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Figure 15. Di↵erential recoil spectra in xenon from WIMPs of various masses m�

and spin-independent cross sections and from neutrinos scattering coherently o↵ the
xenon nuclei (CNNS). At low recoil energies, the CNNS sum spectrum is dominated
by solar 8B neutrinos, at high energies by atmospheric neutrinos. A NR acceptance
of 50% is assumed and the detector signal is converted to the electronic recoil scale
(keVee) using the scintillation signal only.

3.4. Outlook: Towards the Neutrino Floor

The signature for WIMP dark matter in direct detection experiments are single scatter

nuclear recoils. The same signal is produced (in any detector) by coherent neutrino-

nucleus scattering (CNNS) which leads to an irreducible background for the WIMP

search. The cross section for neutrinos of energy E⌫ scattering coherently o↵ a nucleus

of mass mN (Z protons and A�Z neutrons), resulting in a nuclear recoil of energy Enr,

is given by [156]
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GF is Fermi’s constant and ✓W the Weinberg angle. As in the description of WIMP-

nucleon interactions the form factor F (Q2) depends on the momentum transfer and

can be described by the standard Helm form factor. The neutrinos are high-energetic
8B neutrinos from the Sun (dominating at low WIMP masses m�) and atmospheric

neutrinos (dominating above m� ⇠ 10GeV/c2). Neutrinos from the hep-process and

from the di↵use supernova background (DSNB) have subdominant contributions [158],

see Fig. 15. This neutrino background provides the ultimate border for “traditional”

direct WIMP searches [117, 159, 160], whereas directional detectors could go beyond the

border provided that a significant number of events are detected [97] (see also discussion

on directional detectors in Sect. 2.3 E).

The “neutrino floor” plotted in Fig. 12 was introduced as “WIMP discovery limit”

in [117]. It is defined by the detection of a WIMP signal at 3� on top of a background
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Fog on the horizon: a new definition of the neutrino floor for direct dark matter searches

Ciaran A. J. O’Hare1, a

1School of Physics, The University of Sydney, and ARC Centre of Excellence
for Dark Matter Particle Physics, NSW 2006, Camperdown, Sydney, Australia

The neutrino floor is a theoretical lower limit on WIMP-like dark matter models that are discoverable in
direct detection experiments. It is commonly interpreted as the point at which dark matter signals become
hidden underneath a remarkably similar-looking background from neutrinos. However, it has been known for
some time that the neutrino floor is not a hard limit, but can be pushed past with sufficient statistics. As a
consequence, some have recently advocated for calling it the “neutrino fog” instead. The downside of current
methods of deriving the neutrino floor are that they rely on arbitrary choices of experimental exposure and
energy threshold. Here we propose to define the neutrino floor as the boundary of the neutrino fog, and develop a
calculation free from these assumptions. The technique is based on the derivative of a hypothetical experimental
discovery limit as a function of exposure, and leads to a neutrino floor that is only influenced by the systematic
uncertainties on the neutrino flux normalisations. Our floor is broadly similar to those found in the literature,
but differs by almost an order of magnitude in the sub-GeV range, and above 20 GeV. �
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FIG. 1. Present exclusion limits on the spin-independent DM-
nucleon cross section (assuming equal proton/neutron couplings) [1–
15]. Beneath these limits we show three definitions of the neutrino
floor for a xenon target. The previous discovery-limit-based neutrino
floor calculation shown by the dashed line is taken from the recent
APPEC report [16] (based on the technique of Ref. [17]). The enve-
lope of 90% C.L. exclusion limits seeing one expected neutrino event
is shown as a dotted line. The result of our work is the solid orange
line. We define this notion of the neutrino floor to be the bound-
ary of the neutrino fog, i.e. the cross section at which any experi-
ment sensitive to a given value of m� leaves the standard Poissonian
regime � / N�1/2, and begins to be saturated by the background:
� / N�1/n, with n > 2. The floor is thus a contour for n = 2.

