction is shown
as the CVC spectrum in Fig. 2. Although CVC is well sup-
ported experimentally [29] and widely used in evaluations of
forbidden shape factors [30], small deviations may arise from
non-nucleonic effects [31]. The same study also introduced a
complementary approach in which the small relativistic vector
NMESs (sNMEs) are treated as fit parameters. By varying
them simultaneously across all transitions to reproduce the
experimental branching ratios, two degenerate solutions are
obtained due to a quadratic dependence in the fit. These spec-
tra, labeled sSNMEI and sNME?2, are also taken from Ref. [16]
and shown in Fig. 2. Together, the CVC and sNME spectra
illustrate how modest variations in the vector NMEs can sig-
nificantly alter the predicted ground-state S-decay spectrum,
highlighting the need for an experimental determination.

III. EXPERIMENTAL METHOD
A. XENONNT detector and datasets

The XENONNT experiment [10] uses xenon as both the
target and detection medium inside a cylindrical dual-phase
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time projection chamber (TPC) that is 1.33 m in diameter
and 1.49 m tall. The TPC contains 5.9 tonnes of liquid xenon
(LXe), with a thin layer of gaseous xenon (GXe) at the top. An
interaction with xenon atoms inside the TPC produces both
prompt scintillation light, defined as the S1 signal, and ioniza-
tion electrons. Meshed electrodes are used to apply an electric
drift field in LXe (23 V/cm) and an extraction field in the
region of the liquid-gas interface (2.9 kV/cm). This allows
the free electrons to drift upward towards the LXe surface,
where they are extracted into the GXe and generate secondary
scintillation via electroluminescence, defined as the S2 signal.
A total of 494 Hamamatsu R11410-21 photomultiplier tubes
(PMTs) [32] are arranged at the top and bottom of the TPC
to capture both the S1 and S2 signals, measured in units of
photoelectrons (PE). A MeV electron in the TPC generates an
S1 with a signal area of approximately 10* PE and an S2 of
order 10° PE, while a MeV « generates an S1 of several 10*
PE and an S2 of order 10* PE.

An event consists of a pair of S1 and S2 signals. The
pairing enables reconstruction of the deposited energy and the
three-dimensional interaction position, where the xy position
is derived from the S2 scintillation photon hit pattern on the
top PMT array and the z position from the time difference
between S1 and S2. The position reconstruction permits the
definition of a fiducial volume, selecting only the data from
the interior of the TPC and thereby avoiding the background
events originating from the decay of radioactive contaminants
accumulated on the TPC wall. The dual signal also allows
the discrimination between interactions with atomic electrons
and with nuclei. The former is referred to as electronic recoil
(ER) events, and the latter as nuclear recoils (NR) events. In
dark-matter searches, WIMP signals have the NR signature.
In this work, the >'*Bi p-decay signal of interest has the ER
signature.

To achieve a minimal background, the XENONnNT experi-
ment is operated at the INFN Laboratori Nazionali del Gran
Sasso underground laboratory. The cryostat containing the
TPC is the innermost of three nested detectors. It is enclosed
by a neutron veto [33] that is itself nested within a muon veto.
Both veto detectors are water Cherenkov detectors and are
optically separated. All detector construction materials were
selected for low radioactivity [34]. The LXe is constantly
purified via both gaseous and liquid purification systems [10]
that remove electronegative impurities. The noble gas 3 Kr g-
decay isotope, which is intrinsically present in xenon, was
removed via a dedicated cryogenic distillation system [35]
with the remnant measured [36]. For the radon background,
a radon removal system also based on cryogenic distillation
was installed to continuously remove the radon remnant from
the TPC [37]. Finally, degreasing, etching, passivating, and
screening were performed to ensure low radon emanation
and electronegative impurities for all TPC components [34].
With all these background removal measures, XENONNT has
achieved the lowest ever ER background among dark-matter
detectors [38].

