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The LZ collaboration is operating a TPC with
7 tonnes of LXe in its active region (10 tonnes LXe
in the full detector) [95] at the Sanford Underground
Research Facility (SURF), South Dakota, USA. The
detector features a segmented-polytetrafluoroethylene
(PTFE) field cage capped by woven electrode grids,
with optical readout by two arrays of 3-inch Hama-
matsu R11410-22 photomultiplier tubes (PMTs). The
LXe-TPC is housed in a titanium cryostat. The thin
layer of LXe (⇠2 tonnes) between the TPC and the in-
ner cryostat vessel, often referred to as LXe Skin, is
instrumented with scintillation readout to function as
a veto detector. The cryostat is surrounded by an Outer
Detector containing 17 tonnes of Gd-loaded liquid scin-
tillator in acrylic vessels, viewed by 120 8-inch PMTs.
Both detector systems are immersed in a water tank
with a 7.6m diameter. Xenon cooling and purification
are done separately; cold LXe is fed to a pipe mani-
fold at the bottom of the detector; liquid is extracted
from a weir system at the top and converted to gas
for purification. Krypton removal was conducted us-
ing gas chromatography before deployment. LZ pub-
lished world-leading results from its first science run in
2022 [29].

The XENONnT collaboration is operating a TPC
with 5.9-tonnes of LXe in the active region (8.5 tonnes
LXe in the full detector) [97] at the INFN Laboratori
Nazionali del Gran Sasso (LNGS), Italy. It is the up-
grade of XENON1T [98], the first LXe-TPC with a tar-
get above the tonne scale, which was operated at LNGS
from 2016-2018. XENONnT features a lightweight TPC
made of thin PTFE walls, two concentric sets of field-
shaping electrodes, and high-transparency electrode
grids made of individual parallel wires. Two arrays of
Hamamatsu R11410-21 PMTs provide the optical read-
out. Although the LXe Skin concept was pioneered by
XENON100 [99], it was not installed in XENON1T/nT
to minimize backgrounds due to radon emanation from
PTFE and maximize the active target. The TPC is
housed in a stainless steel cryostat, placed in the center
of a 9.6m diameter water shield operated as Cherenkov
muon veto. The neutron veto has an inner volume of
33m3 around the cryostat, defined by highly-reflective
PTFE walls and instrumented with 120 8-inch PMTs:
after the first runs with demineralized water, Gd has
been added to the shield to increase the neutron tagging
e�ciency. A diving bell controls the LXe level inside the
TPC. For purification, LXe is extracted from the bot-
tom of the cryostat and e�ciently purified in the liquid
phase [100]; an additional gas purification system cleans
the warmer gas phase. Krypton removal is done via a
cryogenic distillation column [101] installed on-site, al-
lowing for online distillation. A second cryogenic distil-

lation system constantly removes radon atoms from the
liquid and gaseous xenon target [102]. XENONnT pub-
lished results for a search for new physics with a world-
leading electronic recoil background level in 2022 [103]
and for a first WIMP search in 2023 [11].

Although the two experiments may appear simi-
lar, very di↵erent implementations have been adopted
for most subsystems, with some di↵erences highlighted
above. These proven alternative implementations, al-
ready demonstrated at the multi-tonne scale in world-
leading dark matter detectors, constitute a powerful
tool for risk management. In each case, there are two
solutions to choose from, and their performance is thor-
oughly evaluated in real dark matter search conditions.
Adding this diversity of options to the long track record
of this technology, it may be argued that the next step
to the XLZD detector entails only modest technical risk
– and although the proposed ⇠10-fold mass scale-up is
significant, the increase in linear dimensions is relatively
modest (factor ⇠2).

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition

The nominal XLZD detector features a dual-phase LXe-
TPC with around 3m inner diameter and height, con-
taining 60 tonnes of active mass as depicted in Fig. 7.

The XENON project
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• XENON experiment: Rare event search experiment using liquid xenon detector 
• Dark matter, solar neutrinos, neutrino-less double beta decay,…  
• Currently, XENONnT experiment is ongoing at LNGS, Italy 
• XLZD: future project of XENON ( + LZ experiment in US)
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The XENON Project + DARWIN

XENON10 XENON100 XENON1T XENONnT

Years 2005 - 2007 2008 - 2016 2012 - 2018 2019 - now
Total Xe mass 25 kg 161 kg 3200 kg 8600 kg

WIMPs sensitivity ~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2

XENON experiments
• The (main) target of XENON project: Direct detection of dark matter 