Introduction.—Modern experiments searching for dark
matter (DM) in the form of weakly interacting massive par-
ticles (WIMPs) have become rather large [18, 19]. It has been
anticipated for some time [20–23] that these underground de-
tectors might one day become large enough to detect not just
DM, but astrophysical neutrinos as well. In fact, it appears as

though the first detection of solar neutrinos in a xenon-based
detector is just around the corner [15]. Fittingly, the commu-
nity has begun to collate a rich catalogue of novel physics to
be done with our expanding multi-purpose network of large
underground detectors [24–43].

Unfortunately for WIMP enthusiasts, the impending arrival
of neutrinos in DM detectors is somewhat bittersweet—being,
as they are, essentially the harbingers of the end of conven-
tional searches. These experiments usually look for signals of
DM using nuclear recoils—a channel through which neutri-
nos also generate events via coherent elastic neutrino-nucleus
scattering (CE⌫NS) [44–46]. It turns out that the recoil signa-
tures of DM and neutrinos look remarkably alike, with differ-
ent sources of neutrino each masquerading as DM of varying
masses and cross sections [47].

Even an irreducible background like neutrinos may not be
so problematic were it not for the—sometimes sizeable—
systematic uncertainties on their fluxes. The cross section be-
low which the potential discovery of a DM signal is prohibited
due to this uncertainty is what is usually, but not always, la-
belled the “neutrino floor” [17]: a limit that has since been
the subject of many detailed studies [38, 39, 48–59]. Since
2013 some form of neutrino floor has been shown underneath
all experimental results, often billed as an ultimate sensitivity
limit [60]. Methods of circumventing the neutrino floor have
been proposed [61–63]. However, only directional detection
seems to be a realistic strategy for doing so with compara-
tively low statistics [64–71].

One potentially misleading aspect of the name “neutrino
floor” is the fact that while it does pose an existential threat
to DM searches, the floor itself is not solid. Firstly, the sever-
ity of the neutrino background—and hence the height of the
floor in terms of cross section—is dependent crucially on neu-
trino flux uncertainties, which are anticipated to improve over
time. Secondly, the DM and neutrino signals are never per-
fect matches. Even for DM masses and neutrino fluxes with
very closely aligned nuclear recoil spectra—like xenon scat-
tering with 8B neutrinos and a 6 GeV WIMP—they are not
precisely the same. This means that with a large enough num-
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But these are not only a background! 
They are also a signal!
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7Solar neutrinos in XENON1T WIMP results
by one photon [20], and gains. Optical parameters are
tuned to match the S1 LCE and the fraction of the S2
signal in the top array in 83mKr data. Drift field distortion
causes an inward shift of the reconstructed position and is
corrected using 83mKr data to obtain the horizontal (X and
Y, giving radius R) and vertical (Z) interaction positions.
The bottom of the TPC (Z ¼ −96.9 cm) shows the largest
radial bias of 7.7 cm (12.2 cm) at the beginning (end) of
DM search data taking, with time dependence mostly due
to gradual charge accumulation on the PTFE surfaces,
similar to the observation by Ref. [21]. The resulting
position distributions of both spatially homogeneous
222Rn-chain α decays and 131mXe decays, as well as
localized NRs from external 241AmBe and neutron gen-
erator calibration data, agree well with MC simulations
and validate this correction procedure.
The DM search data were blinded (and SR0 reblinded

after the publication of Ref. [5]) in the signal region above
the S2 threshold of 200 PE and below the ER − 2σ quantile
in (cS1, cS2b) space, prior to the tuning and development of
event selection criteria and signal and background models.
Data quality criteria are imposed to include only well-
reconstructed events and to suppress known backgrounds.
All events must contain a valid S1 and S2 pair. S1 are
required to contain coincident signals from at least 3 PMTs
within 100 ns. The energy region of interest (ROI) is
defined by cS1 between 3 and 70 PE, corresponding to an
average ½1.4; 10.6# keVee (ER energy) or ½4.9; 40.9# keVnr
(NR energy). Furthermore, in order to suppress low-energy
accidental coincidence (AC) events, S1 candidates must not
have shape properties compatible with S2 signals produced
by single electrons. The resulting S1 detection efficiency,
estimated by simulation, is shown in Fig. 1 and is smaller
than that in Ref. [5] due to a wider S1 shape in the
simulation tuned to 83mKr and 220Rn data, as well as
properly accounting for misclassification as S2. This
efficiency is consistent with that obtained by a data-driven
method where small S1 are simulated via bootstrapping
PMT hits from 20–100 PE S1.
The signal ratio between the top and bottom PMT arrays