This study includes 95.1 days of data from the first sci-
ence run (SR0) and 186.5 days from the second (SR1) of the
XENONNT experiment. These datasets contain >'*Bi decays
from natural >>’Rn emanation from detector materials at a
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FIG. 3. Time evolution of the measured **’Rn activity in the
XENONNT TPC fiducial volume during the calibration campaign.
The activity is derived from « decays, shown as a function of time
since the source opening. The vertical dashed lines indicate the
source opening and closing times.

222Rn rate of approximately 1.8 uBq/kg of LXe for SRO and
1.0 uBq/kg for SR1 [39].

To obtain sufficient statistics for this study, the most rele-
vant XENONNT dataset is from a calibration campaign during
SR1 using a ?’Rn source (SR1 **2Rn). The source was pro-
duced by implanting >*Ra into a 2 cm x 2 cm stainless steel
plate at the ISOLDE facility at CERN [40], giving an overall
emanated 2*’Rn activity of about 2 Bq. The implantation is
sufficiently deep below the surface, such that the *°Ra atoms
are mechanically sealed within the sample. Only the noble gas
decay daughters >?’Rn are ejected from the sample.

During the ??>Rn (*'Bi) calibration period, the stainless
steel sample was installed in-line with the gaseous purification
system [10] and was flushed with GXe to carry the **’Rn
atoms to the xenon TPC. The time evolution of the source
activity is tracked in situ via **Rn « decays as shown in
Fig. 3. Shortly after the source injection, the ***Rn activ-
ity increased by two orders of magnitude. Upon closing the
source, the >*’Rn level decreased by a compound effect of
the 2*Rn natural decay and the continuous operation of the
radon removal system, returning the >*’Rn activity to the level
observed before the calibration campaign. The expected level
of long-term contamination, particularly from the 8 decay of
210pp (half-life 22.3 yr), which attaches to the TPC surfaces,
has been evaluated as negligible.

We analyze the three datasets (SRO, SR1, SR1 ?*’Rn) with
independent treatments to account for their differences in
operation and calibration conditions, before combining them
into the final spectral data.

Finally, to accurately estimate the ER yield model in situ,
we also utilized the XENONnT data from **°Rn (*'’Pb)
calibrations [41].

B. Event topology

To select 2Bi decays to the >'*Po ground state, we exploit
the characteristic event topology. The delayed coincidence of
a 2“Bi B decay, followed by the >'*Po « decay within the
same chain is defined as >'*BiPo. Tagging an isolated >'“Bi B
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FIG. 4. Waveform representation of a typical *'*BiPo event from measured data. The two green peaks on the left correspond to the S1
signals of 2“Bi and 2'4Po, separated by a time interval Ar. The two dark blue peaks on the right, also separated by At, are identified as the
corresponding S2 signals. The light blue peaks represent S2 signals from y emissions. Due to variations in electron drift distance, depending
on whether the y travels upward or downward, its S2 signal appears earlier or later than the 2'*Bi S2. The « decay (*'*Po) exhibits significant
recombination and quenching effects, resulting in a smaller S2 despite its higher energy compared to the preceding 8 decay. Conversely, these
effects enhance the S1 signal of the o decay. Inset panels show the S1 waveforms on an expanded timescale, highlighting their much shorter

duration compared to S2 signals.

decay is inaccessible because of its broad spectrum and the
presence of other ER background components. In contrast,
the 7.83-MeV 2!“Po «-decay [8] produces a prominent signal,
with S1 signals of order 10* PE. The large S1 arises from
the high stopping power of « particles, which create dense
electron-ion tracks where recombination suppresses the S2 but
enhances the S1 [42]. This tagging allows the determination
of the o rate by isolating and counting the o events with
negligible background. The derivation of the 2*?Rn activity in
Fig. 3, for instance, directly benefits from this tagging scheme.
For the '*Po « decays, they are especially well separated
from the nearby « peaks by approximately 1 MeV. Moreover,
the half-life of 2'*Po is 164 us [8], which is relatively short
compared to the full TPC drift time of ~2 ms and longer than
the typical S2 signal width of ~20 ys. In other words, we can
use the >'*Po « to tag the 2'*Bi decay in a *'“BiPo event with
effectively no background.