• WIMPs, ALPs, … 

• Other physics targets: Solar axions, neutrino physics, …

Years 2005 - 2007 2008 - 2016 2012 - 2018 2019 - NOW mid 2030s - 
Total Xe mass 25 kg 161 kg 3200 kg 8500 kg 60 - 100 t

WIMPs 
sensitivity

~10-43  cm2 ~10-45  cm2 ~10-47  cm2 ~10-48  cm2 ~10-49  cm2
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Liquid Xenon Time Projection Chamber
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XENON experiments: liquid xenon TPC
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Two-phase Xe Time Projection Chamber as WIMP detector

APS April Meeting — Denver, Colorado — April 13-16, 2019 3

• Particle interactions in LXe lead to primary 
scintillation (S1) and the release of ionization 
electrons

• Ionization electrons drift towards the liquid-
gas interface under the uniform electric field, 
get extracted and accelerate in the GXe, 
producing secondary scintillation (S2), whose 
magnitude is proportional to the number of 
extracted electrons

• Electron lifetime is used to characterize the 
absorption of the ionization electrons drifting 
in LXe by electronegative impurities (mainly 
oxygen):

Qf = Qie− td
τe ⇒ τe = td

−ln(Qf /Qi)
• S2/S1 depends on the type of interaction 

• Electronic recoils: Gamma, Beta, Axion… 

• Nuclear recoils: Neutron, WIMPs… 

• ER has larger S2 than NR events: BG rejection 

• Very high sensitivity for WIMPs

• DM and BG particles generate signal in LXe: 

• S1: Scintillation photons 

• S2: Ionization electrons

XENON experiments: liquid xenon TPC
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• ER has larger S2 than NR events: BG rejection 

• Very high sensitivity for WIMPs

• DM and BG particles generate signal in LXe: 

• S1: Scintillation photons 

• S2: Ionization electrons

• Dual phase detector: LXe and GXe 
• Using PMTs to detect photons 
• Electric field is applied to drift electrons generated 

• DM and BG particles generate signals in LXe 
• S1 signal: Scintillation photon 
• S2 signal: Ionization electrons 

• S1/S2 depends on the type of interaction 
• Electronic recoils: γ ray, β ray, Axion,… 
• Nuclear recoils: Neutron, WIMPs,… 

• ER events have larger S2 than NR events 
• BG rejection for WIMPs



XENONnT detector
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The XENONnT• The XENONnT detector is located at Laboratori Nazionali del Gran Sasso (LNGS), Italy 
• Underground area: suppress muon background

• XENONnT TPC 

• Diameter=1.3m, 
Height=1.5m 

• Full/Active: 8.6 / 5.9t 

• ~x3 larger than XENON1T 

• Low energy ER BG: 1/6 of 
XENON1T 

• Target: 222Rn 1uBq/kg

XENONnT TPC

9

~1.5m

~1.3m



Solar neutrino measurements in XENONnT
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Solar neutrino measurements in XENONnT
• Measurement of solar neutrinos: one of the 
target for XENONnT 
• Ultra-low radioactive BG 
• Low threshold 
• Ton-scale mass 
• Multiple channels for solar neutrino 
measurement: 
1. keV scale: via the electronic recoil 
• pp + 7Be 
2. MeV scale: via the nuclear recoil 
• 8B
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The measurement via electronic recoils
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• Measurement via the electronic recoil 
events: 
• Sensitive for low energy neutrino (pp, 7Be) 
• Advantage of XENON: lower threshold 
• XENON detector: ~1keVee 
• <=> ~160-190keV by Borexino
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Measurement for the pp neutrino
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Electronic recoil



• Low-E neutrino physics 
• Measurement for νe survival probability (Pe-e) 
• Measurement for the Weinberg angle  
• Search for exotic neutrino interactions (ex. 
Magnetic moment) 

• Goal for XENONnT: Demonstration with 3σ  
• Measurement with few % precision expected in 
future experiment
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Fig. 4: The ⌫e survival probability versus neutrino
energy, assuming the high-Z Solar Standard Model
(SSM). The blue dots represent the solar measure-
ments from Borexino (above an energy threshold of
190 keV) [57,58]. The green (purple) point shows a mea-
surement of 7Be (8B) from KamLAND (SNO) [59, 60].
The red point indicates that XLZD, with 600 t·y ex-
posure, could enhance the precision of the ⌫e survival
probability in the low energy region to ⇠ 5%, using so-
lar pp neutrino events. The point is set at the mean
neutrino energy and the range bars in x indicate the
full energy range (5.1 keV to 420 keV) accessible with
XLZD for this measurement. The grey band represents
the 1� prediction of the MSW-LMA solution [61].

ligible level compared to the detector material-induced
�-ray flux.

