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Main Motivation:
Discover Weakly Interacting 
Massive Particles (WIMPs)

Other studies:
Coherent Elastic Neutrino-Nucleus 
Scattering (CE NS), , Solar 
Axions and ALPs, Supernovae…

ν 0νββ

How we do it:
•Very low backgrounds through 
active and passive shielding, 
volume fiducialization.
•Robust tools to correct detector 
effects and look for very small 
signals. 
•Perform a blind analysis.
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The XENON Collaboration
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The XENON Collaboration
XENON program timeline

Lowest ER background level ever 
achieved in a LXe based experiment

2006
58.6 livedays
BG: 600 / (t.d.keV)

XENON100
160 kg LXe

XENON1T
3200 kg LXe

XENONnT
8600 kg LXe

2008
477 livedays
BG: 5.3 / (t.d.keV)

2015
279 livedays
BG: 0.2 / (t.d.keV)

2020
300+ livedays 
(ongoing)
BG: 0.04 / (t.d.keV)

XENON10
25 kg LXe
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1Dual Phase Xenon Time 
Projection Chamber (TPC)


 with 5.9ton active 
volume.


Eur. Phy. J. C 85 (2024) 784

4

The XENONnT Experiment
 LNGS, Italy 3600 m.w.e rock 

shielding

HALL B

3 Nested Detectors

Sharing the same DAQ

1

3
2

3Active Gd-water 
Cherenkov Muon Veto: 

muon-induced neutrons 


2014 JINST 9 P11006

Active Gd-water 
Cherenkov Neutron Veto: 


radiogenic neutrons 

Eur. Phy. J. C 85 (2025) 6952

https://link.springer.com/article/10.1140/epjc/s10052-024-12982-5
https://iopscience.iop.org/article/10.1088/1748-0221/9/11/P11006
https://link.springer.com/article/10.1140/epjc/s10052-025-14105-0
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Dual Phase TPC: Working Principle

High LXe purity: average electron lifetime ~20 ms

2.9 kV/cm

23 V/cm

• Particle interactions in LXe create both 
prompt scintillation (S1) and delayed 
ionization signals. 

• Ionization electrons are drifted upwards by 
a drift field and extracted into the gas 
phase by a stronger extraction field, 
leading to electroluminescent light (S2).

• Signals collected in the top and bottom 
PMT arrays.
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Dual Phase TPC: Working Principle

High LXe purity: average electron lifetime ~20 ms

2.9 kV/cm

23 V/cm

Energy Reconstruction:
Combined S1 and S2 area, 

calibrated with known sources

3D Position Reconstruction:
(x, y) : S2 hit pattern

z :  drift timee−

• Particle interactions in LXe create both 
prompt scintillation (S1) and delayed 
ionization signals. 

• Ionization electrons are drifted upwards by 
a drift field and extracted into the gas 
phase by a stronger extraction field, 
leading to electroluminescent light (S2).

• Signals collected in the top and bottom 
PMT arrays.
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LXe Purification

Removes electronegative 

impurities. 

Eur. Phys. J. C (2022) 82: 860

nT DAQ

Triggerless DAQ. 

Shared between three 

detectors.

2023 JINST 18 P07054

Kr Distillation

[natKr/Xe] < 50 ppq

Eur. Phys. J. C 77, 275 (2017)

Rn Distillation
Eur. Phys. J. C (2022) 82: 1104, arXiv:2502.04209

Continuous online distillation.

[222Rn] (SR0): 𝟏. 𝟗 𝛍𝐁𝐪/𝐤𝐠

[222Rn] (SR1): 𝟎. 𝟗 𝛍𝐁𝐪/𝐤𝐠

Lorenzo Principe - XENONnT Latest Results @ SUSY 2025 8

XENONnT Infrastructure

TPC

Photo of XENON1T
Credit: XENON Collaboration

Outside the Service 
Building

ReStoX

Fast xenon recovery system and storage, preserving purity.