The 2'“BiPo event topology is illustrated in Fig. 4. The
event is first triggered by the 2'*Bi S1 signal and is shortly
followed by a significantly larger S1 signal from 2'“Po after
a time difference of Ar. The S2s arrive a drift time later.
The 2%Po S2 signal is suppressed as expected for an «
event. The Ar is effectively preserved by the S2s because
the « signals are localized in position: The 2'*Po « particless
travel on an order of 10 um in LXe from the preceding >'“Bi
decay.

A complication arises when considering the >'*Bi 8 decay
into excited states that subsequently produce y rays from
nuclear deexcitation. Given that the deexcitation half-life is
in the nanosecond range, the S1s of these y rays are always
merged with the S1 of the 8. However, unlike « particles,
the y rays can travel a few centimeters before interacting
with another xenon atom [43]. This shift in positions of the

interaction site results in 2'*BiPo events with more than two
S2s, as illustrated in Fig. 4. Notably, however, among all the
deexcitation y rays of the 2'*Bi B decay as illustrated in
Fig. 1, there is always one y photon with an energy at least
609 keV. We can effectively use these high-energy y decays
to tag the excited states.

C. Event selection

This analysis relies on the >'BiPo tagging algorithm, a
method that exploits the time coincidence between the *'*Bi
decay and the subsequent « decay of 2!*Po. Although 2'*BiPo
tagging is commonly employed in low-background experi-
ments [11,44,45], our implementation specifically addresses
the complexity introduced by y emissions accompanying
214Bi decays into excited nuclear states. These emissions
produce events with multiple signals, complicating straight-
forward time-based matching. To reliably pair the correct S1
and S2 signals, our algorithm compares the time differences
At between all combinatoric pairs formed by the three largest
S1 signals (to account for possible spurious signals) and up to
10 largest S2 signals. We identify events in which one S1 pair
and one S2 pair have matching At values within a tolerance
of +3 ps. Peaks from S2 signals with areas below 1500 PE,
unphysical top-bottom PMT area distributions, or inappropri-
ate timing (such as spurious pulses that occur shortly after the
main pulse and can be reconstructed as separate peaks), are
excluded from the matching procedure. We use simulations,
described in Sec. III D, to quantify the matching efficiency,
which is >91% for true ground-state events, providing valida-
tion of the matching approach.

Following the matching procedure, we apply a series
of quality selection criteria to ensure high-quality event
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reconstruction and minimize contributions from backgrounds
or poorly reconstructed signals. Events must pass the fiducial
volume constraint, defined by a vertical depth at least 5 cm
away from the top and bottom boundaries of the TPC to avoid
regions with field inhomogeneities [46]. A minimum separa-
tion of 25 us between the two primary S1 signals is required
to prevent potential merging of the corresponding S2 signals,
given a typical S2 width at 90% of the area of up to 20 ps. This
criterion results in only a modest loss of approximately 3%
of events, as shorter S1 intervals typically produce merged,
unresolved S2 signals. This requirement also eliminates the
background contribution of 2!*BiPo events originating from
the ?°Rn decay chain, with a similar topology as the 2"*BiPo
but with a half-life of 300 ns. Additional criteria based on the
o S1 signal area are employed to remove events originating
from other o decays. These selection steps reduce the dataset
to approximately 165 000 events, which include both ground-
state and excited-state decays.