As shown on the right of Fig. 3, after an initial es-
sentially background-free period, XLZD becomes back-
ground limited, with the uniform backgrounds (dom-
inated by solar 8B neutrinos) and the external �-ray
backgrounds having similar contributions in the opti-
mized fiducial volumes. Running the detector twice as
long (20 years) would result in a 50% higher half-life
sensitivity. The 0⌫�� science reach is primarily deter-
mined by the instrumented target mass, and within
the sensitivity range bands, the reduction of the ex-
ternal background by improved material selection has
the strongest impact on the achievable sensitivity. Par-
tial enrichment in 136Xe could be deployed at a future
stage to confirm at 3� level a putative signal in XLZD
or another experiment.

2.3 Astrophysical Neutrinos

The XLZD detector is a prime observatory for low-
energy, MeV-scale, astrophysical neutrinos through nu-
clear and electronic recoil signatures of a few keV of en-
ergy. Primarily, several solar neutrino flux components

can be measured. Current generation experiments have
measured first solar neutrinos through coherent elas-
tic neutrino-nucleus scattering (CE⌫NS) of 8B neutri-
nos [62–64]. In such a channel, the XLZD detector ex-
pects an event rate of ⇠ 90 events/t/y above a nuclear
recoil energy threshold of 1 keVnr [55,65], providing an
independent measurement of the solar 8B neutrino flux.
Similar to WIMP-nucleus scattering, neutrino-nucleus
scattering can also be treated consistently in E↵ective
Field Theories of the SM [66]. In addition, by com-
bining this measurement with neutrino-electron scat-
tering data from other neutrino detectors, XLZD aims
to constrain the ⌫e survival probability in this energy
range. The most critical background for this measure-
ment comes from accidental coincidences (ACs), spuri-
ous events created by the incorrect pairing of detector
signals, detailed in Section 5.4.

As for ER signals from solar neutrinos, XLZD aims
to measure the pp solar neutrino spectrum via neutrino-
electron scattering, improving the measurement of the
neutrino luminosity of the Sun [55,67,68]. Furthermore,
a high-statistics measurement of the solar pp neutrino
flux in the XLZD detector will enable a direct measure-
ment of the oscillation probability of the electron-type
neutrinos emitted from the Sun in an energy range that
is not accessible to any other experiment, as well as
an independent measurement of the weak mixing angle
sin2 (✓W ). Fig. 4 shows that with an exposure of 600 t·y
XLZD will constrain the low-energy survival probabil-
ity to ⇠ 5%. Such a measurement would test mod-
els of neutrino oscillations and probe exotic neutrino
properties and non-standard interactions. The results
in Fig. 4 were obtained considering a 222Rn concentra-
tion of 0.1µBq/kg, which is the main background for a
pp-neutrino measurement. The XLZD detector’s antic-
ipated low-energy threshold, exposure, and energy res-
olution would also enable splitting the data into four
bins for several measurements of the survival proba-
bility in narrower energy ranges. These measurements
would achieve uncertainties comparable to the current
best measurements, while extending to lower neutrino
energies.

Galactic supernova neutrinos may also be detected
in the XLZD detector through CE⌫NS. In contrast
to other neutrino detectors, such detection is flavor-
independent and allows the reconstruction of the to-
tal neutrino flux. A Type II core-collapse supernova
at a distance of 10 kpc from the Earth would pro-
duce of O(100) events in the detector within a 10 sec-
ond window. As a result, XLZD can detect a super-
nova burst with 5� significance beyond the edge of the
Milky Way and the Large Magellanic Cloud [69]. In
this regard, XLZD will be able to actively contribute
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Fig. 2 The measured relative uncertainty of each solar neutrino compo-
nent and neutrino capture as a function of exposure. The median fluxes
of the high-Z model are assumed. Solid (dashed) curves correspond to
a natural (depleted) target. A log scale of the pp and 7Be components is
shown in the bottom panel for clarity.

the pep component and neutrino capture process with 60 ty
and 200 ty, respectively, using a necessarily depleted target.

The solar luminosity inferred from solar neutrino data,
L�,n/L� = 1.04+0.07

�0.08, agrees with the measured (photon-
inferred) solar luminosity within 7% [32]. The pp reaction
contributes most strongly to the total energy generation in
the Sun. Thus, high-precision measurements of the pp and
7Be components, which respectively comprise 92% and 7.4%
of the solar lumonisity, would reduce this uncertainty. With
the precision levels shown here, DARWIN would achieve an
uncertainty of 0.2% on the neutrino-inferred solar luminosity.