Eur. Phys. J. C 84, 784 (2024)

XENONnT Infrastructure 

Phys.Rev.X 15,031079

https://journals.aps.org/prx/abstract/10.1103/zc1w-88p6
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Recoil Type Calibration: ER or NR

Nuclear Recoils (NR)

Electronic Recoils (ER)

            | Gamma & Beta

            | Neutrino elastic scattering.

            | Solar axions, ALPs.

            | Neutrinos (CEvNS)

            | WIMPs

            | Neutrons

N
R

ER

Signal Background

            | 136Xe , .0𝑣𝛽𝛽 2𝑣𝛽𝛽
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Recoil Type Calibration: ER or NR

Nuclear Recoils (NR)

Electronic Recoils (ER)

            | Gamma & Beta

            | Neutrino elastic scattering.

            | Solar axions, ALPs.

            | Neutrinos (CEvNS)

            | WIMPs

            | Neutrons

N
R

ER

Signal Background

            | 136Xe , .0𝑣𝛽𝛽 2𝑣𝛽𝛽

Discriminated via different S2/S1 ratio

220Rn: ER band

AmBe: NR band

37Ar: ER low 
energy

Phys. Rev. Lett. 131, 041003

Other 
Calibrations

TPC 
characterization 

and signal 
correction.

High energy 
response.

Low energy NR 
response.

arXiv:2412.10451 
[physics.ins-det]

83mKr

232Th

YBe

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003
https://arxiv.org/abs/2412.10451
https://arxiv.org/abs/2412.10451
https://arxiv.org/abs/2412.10451
https://arxiv.org/abs/2412.10451
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SR0
95.1 days

SR1a
66.6 days

SR1b
119.9 days

๏ Updated neutron background model 
๏ Rest of the analysis unchanged

๏ Higher ER rate from accidental mixture 
of Kr-rich gas: high rate of 85Kr and 37Ar 

๏ 3H-like background: rate unconstrained 
๏ Smaller FV to reduce surface 

background

๏ ER rate back to SR0 levels 
๏ 3H-like components remains 
๏ Smaller FV to reduce surface 

background

Accidental small 
injection of Kr-rich gas

Distillation during SR1a brought background down

(Includes Kr)
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SR0+1: WIMP Search Datasets

SR0

95.1 days


[July - November 2021]

SR1a

66.6 days


[May - December 2022]

SR1b

119.9 days


[December 2022 - August 2023]

• Updated neutron background 
model with respect to SR0-only


• Rest of the analysis unchanged

• High ER rate from 85Kr and 37Ar

• 3H-like background: rate left 

unconstrained

• Smaller fiducial volume to 

reduce surface background

• ER rate back to SR0 levels

• 3H-like component remains

• Smaller fiducial volume
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SR0+1: WIMP Search Datasets

SR0

95.1 days


[July - November 2021]

SR1a

66.6 days


[May - December 2022]

SR1b

119.9 days


[December 2022 - August 2023]

• Updated neutron background 
model with respect to SR0-only


• Rest of the analysis unchanged

• High ER rate from 85Kr and 37Ar

• 3H-like background: rate left 

unconstrained

• Smaller fiducial volume to 

reduce surface background

• ER rate back to SR0 levels

• 3H-like component remains

• Smaller fiducial volume

1 month of cryogenic distillation

Accidental injection of Kr-rich Xe gas
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Region Of Interest (ROI) : 
cS1 < 100 PE
cS2 ∈ [102.1,104.1] PE

SR0+1: WIMP Search EfficienciesMaxime Pierre  
maxime.pierre@nikhef.nl

TAUP 2025
SR0+1: WIMP Search Efficiencies 9

SR1b

SR1a
SR0

๏ Detection: dominated by 3-fold requirement (3 PMTs to be in coincidence)

๏ Event building: whether an event is successfully reconstructed 

๏ Selection: efficiency due to cut acceptance
cS1 < 100 PE

Region of Interest (ROI)

cS2 ∈ [102.1, 104.1] PE

Peak reconstruction
• Efficiency in detecting and 

reconstructing S1 and S2 peaks

• dominated by 3-fold requirement 
(3 PMTs to be in coincidence) 

Event building & selection
• Efficiency in successfully pairing 

S1s and S2s 

• efficiency due to cut acceptance 

arXiv:2502.18005

https://arxiv.org/abs/2502.18005
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Maxime Pierre  
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10SR0+1: WIMP Search Unblinding

๏ Unbinned likelihood: separate terms for SR0, 
SR1a, and SR1b and near and far-wire regions

Blind analysis with 3.1 tonne x year exposure

๏ Two steps unblinding in SR1 to identify ER leakage: 
➡ Small region above NR median and E > 5 keVER 
➡ Followed by full unblinding

No excess over background observed

Blind analysis with 3.1 ton x year exposure

• Unbinned likelihood: separate terms for 
SR0, SR1a and SR1b

• Shadowed dark (light) regions:  ( ) 
background probability density 
distributions.