The final ground-state selection step specifically isolates
214Bi decays directly to the >'*Po ground state. We require
exactly two S2 signals above 1500 PE, corresponding to the
B decay and the subsequent « decay. To suppress events with
additional y interactions, any third S2 is required to be smaller
than 10000 PE. This selection effectively excludes most
excited-state decays, which, due to selection rules, deexcite
through high energy y decays leading to clearly identifiable
additional S2 signals. Although further criteria, such as a
selection on the S2 width to remove partially merged signals,
were tested, they provided no significant improvement beyond
the initial matching procedure. This selection yields 56 965
events, corresponding to 31% of the events that passed the
quality criteria.

Using detailed simulations (described in Sec. IIID), we
evaluate the performance and purity of the selection pro-
cedure. After applying matching and quality criteria, the
requirement of precisely two S2 signals achieves a signal
acceptance of around 94% (the fraction of true ground-state
events passing the final selection) and a background rejection
of approximately 93% (the fraction of excited-state events
removed by the selection).

The fraction of excited-state events that pass the ground-
state selection criteria (approximately 20% of the total
selected events) predominantly belongs to two categories
of roughly equal proportions. The first category consists of
events in which the emitted y rays completely escape the
active detection volume. These events are reconstructed at
energies lower than genuine ground-state events, as only the
energy deposited by the B electron is observed. The sec-
ond category comprises events where y-induced signals fully
merge with the B electron signals, resulting in artificially
higher reconstructed energies due to the combined y and 8
contributions. A much smaller additional contribution arises
from internal conversion (IC): In these transitions, the y ray
is replaced by the emission of an orbital electron, followed by
Auger electrons and x-rays from atomic-shell rearrangement.
Because this energy is deposited locally, IC events do not
provide spatially separated interactions that are characteristic
of y rays and therefore offer limited separation power. The
expected IC fraction for the most relevant transitions is at the

percentage level and is fully accounted for in the GEANT4
simulation. All three contributions are included in the model-
ing of leakage events used in the comparison between data and
simulation.

D. Simulations and signal modeling

Simulations for this analysis are produced using the
XENONNT framework [47], which incorporates a full-chain
simulation from energy deposition to final event recon-
struction. Initial interactions, including both the >'*Bi and
subsequent 2l4pg decays, are simulated with Geant4 [48,49].
This step considers all relevant nuclear decay characteristics,
including the full decay scheme of 2'*Bi, associated branching
ratios, and emitted y energies. To investigate different the-
oretical models of the 2'*Bi ground-state S-decay spectrum
introduced in Fig. 2, we adjusted the input 8 energy distri-
bution provided to Geant4 accordingly, creating simulation
datasets for each considered model.

Subsequent stages of the simulation that include clustering
of deposited energies, generation and propagation of pho-
tons and electrons using detector-specific efficiency maps,
electron drifting, and waveform simulation are performed
using the fuse package [47]. These simulated waveforms
closely replicate those recorded by the data acquisition sys-
tem of the XENONNT detector, allowing for the use of an
identical processing pipeline as for the real data with the
straxen package [50].

For accurate modeling of events with energies up to
3.27 MeV, which is substantially higher than the typical range
targeted by the dark-matter search analyses (<100 keV) [51],
we extended the existing fuse framework with a specialized
simulation workflow. Two critical improvements were imple-
mented: a more physically motivated clustering algorithm for
energy depositions and a data-driven yield model specifically
tailored for high-energy electron recoils. The latter describes
the photon and electron yields per unit energy.

Clustering of energy depositions is necessary because the
data-driven yield models, such as the ones provided by NEST
[52,53], require input energies to attribute the correct amount
of photons and electrons generated by individual interactions.
Due to the incomplete understanding of the underlying micro-
physics at these scales, energy depositions must be aggregated
into physically meaningful clusters before applying the yield
model. The default clustering method used in XENONnNT [51]
groups energy depositions solely based on spatial and tempo-
ral proximity. While adequate at lower energies, this method
is inadequate in describing complex high-energy event topolo-
gies. The new framework employs a lineage clustering method
inspired by NEST, which groups interactions based on their
physical properties and interaction history. Energy depositions
from electron tracks are grouped into single clusters, except
for Bremsstrahlung photons, which form separate clusters.
Gamma interactions instead initiate new clusters for each
distinct interaction site, effectively differentiating y from S
events.