is dependent on the depth at which the light is produced.
For an S1 at a given interaction position, a p value is
computed based on the observed and expected top/bottom
ratio and p values < 0.001 are rejected. S2 are produced at
the liquid-gas interface, and thus must have a compatible
fraction of light seen in the top array of ∼63%. To reject
events coming from occasional light emission from mal-
functioning PMTs, a threshold is placed on the maximum
fractional contribution of a single PMT to an S1 signal.
The likelihoods of both the S1 and S2 observed hit

patterns compared to those expected from simulation, given
the reconstructed position, are used to reject events that
may be a result of multiple scatters or AC. The low-cS2b,
cS1 ¼ 68 PE event found in Ref. [5] did not pass event
selection criteria in this analysis due to improvements to the

MC simulation used for the S2 hit-pattern likelihood. To
suppress events with poorly reconstructed hit patterns that
occur in regions with a high density of inactive PMT
channels, the difference between the neural network and a
likelihood-fit algorithm is required to be less than 2 to 5 cm,
tighter towards larger S2, where fluctuations become
negligible. As in Ref. [5], the width of the S2 signal in
time must be compatible with the depth of the interaction,
and the multiplicity of S1 and S2 signals must be consistent
with a single scatter event. The efficiency of all selection
conditions is shown in Fig. 1, estimated using a combina-
tion of simulations and calibration control samples.
This analysis expands on that in Ref. [5] by modeling the

radial distribution in the statistical inference procedure and
categorizing events at inner radii based on Z, such that the
analysis space is cS1, cS2b, R, and Z. Each background
component described below, and the WIMP NR signal, are
modeled as a probability density function of all analysis
dimensions. For WIMP NR energy spectra, the Helm form
factor for the nuclear cross section [22] and a standard
isothermal DM halo as in Ref. [5] are assumed, with
v0¼220 km=s, ρDM¼0.3GeV=ðc2cm3Þ, vesc¼544 km=s,
and an Earth velocity of vE ¼ 232 km=s. These spectra are
converted into the analysis space via the detector model
described below. Figures 2 and 3 show the background and
signal model shapes in various 2D projections of the
analysis space compared to data. The 1D projection in
Fig. 4 and the integrals in Table I show the absolute rate
comparisons. An NR signal reference region is defined
between the 200 GeV=c2 WIMP median and the −2σ
quantile in (cS1, cS2b) space.
The natKr concentration in LXe is reduced via

cryogenic distillation [23] to a subdominant level of
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FIG. 1. Best-fit total efficiencies (black), including the energy
ROI selection, for SR0 (dashed) and SR1 (solid) as a function of
true NR energy (keVnr). The efficiency of S1 detection (green)
and that of both S1 detection and selection (blue) are shown.
The shaded bands show the 68% credible regions for SR1. The
expected spectral shapes (purple) of 10 GeV=c2 (dashed),
50 GeV=c2 (dotted), and 200 GeV=c2 (dash-dotted) WIMPs
are overlaid for reference.
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• We expect hundreds of events from                                                               . 

• We do not see them because the WIMP analysis only has 0.01 % detection efficiency. 

time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ0.27

−0.00 0.10þ0.06
−0.00 0.06þ0.03

−0.00 0.04þ0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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predictions, assuming σSI ¼ 4.7 × 10−47 cm2, compared to DM
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(dotted lines and hollow markers) masses. The horizontal axis
is the projection along the ER mean (μER), shown in Fig. 3,
normalized to the ER 1σ quantile (σER). Shaded bands indicate
the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ0.27

−0.00 0.10þ0.06
−0.00 0.06þ0.03

−0.00 0.04þ0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

PHYSICAL REVIEW LETTERS 121, 111302 (2018)
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R = ϕν ⋅ σν ⋅ NXe ⋅ exposure