1σ 2σ

No excess over background observed

SR0+1: WIMP Search Results

arXiv:2502.18005

https://arxiv.org/abs/2502.18005
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SR0+1: WIMP Search Results
Blind analysis with 3.1 ton x year exposure

Maxime Pierre  
maxime.pierre@nikhef.nl

TAUP 2025
12

New limits on WIMP-nucleon 
cross-section. Improvement 

from SR0 by a factor ~1.5

Most stringent limit :  
1.7 x 10-47 cm2 @ 90% CL for 

WIMP mass of 30 GeV/c2

SR0+1: WIMP Search Results
arXiv:2502.18005

New limits set on WIMP-nucleon cross 
section. 

Improvement from SR0 by a factor of ∼ 1.5

Most stringent limit: 

 at 90% C.L. 
for WIMP mass of 
1.7 × 10−47 cm2

30 GeV/c2

Results consistent with other experiments

arXiv:2502.18005

https://arxiv.org/abs/2502.18005
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First step within the neutrino fog

Lorenzo Principe - XENONnT Latest Results @ SUSY 2025 15

Searching through the fog

8B

Introducing CEνNS: 
Coherent Elastic neutrino-Nucleus Scattering

Plot made using Ciaran O'Hare’s code: github.com/cajohare/DirectDetectionPlots.git

Zν

8B spectrum almost identical to 
that of a 5.5 GeV/c2 WIMP

Phys.Rev.D 108 (2023) 2, 022007, arXiv:2304.06142

Ciaran O'Hare

Solar neutrinos from 8B are expected to have the 
highest number of detectable signals in XENONnT

Phys.Rev.D 108 (2023) 2, 022007

In principle, a careful modulation analysis could
resolve the phase difference between WIMP recoils
(peak in June 1st [17]) and CEνNS from solar neutrinos
(peak at perihelion date around January 3rd), but this
method requires plentiful statistics and is beyond the
scope of this work. Directional information of the detected
nuclear recoils could be another handle to discriminate
between the two signals, but momentum reconstruction
has not been demonstrated in any LXe experiment up
to date.
As liquid xenon dark matter experiments inevitably

march into the solar 8B neutrino territory, it is crucial
to quantify the common underlying nuclear recoil light
yield (Ly) and charge yield (Qy) at energies relevant for
observing 8B neutrinos. This paper focuses on demonstrat-
ing a method to quantify the low-energy Ly and Qy

uncertainties, exploring their scientific impacts for a
generic LXe dark matter experiment in the presence of
8B neutrinos. This paper is organized as follows: Sec. II
reviews the published nuclear recoil calibration data on Ly

and Qy in LXe, and describes the method we adopt to
quantify the low-energy yield uncertainties. Section III
demonstrates the impact of the yield uncertainties on
physics searches of 8B neutrino and low-mass dark
matter using a hypothetical LXe detector. Unless stated
otherwise, the simulation work presented in this paper
assumes a detector with the same performance as
that predicted for LZ described in [14]. Section IV dis-
cusses possible strategies to mitigate this source of uncer-
tainty. Finally, Sec. V summarizes the main results of
this paper.

II. MODELING LOW-ENERGY YIELDS

The scintillation and ionization mechanisms of LXe are
governed by complex micro-physics that cannot be
accurately derived from first principles only. The Lindhard
theory [18] has been used to estimate the magnitude and
fluctuation of LXe’s response to NRs. While this theory
works well for recoil energies above Oð10 keVnrÞ,
deviation from the theory has been observed in a number
of measurements in various target materials at low recoil
energies. In this work we rely on existing nuclear recoil
calibration data in the low energy region and develop a
procedure to quantify the uncertainties of the yields.