Unlike the default NEST model, which employs separate
yield models for gamma and f interactions, our approach
uses a single, unified yield model. The apparent difference
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between the two cases originates from the underlying physics:
interactions of y rays via Compton scattering lead to energy
depositions at multiple spatially separated sites, while elec-
trons typically deposit all energy in a contained interaction
cluster. Each site contributes its own cluster with energy E;,
and since the charge and light yields depend nonlinearly on
E;, the combined yield of these clusters differs from that of a
single deposition with the same total energy. In our analysis,
this distinction emerges naturally from clustering: The yield
difference between B decays and y decays is not imposed
through separate models but arises directly from the physi-
cal interaction topology when combined with the clustering
method.

We extract a new parametrization of the ER yield model
using single B-decay events, which provide well-defined
single-cluster energy depositions. For this purpose, we use
212pb decays from **°Rn calibrations together with SRO 2'“Bi
decays from this analysis, ensuring broad coverage across the
full energy range. The yield parameters are obtained by fitting
the 10-parameter NEST function [52] to the measured charge
yield, with the light yield calculated as the complementary
fraction of quanta.

We account for residual leakage of excited-state events into
the ground-state selection by comparing yields in simulation
from truth-level ground-state B-decay events with those ob-
tained when the excited-state events that passed the selection
are included. The observed difference is implemented as an
effective correction to the charge and light yield in data. Since
the leakage events concentrate above 1.8 MeV, this region is
excluded from the fit.

Figure 5 compares the resulting charge and light yield
curves with both the default NEST model at a drift field of
23 V/cm and the official XENONNT yield model used for
low-energy searches [51]. The latter, derived from ’Ar and
212pp calibrations, is in good agreement with our parametriza-
tion below 20 keV. The NEST model, although nominally
valid at the megaelectronvolt scale, is largely based on data
below 100 keV. Moreover, only limited experimental input
exists at the drift field of XENONnT (23 V/cm), making the
extrapolation in this regime uncertain and leading to clear
discrepancies in charge and light yields.

To account for the fact that the energy bias correction
described in the next section acts on the reconstructed energy
but not on S1 and S2 independently, we include in Fig. 5 a
systematic uncertainty band on our yield curves. The shaded
band reflects the propagation of the energy bias into the ex-
tracted yields, covering the systematic uncertainty introduced
by peak reconstruction and subsequent energy determination.

We validated the resulting yield model using two indepen-
dent datasets: the clean single-cluster 8 selection described
above, and the 2'*BiPo events including excited-state decays
that produce combined 8 and y topologies. These events,
with multiple interaction sites and complex clustering, pro-
vide a stringent test of the clustering and yield framework.
Although the yield parameters were derived only from clean
B decays below 1.8 MeV, the model reproduces the measured
S1 and S2 distributions at the percentage level across the
full energy range, up to the *'*Bi end point. By contrast,
simulations based on the default NEST yields and spatial
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FIG. 5. Charge yield (CY, top) and light yield (LY, bottom) as a
function of reconstructed energy, extracted from S decays of 2>Pb
(blue) and 2'Bi (black). The ER yield model (light blue) is ob-
tained by fitting the charge yield, with the light yield derived as the
complementary fraction of total quanta. The shaded band accounts
for the systematic uncertainty from the energy-bias correction. A
correction for residual excited-state leakage is applied to the data.
Grayed-out 2“Bi points above 1.8 MeV are excluded from the fit
due to y contamination. For comparison, the default NEST model
at 23 V/cm (gray) and the XENONNT low-energy yield model (red)
are shown. Statistical uncertainties are smaller than the marker size.

clustering showed discrepancies of up to 50% in S2 for 8 + y
events above a few hundred kiloelectronvolts. The agreement
obtained here therefore supports the changes in both the clus-
tering method and the yield parametrization: Reproducing
multicluster topologies at high energy is only possible if both
components are accurate.