5 Electroweak and Oscillation Parameters

Following a precise measurement of the pp component, one
may infer the values of the electroweak mixing angle and the
ne survival probability, as they directly affect the shape of
its observed recoil spectrum. A likelihood function in which
the electroweak and oscillation parameters are free to vary,
while the flux scales (see Table 1) remain fixed, is adopted:

P(n j|µ j(q)) = L (q). (6)

Fig. 3 (top) The 68% confidence regions of sin2 qw and Pee for two
exposures and the two target compositions. (bottom) The ne survival
probability versus neutrino energy under the high-Z SSM. Dots repre-
sent the solar measurements of pp (green), 7Be (blue), pep (orange),
and 8B (red) from Borexino [19, 22]. The upward (downward) triangle
shows a measurement of 7Be (8B) from KamLAND (SNO) [24, 25].
The open point indicates DARWIN’s projected enhancement of the
precision of the ne survival probability to 0.02 below 420 keV using pp

events. The pink band represents the 1s prediction of the MSW-LMA
solution [51].

The presence of 7Be neutrinos only slightly worsens the
sensitivity to these parameters, while the other neutrino com-
ponents have a negligible effect. The uncertainty in the pp

flux contributes negligibly to the total uncertainty of sin2 qw

and Pee.

One finds the maximum likelihood estimators of sin2 qw

and Pee in a series of toy experiments. From the resultant
2D distribution, the 68% confidence regions are determined,
as shown in Figure 3 (top), for four scenarios based on two
exposures (30 and 300 ty) and two target compositions.

In the case of a natural target, DARWIN would recon-
struct sin2 qw and Pee with uncertainties as small as 0.0122
(5.1%) and 0.022 (4.0%), respectively. Alternatively, with
a depleted target, the uncertainties would shrink to 0.0099
(4.2%) and 0.017 (3.1%). A measurement of sin2 qw would
be the first in this energy range, albeit with an uncertainty
roughly five times higher than those at higher energies. A
measurement of Pee would improve upon the existing one
from Borexino by an order of magnitude. This projection is

Ref: XLZD design book

Ref: DARWIN solarnu paper

Measurement for the pp neutrino
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Analysis for XENONnT initial data (SR0) 
XENONnT SR0 data• Right:  first science run by XENONnT (SR0) 

• Good agreement between Data and BG 
• Main target for the analysis: peak-like 
signals 
• “XENON1T Excess”:  ex. solar-axions 
• => solar-nu signal was calculated by 
Borexino’s result 

• To search for the solar-nu signal, precise 
understanding of other BG is essential 
• Radon-induced 214Pb, 85Kr, γ-rays,…
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• Radon-induced 214Pb: largest BG component in 
XENONnT 
• β decay of 214Pb creates BG events 
• 222Rn can be counted using α decay; but typically 
daughters have less activities 

• Ex. in XENONnT SR0: 
• 1.69 (222Rn) > 214Pb > 0.78 (214Po) [uBq/kg] 
• => ~35% uncertainty for 214Pb activity 
• To search for solar-nu signal, we need to reduce 
the uncertainty down to ~5% level!

Radon-induced background
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222Rn 
3.8d

218Po 
3.1m

214Pb 
27.1m

214Po 
164us

210Pb 
22.2y

214Bi 
19.9m

α

α α

β (+γ)

β (+γ)

U-chain after 222Rn 
(Only Main branch)



Heat exchanger
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pump
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LXe line

Metal 
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• 222Rn calibration:  
• Compare [β from 214Pb] vs [α from 222Rn] 

• Place the source in the GXe circulation system, 
and diffuse 222Rn into the detector 
• Source: 226Ra implanted SUS (~2Bq, made by 
MPIK[1]) 
• 222Rn α：~150 higher than normal run 
• Can be removed by distillation after the 
calibration

[1] F. Joerg, et al., Applied Radiation and Isotopes, 194, 110666 (2023)

Radon-induced background
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[1] F. Joerg, et al., Applied Radiation and Isotopes, 194, 110666 (2023)
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1 Introduction and motivation

The naturally occurring, radioactive noble gas 222Rn is part of the primordial uranium
decay chain and formed in the alpha decay of 226Ra. Its measurement has many applications
ranging from radioprotection [1] over modeling of green house gas emissions [2] to prediction
of seismic events [3]. But also in experiments searching for extremely rare processes, such
as the direct detection of dark matter [4, 5] or the neutrinoless double beta decay [6], the
radon-induced background plays an important role.