A. Selection of published data

The noble element simulation technique (NEST) is a
widely used package to model the Ly and Qy responses of
xenon to energy depositions within the noble liquid
community [19]. Multiple experiments have reported Ly

and Qy calibration results in the energy region of interest
for this analysis (below 3.7 keVnr) [20–24], which are
shown alongside the default NEST yield model v2.1 in
Fig 3. These Ly and Qy results are obtained with neutrons
elastically scattering off xenon nuclei. Because current LXe
dark matter detectors all operate at drift fields in the range
of 100 to 500 V=cm, we leave out the ZEPLIN-III results
which were measured at 3.4 kV=cm. The LUX Run3 Qy

data is included in this analysis, but it is found to make a
minimal impact on the final results due to its relatively large
uncertainty values.
Among the remaining calibration data, the Qy values

measured at the Lawrence Livermore National Laboratory
(LLNL) using a drift field of 220 V=cm [24] and those
measured in LUX Run4 using a field of 400 V=cm [21,22]
both reached the sub-keV energy scale (down to
∼0.3 keVnr). These two results are consistent with each
other with the LLNL data reporting smaller systematic
uncertainty values. The data points shown in Fig. 3 have
vertical error bars calculated as the sum of the statistical and
the systematical uncertainties in quadrature. Since the Qy

data trend exhibits a steep slope below 1 keVnr, an additional
Qy uncertainty is added to the lowest points at ∼0.3 keVnr

and ∼0.5 keVnr to account for recoil energy uncertainties
(δEr): δQy ¼ sδEr, where s ¼ 0.6 electrons=keV2

nr is an
estimate of the slope.
For Ly, only the two calibration datasets from LUX are

selected and their uncertainties are treated as independent.
The LLNL experiment did not use reflectors to enhance
light collection and thus did not report a simultaneous Ly

measurement. Similar to the treatment of Qy, the Ly error
bars in Fig. 3 include statistical and systematical uncer-
tainties summed in quadrature. Because the Ly values are
relatively insensitive to NR energy, we do not include
energy uncertainties in the Ly error bars.

FIG. 2. The CEνNS energy spectrum for all neutrino back-
grounds that are relevant to for LXe dark matter experiments. The
dashed and dotted spectra are 6 GeV (4 × 10−45 cm2) and
100 GeV (3 × 10−49 cm2) WIMPs whose spectrum shapes
degenerate with those of 8B and atmospheric neutrinos. The gray
area corresponds to an energy region that produces 0 observable
quanta (photons and electrons) according to the NEST NR yield
model. The 1σ uncertainties associated with each neutrino source
(transparent color bands) are the neutrino flux uncertainties.

NUCLEAR RECOIL RESPONSE OF LIQUID XENON AND ITS … PHYS. REV. D 108, 022007 (2023)

022007-3

Solar 8B spectrum almost identical 
to that of a  WIMP 5.5 GeV/c2

Coherent Elastic -Nucleus Scatteringν
ν

ν

https://github.com/cajohare/DirectDetectionPlots
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.022007


PRL 133, 191002
17

Total of 3.51 ton x year exposure

Observed 8B CE NS at a significance of 
First indication of CE NS from 

astrophysical neutrinos and in Xenon

ν 2.73σ
ν

SR0+1: CE NS Searchν

• From 3-fold to 2-fold coincidence requirement 
• Accidental Coincidence as major background

3-fold analysis

This analysis (2-fold)

~x17 times

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
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Measured 8B flux: . 

In agreement with other measurements.
(4.7+3.6

−2.7) × 106 𝑐𝑚−2𝑠−1

Fix the flux, and calculate cross section.

Flux weighted CE NS cross-section 
in agreement with Standard Model.

ν

SR0+1: CE NS Search Resultsν

PRL 133, 191002

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
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XENONnT : the smallest solar neutrino detector



SR0+1: Low-mass WIMP Search

20

No excess over background observed

• Same dataset and analysis 
framework for CE NS search is used

• Here 8B CE NS becomes a 
background

ν
ν

New parameter space excluded

First search into the neutrino fog
Lorenzo Principe - XENONnT Latest Results @ SUSY 2025 18

XENONnT Low-Mass WIMP search
arXiv:2409.17868

• Same dataset and analysis framework as for 
CEvNS

• 8B CEvNS becomes a background

• First search into the neutrino fog

No significant excess observed

PRL 134, 111802 (2025)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.111802
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Summary and Outlook

SR0+SR1: Results

WIMP
arXiv:2502.18005 

Most stringent limit set at 
 at 90% C.L. 