The clustering procedure and yield parametrization intro-
duced above are designed specifically to achieve accurate
reproduction of the individual S1 and S2 distributions be-
tween data and simulations. They do not directly guarantee
agreement in the reconstructed energy spectra, which is in-
stead addressed in the following section through dedicated
corrections.
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E. Energy bias correction

To ensure consistent energy reconstruction across simu-
lations and the three experimental datasets (SRO, SR1, and
SR1 ?22Rn), we derive dataset-specific energy-dependent bias
corrections, addressing known effects described in previous
XENONNT analyses [51]. These biases affect both the S1
and S2 signals, primarily arising from electronic noise, PMT
response effects, afterpulses, photoionization, and threshold
effects from the data acquisition system and ancillary software
thresholds.

To accurately compare true energies, we first reconstruct
the energy for each event as

cS1 @), 3)

Erec =W. <_ +
81 82

where W = 13.7 eV [54] is the average energy required to
produce one quantum (photon or electron) in liquid xenon,
cS1 and cS2 are the corrected S1 and S2 signals, and g; and
g» are detector-specific calibration constants determined from
the data [S1]. In this analysis, we use the following values
that were determined in earlier XENONNT analyses. For SRO
we adopt g; = 0.151 PE/photon and g, = 16.5 PE/electron
[51]; for SR1, we use g; = 0.1367 PE/photon and g, = 16.9
PE/electron [2].

Following the procedure described in Ref. [51], we then
define an empirical energy correction for each dataset by mea-
suring the bias using monoenergetic peaks from background
and calibration sources. For each peak, the bias is calculated
using AE = (Eec — Eyye) and fitted with an arctan function:

AE
F(Ewe) =

TeC

x 100 = A - arctan(kEec) + ¢, @)

where A, k, and c are free fit parameters.

We use monoenergetic lines from 3’ Ar (2.8 keV), 83" Kr
41.5keV), "mXe (163.9keV), 'P"Xe (236.1 keV),
electron-positron annihilation (511 keV), ®Co (1173.2 keV
and 1332.5keV), and y rays from external' 2'“Bi
(1764.5 keV), and 2°®T1 (2614.5 keV). For SR1, the 3’ Ar line
originates from an accidental injection of commercial-grade
xenon into the detector before the start of SR1. The *’Ar
was removed using cryogenic distillation before the **’Rn
calibration, so no ¥’ Ar datapoint is available in the SR1 >*’Rn
dataset. For simulations, monoenergetic y rays and electrons
at different energies were uniformly simulated throughout the
detector volume.

Figure 6 shows the fitted bias curves for each dataset,
exhibiting clear differences: SRO is calibrated such that ¥’ Ar
has zero bias by construction, while SR1 shows systematically
lower biases, becoming negative at low energies. The SR1
222Rn calibration data display higher biases at higher ener-
gies. We attribute the overall offset of the curves mainly to
different choices in the g; and g, determination procedure,

'External 2'*Bi refers to the 2'“Bi produced in the uranium decay
chain within the construction materials. In this case, only the y ray
can reach the TPC, while the accompanying electron is absorbed
before entering the detector and remains undetected.
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FIG. 6. Energy bias as a function of reconstructed energy for
SRO (black), SR1 (cyan), and SR1 **?Rn calibration data (red), as
well as SRO simulations (blue dashed). The data points correspond to
monoenergetic calibration peaks at known energies. The uncertain-
ties on each point correspond to the uncertainty in the mean obtained
from the Gaussian fit to the energy distribution of the selected peaks.
Bias values are fitted with an arctangent function, and shaded bands
indicate the 1o and 20 confidence intervals of the fit. Uncertainty
bands for the ?’Rn dataset are omitted for clarity.

while the increase in amplitude with energy is governed by
detector conditions such as the higher event rate during cali-
brations and photoionization, where absorbed photons release
additional delayed electrons. Because no 3’ Ar anchor point
is available in the SR1 222Rn dataset, the fit was performed
under constraints to prevent unphysical divergence. For this
reason, we do not show the uncertainty band for this dataset
in Fig. 6, as the unconstrained errors would be unrealistically
large. This choice does not affect the analysis: The lowest
energy bin used in the spectrum study is at 65 keV, well above
the missing >’ Ar line.