The calibration of radon detectors, requires radon sources featuring a well known radon
release rate. Their radon emanation should not depend on any environmental factors,
such as temperature or pressure, nor should they out-gas any unwanted impurities. Most
commercial radon sources, however, are either liquid radium solutions or porous materials
from which 222Rn is released via diffusion. Both have significant shortcomings with
regard to their purity and stability, opening the need for new kinds of radon sources.

2 cm

2 c
m

Figure 1: Photograph of the stainless steel
sample. The approximate extend of the 226Ra
implantation is marked in red.

In a proof-of-principle study conducted
in 2017, two radon sources have
been successfully produced by the
implantation of 226Ra into stainless steel
at the ISOLDE facility (see Fig. 1). Their
thorough characterization [7] showed that
this novel approach allows to produce
radon standards with a very high
quality. Another recent study carried
out independently at the RISIKO facility
in Mainz, Germany [8], supports this
conclusion.

The two obtained sources have been
successfully applied for several studies
such as for the characterization of alpha
spectrometers [9, 10], determination of the detection efficiency of novel radon detectors [11]
as well as for studies on a novel radon mitigation technique using metallic surface
coatings [12]. One source is considered to be used for the calibration of the radon-induced
background in the XENONnT [13] dark matter detector.

To meet the existing demand and interest in these versatile radon sources, we propose to
implant twenty further samples with 226Ra. The substrates to be implanted will be mostly
stainless steel, but also other metal plates (copper and titanium). Optionally, we are
interested to implant a few insulator samples (PTFE and quartz glass) or semiconductors
(silicon and germanium). The exact list of samples will be fixed as soon as the feasibility is
clarified with the ISOLDE experts. Section 2 of this proposal summarizes the main results
and experiences gained in the proof-of-principle study. Based on these findings, a detailed
beam-time estimate for the proposed production is then given in section 3.

2

Radon-induced background
• 222Rn calibration:  
• Compare [β from 214Pb] vs [α from 222Rn] 

• Place the source in the GXe circulation system, 
and diffuse 222Rn into the detector 
• Source: 226Ra implanted SUS (~2Bq, made by 
MPIK[1]) 
• 222Rn α：~150 higher than normal run 
• Can be removed by distillation after the 
calibration

[1] F. Joerg, et al., Applied Radiation and Isotopes, 194, 110666 (2023)



• Result of the calibration 
• [Rate of α] vs [Rate of ER (10-70keV)] 

• 214Pb  222Rn：  
• a: Ratio between 222Rn and 214Pb 
• b: BG other than 214Pb 
• ε (calc):correction by branching ratio, 
efficiency etc

∝ ϵRPb = a ⋅ RRn + b
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Pb214 background - constraints

9

• Rn-222 alpha rate can be precisely measured, but Pb-214 rate is not
• Rn-222 calibration: constrain the Pb-214/Rn-222 ratio to constrain Pb-214
• Measured ratio during Rn-222 calibration: 0.67 +/- 0.03

Rn-222 decay chain

Rn-222 calibration

background

Event rate =  
                  = 

RPb214 + b
r ⋅ RRn222 + b
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Radon-induced background
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• (preliminary) fit result: 
• a= 0.67 +/- 0.03 [Bq/Bq] 
• Note: 
• 1 Bq of 222Rn <=> 0.67 Bq of 214Pb 
• Uncertainty down to ~4.5% level  
• Uncertainty of conversion between 
calibration and normal runs is under 
estimation…

Radon-induced background
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Other backgrounds

22

• Other BG：Material γ and Kr-induced 
• Material γ 
• Low energy compton scattering induced by γ from 
detector materials 
• Reduced by fiducial cut, estimation by simulation  
• Kr-induced 
• β decay of 85Kr (Q=687keV)  
• Removed by our own distillation (<0.1ppt for Kr) 
• Mass spectrum analysis for sampled gas 
• Also, analytical estimation using rare decay mode of 85Kr



Other backgrounds
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Fiducial volume

15

• The fiducial volumen (FV) for this search is largely driven by 
material backgrounds.

• SR0 and SR1 FV share similar shapes, with the mass as follows:
‣ SR0: (4.13 +- 0.12) tonne
‣ SR1: (4.24 +- 0.23) tonne 

‣ SR0 and SR1 have different ways to account for the charge-
insensitive volume, which makes SR0 FV look ‘larger’.
‣ SR0: indirectly in FV mass calculation (about 4% decrease)
‣ SR1: directly in position correction