for WIMP mass of 
1.7 × 10−47 cm2

30 GeV/c2

No excess observed

First observation of 
astrophysical neutrinos via 

CE NS in Xenonν

Observed at 2.73σ8B CE NSν
PRL 133, 191002

Low-mass 

WIMP First dark matter search in the 

neutrino fog

No excess observed

PRL 134, 111802

Future results

SR0+SR1
Broad physics program with 

more results to come

(Solar-pp, …)2ν /0νββ

SR2
• Data taking now concluded

• Gd-doping in n-Veto for improved 

tagging efficiency 

• Ongoing analysis (more DM and 

neutrino results coming soon)

∼ 77 %

Future perspective
Xenon-Lux Zeplin-Darwin 

collaboration established to 
build the next generation LXe 

Observatory down to the 
neutrino fog

High-Energy
arXiv:2510.04846

ER signals modeled 
up to 3.27 MeV

beyond the WIMP energy range

https://arxiv.org/abs/2502.18005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.111802
https://arxiv.org/pdf/2510.04846
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XENON Website: https://xenonexperiment.org/

https://xenonexperiment.org/
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Backup Slides
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XENONnT: Science Data
• Science data divided into various Science 

Runs (SR). Exposure for science searches 
up to ~320 days.

• Very stable detector conditions: <1%
(<3%) variation in Light (Charge) Yield.

SR0 SR1

SR1a SR1b
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SR0 SR0

SR0 SR0
Surface: 
๏ 210Pb β-decay from PTFE 

walls due to plate-out effect 
๏ Suppressed by fiducial 

volume (FV) selection 
๏ Data-driven constrain 

validated outside FV

Electronic Recoils: 
๏ 214Pb, 85Kr β-decays, 124Xe 

2!ECEC, solar !-e- scatter 

๏ Shape constrained with 
220Rn calibration 

๏ Rate constrained by fit to 
reconstructed spectrum in 
[20, 140] keVER

Nuclear Recoils: 
๏ Radiogenic neutrons from 

materials, suppressed by NV 
tagging and multi-scatter (MS) 
rejection and constrained by 
sideband of MS and single-
scatter events tagged by NV 

๏ CEvNS, constrained by 
neutrino flux and uncertainties 
on NR emission model

Accidental Coincidence: 
๏ Accidental pairing of isolated 

S1-S2, removed by dedicated 
machine learning based cuts 

๏ Data-driven modeling, 
validated with sideband 
unblinding

Phys. Rev. D 111 (2025) 103040

WIMP Background Model
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Recap : SR0 WIMP Results 
Phys. Rev. Lett. 131, 041003

Fit to unblinded data

Exposure: 1.09ty

No significant excess observed.

Best exclusion limit of  at 
PCL to median sensitivity to avoid spurious limits

𝟐 . 𝟔 × 𝟏𝟎−𝟒𝟕𝒄𝒎𝟐 28𝐺𝑒𝑉 /𝑐2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041003


Phys. Rev. Lett. 133, 191002


8B CEvNS Signal Acceptance 
for the search.

S2 threshold also has to be reduced, 
but should be high enough to reject 

high isolated S2 rate.

8B CEvNS rate is too small for 
detection with classical 3-fold analysis 
(requiring 3 PMT coincidence; 3 hits).

S1 ROI: 2 or 3 PMT 
coincidence.

C
on

ve
nt

io
na

l 3
-fo

ld
 

th
re

sh
ol

d
S2 ROI: 150 – 500 PE.

3-fold analysis

This analysis (2-fold)

Lowering the threshold

27

~x17 
times

SR0+1: CEvNS Search

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
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YBe Calibration: Low Energy NR Response
• 152 keV neutrons produced by 

photodisintegration of 9Be due to  from 
88Y show similar recoil energy spectrum in 
TPC as 8B CEvNS.

• Good matching with model. Fit the NEST 
model with the 88YBe data to predict the light 
and charge yield in the 8B CEvNS energy 
range at the XENONnT drift field (23 V/cm).

𝜸

arXiv:2412.10451 [physics.ins-det]

https://arxiv.org/abs/2412.10451
https://arxiv.org/abs/2412.10451
https://arxiv.org/abs/2412.10451


SR0+1: CEvNS Search

• ACs are accidental pairings of Isolated S1 and 
Isolated S2 signals. Major background near threshold.