The best-fit parameters for each dataset are reported in the
Appendix.

IV. RESULTS

A. Models to data comparison

In this analysis, the event selection is rendered effectively
free of background contamination as a result of the 2*BiPo
identification algorithm. The primary remaining background
arises from y leakage from excited-state decays into the
ground-state selection. Since this leakage is accurately mod-
eled by our simulations, which incorporate well-measured y
emissions from 2'“Bi, we can compare data directly to full-
chain simulations.

We combine data from the three experimental datasets:
SRO (7708 events), SR1 (5542 events), and the SR1 **’Rn
(37 835 events). The consistency of the ratio between quality-
selected and ground-state-selected events across these datasets
(~30%) allows combining them into a single dataset. The
energies of each dataset have been individually corrected for
the energy bias described in Sec. IIIE.
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FIG. 7. Detailed comparison of the measured energy spectrum of 2“Bi ground-state data with simulations. Left panel: Data compared
with the allowed model (filled histogram), including the true ground-state and excited-state contributions. The SNME1 and sNME?2 theoretical
spectra are shown as thin lines for reference. Right panel: Comparison with the CVC spectrum (filled histogram). The normalized residuals
with respect to the allowed (left) and CVC (right) spectra are displayed in the bottom panels, along with the corresponding reduced chi-squared

(x?/ndf) and p values.

Figure 7 presents the combined dataset in comparison with
four simulation sets corresponding to the different theoret-
ical B-decay spectra: Allowed, CVC, sNMEI, and sNME?2.
The simulated spectra are normalized to match the total
number of events observed in data; this normalization in-
volves no free fitting parameters, ensuring a robust, unbiased
comparison of spectral shapes. Statistical and systematic un-
certainties are included in the simulations, as discussed in
Sec. IV B, whereas the data points represent purely statistical
uncertainties.

The sNME1 and sNME2 models exhibit significant dis-
crepancies from the measured spectrum and are excluded
from further consideration. The allowed model shows a clear
energy-dependent deviation visible in the residuals (bottom
panel), indicating a systematic mismatch. On the other hand,
the CVC spectrum provides an excellent description of the
data, with a high p value larger than 0.05 and no evident
residual energy trend. This comparison strongly favors the
CVC spectrum as the most accurate theoretical description of
our data.

B. Systematic uncertainties

We address potential systematic uncertainties arising from
mismatches between simulation and data, particularly those
with energy-dependent effects. We identify and evaluate three
primary sources of uncertainty.

First, we consider uncertainties due to y-event leakage into
the B selection. While waveform properties like the S1/52
amplitudes and signal widths are well matched between sim-
ulations and data, slight mismatches could still affect the
fraction of excited-state events leaking into the ground-state
selection. To account for this, we apply a 1% variation to
the total number of leakage events. This choice is motivated

by the observed stability (within 1%) of the ratio of selected
ground-state events to all quality-selected events across mul-
tiple datasets.

Second, we examine uncertainties related to the energy
scale of excited-state events. While y energies are well known
from precise nuclear spectroscopy, the associated 8 spectra
are more difficult to measure and model. To assess the sta-
bility of the result, we apply an effective 5% energy shift
to all excited-state events. This corresponds to approximately
150 keV at the B end point, compatible with the spectral shifts
observed in the ground-state spectrum studied in this work.
The effect on the reconstructed spectrum is limited by the
relatively small contribution of excited-state events and the
dominant role of the well-measured y energies.