• Other BG：Material γ and Kr-induced 
• Material γ 
• Low energy compton scattering induced by γ from 
detector materials 
• Reduced by fiducial cut, estimation by simulation  
• Kr-induced 
• β decay of 85Kr (Q=687keV)  
• Removed by our own distillation (<0.1ppt for Kr) 
• Mass spectrum analysis for sampled gas 
• Also, analytical estimation using rare decay mode of 85Kr
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• Material γ 
• Low energy compton scattering induced by γ from 
detector materials 
• Reduced by fiducial cut, estimation by simulation  
• Kr-induced 
• β decay of 85Kr (Q=687keV)  
• Removed by our own distillation (<0.1ppt for Kr) 
• Mass spectrum analysis for sampled gas 
• Also, analytical estimation using rare decay mode of 85Kr

Other backgrounds
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Background contribution: 85Kr

08/11

• 85Kr internal background in LXe, introduced as a contaminant during xenon's extraction from air:

 β− decay – Q value ~ 687 keV – T
1/2

~10.76 y – 85Kr/natKr ~ 2×10-11 mol/mol

• Multiple operations by cryogenic distillation column: 10 ppb (10-8) → 60 ppq (6×10-14) natKr/Xe

• Xenon samples from the detector measured at Max-Planck-Institut für Kernphysik in Heidelberg

Currently we are validating the 

RGMS measurements

Rare Gas Mass Spectrometer (RGMS)

Kr distillation column



25

The measurement via nuclear recoils
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Nature volume 562, pages 505–510 (2018)
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Solar neutrino measurements in XENONnT
• Measurement of solar neutrinos: one of the 
target for XENONnT 
• Ultra-low radioactive BG 
• Low threshold 
• Ton-scale mass 
• Multiple channels for solar neutrino 
measurement: 
1. keV scale: via the electronic recoil 
• pp + 7Be 
2. MeV scale: via the nuclear recoil 
• 8B

Nuclear recoil



Observing the 8B neutrino signal via CEvNS

27

• Measurement of solar 8B ν via CEvNS 
• CEνNS: Coherent Elastic ν-N scattering 
• No observation for natural ν yet 
• Shape of recoil spectrum from 8B ν is 
very similar to DM signal (5.5GeV WIMPs) 

• Important demonstration for DM search 
• In future experiments, atm-ν with higher 
energy becomes BG: “neutrino fog”

Fig. From C. O’Hare 

From: C. O'Hare



Accidental Coincidence BG

28

• Main BG: Accidental Coincidences (AC)  

• Random pairing of isolated S1 and isolated S2  

• Exact origin is under investigation, but several 
parameters can be used to distinguish the signal 
and BG 

• Ex. timing distribution 

• BG suppression via dedicated cuts (including 
machine learning) 

• The BG model was validated using sideband data

TPCの深さ方向[cm]

 Reconstructed depth [cm]

S2
 p

ul
se

 w
id

th
[u

s]

PRL, 133 191002



8B neutrino measurement via CEvNS

PRL, 133 191002

• Signal expectation: 11.9+4.5-4.2  
• BG expectation: 26.4+1.4-1.3

10.7+3.7-4.2  
26.3+1.4-1.4

Observed

• Null signal was excluded by 2.73σ



8B neutrino measurement via CEvNS
• Observed cross section is consistent with standard model 
• Reported on PRL, 133 191002 (2024)



Summary
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• XENONnT: Astroparticle rare event search experiment in LNGS 
• DM, neutrino physics and other particle physics 
• Neutrino search in XENON 
• MeV-scale (8B): nuclear recoil… published in 2024 
• Observed CEvNS signal by 2.7σ 
• keV-scale (pp, 7Be): electronic recoil 
• Reduction of the uncertainty for Rn BG; down to ~5% by calibration 
• Approaching to the final phase of analysis … Stay tuned!



Thank you for your attention!
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• 9-years ago, as visiting student 
with Honda-Canada fellowship…



Back Up

33



• γs from detector material  
• Low-E Compton scattering events induced by γs 

from U, Th in detector components 
• Reduction by FV cut, and then estimate using 

simulation

Other backgrounds: Material Gamma

34
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• γs from detector material  
• Low-E Compton scattering events induced by γs 

from U, Th in detector components 
• Reduction by FV cut, and then estimate using 

simulation

Other backgrounds: Material Gamma
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Fiducial volume

15

• The fiducial volumen (FV) for this search is largely driven by 
material backgrounds.