• AC rate before mitigation:
➢ Isolated S1 rate: ~15 Hz
➢ Isolated S2 rate: ~150mHz
➢ Raw AC rate: ~400 events/day

Accidental Coincidence Background (AC)

Time 

Not Detected
Isolated S2

Time 

Not DetectedIsolated S1

Accidentally paired Reconstructed as 
AC event

Event 2

Event 1

Time 

29

Phys. Rev. Lett. 133, 191002

• Mitigated using analysis cuts based on time and space 
information of peaks following a high energy peak.

Expected AC Events after Mitigation:

SR0:   | SR1: 7.5  ± 0.7 17.8  ± 1.0

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
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31School of Science and Engineering, The Chinese University of
Hong Kong (Shenzhen), Shenzhen, Guangdong, 518172, P.R. China

(Dated: October 7, 2025)

We report the measurement of the 214Bi beta-decay spectrum to the ground state of 214Po using
the XENONnT detector. This decay is classified as first-forbidden non-unique, for which theoret-
ical predictions require detailed nuclear structure modeling. A dedicated identification algorithm
isolates a high-purity sample of ground-state beta-decays, explicitly excluding events with associ-
ated gamma-rays emission. By comparing the measured spectrum, which covers energies up to
3.27MeV, with several nuclear models, we find that the prediction based on the conserved vector
current (CVC) hypothesis provides the best description of the data. Using this dataset, we addition-
ally derive charge and light yield curves for electronic recoils, extending detector response modeling
up to the MeV scale.

Keywords: beta-decay, nuclear physics, xenon, dark matter

I. INTRODUCTION

Rare-event searches require a precise characterization
of backgrounds in the signal region of interest. An ubiq-
uitous source arises from radon, which emanates from
detector materials containing trace amounts of uranium
and thorium. Radon progeny undergoing beta-decay [1]
constitute a major background, with 214Pb and 214Bi de-
cays being key contributors in Weakly Interacting Mas-
sive Particle (WIMP) dark matter searches [2–4] and neu-
trinoless double beta-decay searches [5–7].
This study focuses on the 214Bi beta-decay spectral

shape, whose decay scheme is shown in Fig. 1. The
isotope 214Bi has a half-life of 19.9min, a Q-value of
3.27MeV, and a beta-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

excited states. The subsequent de-excitation leads to
complex gamma emission patterns. Theoretically, the
multitude of accessible decay modes complicates the eval-
uation of the beta spectrum, as calculations must account
for a broad spectrum of nuclear transitions. Understand-
ing the nuclear structure of isotopes like 214Bi 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 pro-
ducing elements heavier than iron.
Experimentally, having combined beta and gamma sig-

nals poses challenges in accurately measuring their indi-
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FIG. 1. Decay scheme of 214Bi to 214Po and subsequently
to 210Pb. The diagram shows beta-decays from 214Bi (left)
either directly to the ground state (g.s.) or via excited states
of 214Po (center). Approximately 80 excited nuclear states
are accessible during the decay (symbolically represented).
All these excited states de-excite via gamma-decays emissions
(red arrows), always including at least one transition greater
than 609 keV. The final step is the alpha-decay of 214Po (black
arrow) directly to the stable ground state of 210Pb (right).

vidual contributions. However, a well-understood 214Bi
beta-spectrum would allow for a continuous detector cal-
ibration up to the beta-endpoint at 3.27MeV, which is
not possible with any other calibration sources.

In this study, we report a dedicated analysis in de-
termining the 214Bi ground-state spectrum using data
from the XENONnT experiment [10]. Compared to the
214Bi spectrum reconstruction by the NEMO experiment
[11, 12], the XENONnT detector has several advantages,
including having an ultra-low background and an in-situ
222Rn calibration. As the full 222Rn decay process is
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cal range targeted by the dark matter search analyses
(<100 keV) [48], we extended the existing fuse frame-
work with a specialized simulation workflow. Two critical
improvements were implemented: a more physically mo-
tivated 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 [49, 50], require input energies to attribute the
correct amount of photons and electrons generated by in-
dividual interactions. Due to the incomplete understand-
ing of the underlying microphysics at these scales, energy
depositions must be aggregated into physically meaning-
ful clusters before applying the yield model. The default
clustering method used in XENONnT [48] groups energy
depositions solely based on spatial and temporal prox-
imity. While adequate at lower energies, this method
is inadequate in describing complex high-energy event
topologies. The new framework employs a lineage clus-
tering method inspired by NEST, which groups inter-
actions based on their physical properties and interac-
tion history. Energy depositions from electron tracks are
grouped into single clusters, except for Bremsstrahlung
photons, which form separate clusters. Gamma interac-
tions instead initiate new clusters for each distinct inter-
action site, e↵ectively di↵erentiating gamma from beta
events.