Finally, we evaluate the overall energy scale uncertainty.
The reconstructed energy is corrected using energy-bias
curves derived from calibration peaks, for which the fitted
peak positions have uncertainties below 0.25%. To account
for possible residual effects, we apply a conservative 0.5%
global energy shift. At the S end point, this corresponds
to a less than 20 keV shift, which is smaller than the bin
widths.

These three sources of uncertainty were combined by
evaluating their impact on the simulated energy spectrum
in each energy bin. The resulting variations were added
in quadrature and incorporated as an additional uncertainty
on the simulated prediction, on top of the statistical un-
certainties from data. The combined systematic uncertainty
remains below 1% across the entire energy range and
is subdominant to the statistical error. In the high-energy
tail, where event statistics are low, systematic and statis-
tical effects become correlated, but statistical uncertainties
dominate.
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V. CONCLUSION AND OUTLOOK

We presented a measurement of the energy spectrum
of the 2'“Bi B decay to the ground state of '*Po using
data from the XENONnT experiment. The event selection
employs a dedicated 2'*BiPo tagging technique, combining
background data with a 2>*Rn calibration campaign. By de-
veloping an improved high-energy simulation pipeline, we
successfully modeled ER signals up to 3.27 MeV, well be-
yond the low-energy range defined for WIMP searches. Our
analysis strongly favors the theoretical spectrum calculated
under the CVC hypothesis, significantly rejecting the allowed
approximation and alternative nuclear models. These results
demonstrate the capability of dual-phase xenon detectors to
perform high-precision 8 spectroscopy, providing valuable
validations for theoretical predictions and reinforcing their po-
tential for probing nuclear processes relevant to fundamental
physics and astrophysics.
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APPENDIX A: YIELDS PARAMETERS

We summarize the best-fit parameters for the ER yield
model obtained from fitting 2'>Pb and 2'*Bi calibration data
in XENONNT. The model defines the charge yield as

Qy(E, 5) =m1(5) + T ml(mf()g) my
()]
ms(E)

+ ms(&) —

(AD)

mgymo(€)°
E

where E is the energy of the interaction and & is the elec-
tric field. The parameters m;—m,( are described in detail in

Ref. [53].
Our best-fit values, reported in Table I, differ
notably from the default NEST values, particularly

myp), highlight-
recalibration for
XENONNT.

in the high-energy region (ms, msg,
ing the need for a data-driven
accurate high-energy ER modeling in

TABLE I. Fit results for the NEST ER yield model parameters.

Parameter Description Fit value NEST Default (23 V/cm)
m Stitching-region yield 5.00 £ 0.24 7.10

nmy Low-energy asymptote 83 + 3 71.3

ms Thomas-Imel shape control 2.00 £ 0.06 0.716

my Low-energy shape control 0.77 £ 0.03 1.83

ms High-energy asymptote 293 £ 0.7 48.6

my High-energy scaling 1254 £ 2.2 94.4

mg High-energy shape control 2.21 £ 0.08 4.29

oy Low-energy asymmetry control 1.072 £ 0.006 0.334

myo High-energy asymmetry control 0.29 + 0.09 0.066
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TABLE II. Energy bias fit results.

Dataset A k c

SRO 230 + 0.12  0.0095 £+ 0.0013 —0.2 + 02
SR1 1.70 £ 0.09  0.018 £ 0.003 —1.56 + 0.13
SR1 ?*Rn 34+7 0.01 £ 0.03 -2+ 12

Simulations  1.56 &+ 0.07  0.018 + 0.002  —0.79 + 0.12

APPENDIX B: ENERGY BIAS FIT RESULTS

In Table II we report the parameters obtained from the
fits of the energy bias function described in Sec. IIIE. The
function and the parameters are introduced in Eq. (4). The
reported best-fit values can be used to reproduce the bias
correction curves shown in Fig. 6 for SR0, SR1, SR1 222Rn,
and the SRO simulation dataset.
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