• SR0 and SR1 FV share similar shapes, with the mass as follows:
‣ SR0: (4.13 +- 0.12) tonne
‣ SR1: (4.24 +- 0.23) tonne 

‣ SR0 and SR1 have different ways to account for the charge-
insensitive volume, which makes SR0 FV look ‘larger’.
‣ SR0: indirectly in FV mass calculation (about 4% decrease)
‣ SR1: directly in position correction



• γs from detector material  
• Validation using ‘skin’ data outside FV 
• Subtract the uniform events using central 

volume  
• Data/MC = 1.49 (1.05) in SR0 (SR1) 

• MC the MC by the ratio, and take the 
difference as sys. uncertainty•

Other backgrounds: Material Gamma

36



• γs from detector material  
• Validation using ‘skin’ data outside FV 
• Subtract the uniform events using central 

volume  
• Data/MC = 1.49 (1.05) in SR0 (SR1) 

• MC the MC by the ratio, and take the 
difference as sys. uncertainty•

Other backgrounds: Material Gamma
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Material background

12

Data-MC comparison in edge volume

• Data higher than MC by a factor of 1.49 (1.05) in SR0 (SR1)
• Final prediction
‣ Rate: scale MC result with the factor above
‣ Uncertainty: statistical (simulation) and systematics (data-MC difference)

background
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Material background

12

Data-MC comparison in edge volume

• Data higher than MC by a factor of 1.49 (1.05) in SR0 (SR1)
• Final prediction
‣ Rate: scale MC result with the factor above
‣ Uncertainty: statistical (simulation) and systematics (data-MC difference)

background



Background contribution: 85Kr

08/11

• 85Kr internal background in LXe, introduced as a contaminant during xenon's extraction from air:

 β− decay – Q value ~ 687 keV – T
1/2

~10.76 y – 85Kr/natKr ~ 2×10-11 mol/mol

• Multiple operations by cryogenic distillation column: 10 ppb (10-8) → 60 ppq (6×10-14) natKr/Xe

• Xenon samples from the detector measured at Max-Planck-Institut für Kernphysik in Heidelberg

Currently we are validating the 

RGMS measurements

Rare Gas Mass Spectrometer (RGMS)

Kr distillation column

• Kr：β decay (Q=687keV) by 85Kr 

• Remove Kr by distillation: <0.1ppt 

• Take gas sample and analysis with mass spectrum

Other backgrounds: Kripton-85

38

• Also, analytical estimation using rare 
decay mode of 85Kr 

• Current UL: 0.25ppq @90%CL 

• Limited due to the double-peak 
selection efficiency 

• Can be improve by ML? 
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RGMS measurements

Rare Gas Mass Spectrometer (RGMS)

Kr distillation column



• Kr：β decay (Q=687keV) by 85Kr 

• Remove Kr by distillation: <0.1ppt 

• Take gas sample and analysis with mass spectrum

Other backgrounds: Kripton-85
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• Also, analytical estimation using rare 
decay mode of 85Kr 

• Current UL: 0.25ppq @90%CL 

• Limited due to the double-peak 
selection efficiency 

• Can be improve by ML? 

Simulation



Result for CEvNS

• Signal expectation: 11.9+4.5-4.2  
• BG expectation: 26.4+1.4-1.3

10.7+3.7-4.2  
26.3+1.4-1.4

Observed
40

PRL, 133 191002



Weinberg angle
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From PDG PRD 89, 095006 (2014), 1402.3620



Likelihood for CEvNS / Low mass WIMPs Search

42

6

Statistical Inference — S2pre/�tpre, S1 BDT score, S2
BDT score, and cS2 are the four dimensions used to dis-
criminate between the 8B CE⌫NS signal and the domi-
nating AC background. The background and signal mod-
els are coarsely binned, with three bins in each of the
four analysis dimensions for a total of 81 bins. A four-
dimensional binned likelihood analysis is performed. The
bins are chosen to have the same expected number of AC
background events in the projection of each dimension.
The chance for mis-modeling of the AC background due
to the limited number of isolated S1 and S2 peaks is neg-
ligible, as validated via toy MC simulations.

The extended likelihood function is constructed as

L(µ, ~✓) =
Y

i=0,1

Li(µ, ~✓)⇥
Y

m

Lm(✓m), (1)

where the parameter of interest µ can either be the solar
8B neutrino flux (�), or the flux-weighted CE⌫NS cross

section on Xe (�CE⌫NS). ~✓ are the nuisance parameters,
i iterates through the two science runs, and m iterates
through the nuisance terms: the constraints on tLy and
tQy, the signal acceptance uncertainty and the uncertain-
ties in the rates of the AC, neutron, and ER backgrounds.
The nuisance parameters ✓m are constrained via external
measurements, modeled by Gaussian pull terms Lm(✓m).
The models of 8B CE⌫NS and neutrons change in shape
and expectation value with tLy and tQy. The AC back-
ground rates are independent between science runs, while
all other parameters are coupled.