Unlike the default NEST model, which employs sepa-
rate yield models for gamma and beta interactions, our
approach uses a single, unified yield model. The apparent
di↵erence between the two cases originates from the un-
derlying physics: gamma-rays can interact via Compton
scattering and therefore deposit their energy at multi-
ple spatially separated sites, while electrons typically de-
posit all energy in a contained interaction cluster. Each
site contributes its own cluster with energy Ei, and since
the charge and light yields depend non-linearly on Ei, the
combined yield of these clusters di↵ers from that of a sin-
gle deposition with the same total energy. In our analysis,
this distinction emerges naturally from clustering: the
yield di↵erence between beta-decays and gamma-decays
is not imposed through separate models, but arises di-
rectly from the physical interaction topology when com-
bined with the clustering method.

We extract a new parametrisation of the ER yield
model using single beta-decay events, which provide well-
defined single-cluster energy depositions. For this pur-
pose, we use 212Pb decays from 220Rn calibrations to-
gether with SR0 214Bi decays from this analysis, ensuring
broad coverage across the full energy range. The yield pa-
rameters are obtained by fitting the ten-parameter NEST
function [49] 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 beta-decay

FIG. 5. Charge yield (CY, top) and light yield (LY, bot-
tom) as a function of reconstructed energy, extracted from
beta-decays of 212Pb (blue) and 214Bi (black). The ER yield
model (light blue) is obtained by fitting the charge yield, with
the light yield derived as the complementary fraction of total
quanta. The shaded band accounts for the systematic un-
certainty from the energy-bias correction. A correction for
residual excited-state leakage is applied to the data. Grayed-
out 214Bi points above 1.8MeV are excluded from the fit due
to gamma contamination. For comparison, the default NEST
model at 23V/cm (gray) and the XENONnT low-energy yield
model (red) are shown. Statistical uncertainties are smaller
than the marker size.

events with those obtained when the excited-state events
that passed the selection are included. The observed dif-
ference is implemented as an e↵ective correction to the
charge and light yield in data. Since the leakage events
concentrate above 1.8MeV, 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 23V/cm and the o�cial XENONnT yield model used
for low-energy searches [48]. The latter, derived from

Theoretical spectrum calculated under the conserved 
vector current (CVC) strongly favored by analysis.

Important to model the charge 
and light yield curves for ER, 

extending detector response up 
to the MeV scale. 
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FIG. 7. Detailed comparison of the measured energy spectrum of 214Bi 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 sNME2 theoretical spectra are shown as thin lines for reference. Right panel: Comparison with the CVC spectrum
(filled histogram). The normalised residuals with respect to the allowed (left) and CVC (right) spectra are displayed in the
bottom panels, along with the corresponding reduced chi-squared (�2/ndf) and p-values.

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 spec-
trum 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 uncertainties from data. The combined sys-
tematic 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 statistical e↵ects become correlated, but
statistical uncertainties dominate.

V. CONCLUSION AND OUTLOOK

We presented a measurement of the energy spectrum
of the 214Bi beta-decay to the ground state of 214Po us-
ing data from the XENONnT experiment. The event se-
lection employs a dedicated 214BiPo tagging technique,
combining background data with a 222Rn calibration
campaign. By developing an improved high-energy sim-
ulation pipeline, we successfully modeled ER signals up
to 3.27MeV, well beyond the low-energy range defined
for WIMP searches. Our analysis strongly favors the
theoretical spectrum calculated under the conserved vec-
tor current (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 beta spec-
troscopy, providing valuable validations for theoretical
predictions and reinforcing their potential for probing
nuclear processes relevant to fundamental physics and
astrophysics.
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