The 8B CE⌫NS discovery significance and the con-
struction of a confidence interval for the 8B neutrino
flux are computed using a test statistic qµ based on the
profile log-likelihood ratio as in [28, 40]. The critical re-
gion for the confidence interval construction and expected
discovery significance are computed with toy MC simu-
lations using [41]. Consistency between the model and
data is evaluated by a combination of four binned likeli-
hood GOF tests performed on the four one-dimensional
projections, combining SR0 and SR1. The p-values are
computed based on the distribution of the binned likeli-
hood GOF test statistic obtained via toy MC simulations.
A threshold of 0.013 is selected for each test to obtain a
95% confidence limit (CL) for the final combined test.
The test is defined before unblinding and its suitability
to reject mis-modeling is assessed using toy MC simula-
tions.

The strategy to report the result from the 8B CE⌫NS
search is decided before unblinding. A Feldman-Cousins
construction [42] is used to constrain the solar 8B neu-
trino flux and the CE⌫NS cross section �CE⌫NS with-
out setting a threshold on p-values for reporting a two-
sided measurement. The expected 8B CE⌫NS signal un-
der the nominal emission model is 11.9+4.5

�4.2 events, with
the uncertainty originating from S1 and S2 acceptances
and detector response to low-energy NRs. The expected
background is 26.4+1.4

�1.3 events, dominated by the AC

FIG. 2. Distributions of best-fit signal and background, to-
gether with the data in the projected analysis dimensions,
summing both science runs. The observed number of events
with Poisson uncertainties in each bin is shown in black.
The 8B CE⌫NS signal is represented by the light green his-
togram on top of the backgrounds, which are indicated by
purple (AC), blue (ER), and yellow (neutron) histograms. As
the bin edges on each analysis dimension vary from SR0 to
SR1, the plot for cS2 is shown in double axis, and the other
dimensions are shown in quantiles of the AC background for
the summed results.

background, as shown in Tab. I. With the final back-
ground prediction summarized in Tab. I, the probability
of obtaining a � 2� (3�) discovery significance with this
dataset is estimated to be 80% (48%) using toy MC sim-
ulations.

Before unblinding the 8B CE⌫NS search data, the sig-
nal and background modeling are validated in the four-
dimensional space by measuring the Ly of the 37Ar L-
shell electron capture ER signal at 0.27 keV, where Qy is
constrained [43] but Ly has not yet been measured. The
background in the 37Ar data at this low-energy region is
dominated by the AC background due to the high rate of
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purple (AC), blue (ER), and yellow (neutron) histograms. As
the bin edges on each analysis dimension vary from SR0 to
SR1, the plot for cS2 is shown in double axis, and the other
dimensions are shown in quantiles of the AC background for
the summed results.

background, as shown in Tab. I. With the final back-
ground prediction summarized in Tab. I, the probability
of obtaining a � 2� (3�) discovery significance with this
dataset is estimated to be 80% (48%) using toy MC sim-
ulations.

Before unblinding the 8B CE⌫NS search data, the sig-
nal and background modeling are validated in the four-
dimensional space by measuring the Ly of the 37Ar L-
shell electron capture ER signal at 0.27 keV, where Qy is
constrained [43] but Ly has not yet been measured. The
background in the 37Ar data at this low-energy region is
dominated by the AC background due to the high rate of



Low threshold analysis
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• Due to the small energy deposit from 8B ν, it is 
critical to lower the energy threshold


• The threshold is mainly defined by S1


• Improvement of the acceptance by lowering 
the threshold by 3 PMT hits -> 2 PMT hits


• # of signal -> increased by ~17 times!


• However: BG rate increases as well


• BG suppression via dedicated cuts 
(including machine learning)



S2 shadow
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YBe
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SIGNAL OF 8B CE NSν

88YBe LOW ENERGY NR CALIBRATION

6

▸ Low energy NR yield model significantly affects 8B CE NS detection 
efficiency 

▸ 152 keV neutrons from photo-disintegration of 9Be by -ray of 88Y 

▸ Recoil energy spectrum similar to 8B CE NS 

▸ Good match between simulation and data 

▸ Light/charge yield model are constrained by 88YBe data at 23V/cm 

▸ Yield model uncertainty leads to ~34% signal rate uncertainty

ν

γ

ν

Publication in preparation



Validation of AC model with sideband data
• AC background model was validated 

using the sideband data — events 
excluded by the S2 score (AC-like 
events)


• Parameters：

• S2 size

• S2size/Δt of event right before

• S1 ML score

• S2 ML score


• Difference between data and the model 
is taken into account as systematic 
uncertainty

• 9.0% (SR0), 5.8%(SR1)
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After the High-E events, there 
are more noisy events