Phys. Rev. Lett. 131 (2023) 041003
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by one photon [20], and gains. Optical parameters are
tuned to match the S1 LCE and the fraction of the S2
signal in the top array in 83mKr data. Drift field distortion
causes an inward shift of the reconstructed position and is
corrected using 83mKr data to obtain the horizontal (X and
Y, giving radius R) and vertical (Z) interaction positions.
The bottom of the TPC (Z ¼ −96.9 cm) shows the largest
radial bias of 7.7 cm (12.2 cm) at the beginning (end) of
DM search data taking, with time dependence mostly due
to gradual charge accumulation on the PTFE surfaces,
similar to the observation by Ref. [21]. The resulting
position distributions of both spatially homogeneous
222Rn-chain α decays and 131mXe decays, as well as
localized NRs from external 241AmBe and neutron gen-
erator calibration data, agree well with MC simulations
and validate this correction procedure.
The DM search data were blinded (and SR0 reblinded

after the publication of Ref. [5]) in the signal region above
the S2 threshold of 200 PE and below the ER − 2σ quantile
in (cS1, cS2b) space, prior to the tuning and development of
event selection criteria and signal and background models.
Data quality criteria are imposed to include only well-
reconstructed events and to suppress known backgrounds.
All events must contain a valid S1 and S2 pair. S1 are
required to contain coincident signals from at least 3 PMTs
within 100 ns. The energy region of interest (ROI) is
defined by cS1 between 3 and 70 PE, corresponding to an
average ½1.4; 10.6# keVee (ER energy) or ½4.9; 40.9# keVnr
(NR energy). Furthermore, in order to suppress low-energy
accidental coincidence (AC) events, S1 candidates must not
have shape properties compatible with S2 signals produced
by single electrons. The resulting S1 detection efficiency,
estimated by simulation, is shown in Fig. 1 and is smaller
than that in Ref. [5] due to a wider S1 shape in the
simulation tuned to 83mKr and 220Rn data, as well as
properly accounting for misclassification as S2. This
efficiency is consistent with that obtained by a data-driven
method where small S1 are simulated via bootstrapping
PMT hits from 20–100 PE S1.
The signal ratio between the top and bottom PMT arrays

is dependent on the depth at which the light is produced.
For an S1 at a given interaction position, a p value is
computed based on the observed and expected top/bottom
ratio and p values < 0.001 are rejected. S2 are produced at
the liquid-gas interface, and thus must have a compatible
fraction of light seen in the top array of ∼63%. To reject
events coming from occasional light emission from mal-
functioning PMTs, a threshold is placed on the maximum
fractional contribution of a single PMT to an S1 signal.
The likelihoods of both the S1 and S2 observed hit

patterns compared to those expected from simulation, given
the reconstructed position, are used to reject events that
may be a result of multiple scatters or AC. The low-cS2b,
cS1 ¼ 68 PE event found in Ref. [5] did not pass event
selection criteria in this analysis due to improvements to the

MC simulation used for the S2 hit-pattern likelihood. To
suppress events with poorly reconstructed hit patterns that
occur in regions with a high density of inactive PMT
channels, the difference between the neural network and a
likelihood-fit algorithm is required to be less than 2 to 5 cm,
tighter towards larger S2, where fluctuations become
negligible. As in Ref. [5], the width of the S2 signal in
time must be compatible with the depth of the interaction,
and the multiplicity of S1 and S2 signals must be consistent
with a single scatter event. The efficiency of all selection
conditions is shown in Fig. 1, estimated using a combina-
tion of simulations and calibration control samples.
This analysis expands on that in Ref. [5] by modeling the

radial distribution in the statistical inference procedure and
categorizing events at inner radii based on Z, such that the
analysis space is cS1, cS2b, R, and Z. Each background
component described below, and the WIMP NR signal, are
modeled as a probability density function of all analysis
dimensions. For WIMP NR energy spectra, the Helm form
factor for the nuclear cross section [22] and a standard
isothermal DM halo as in Ref. [5] are assumed, with
v0¼220 km=s, ρDM¼0.3GeV=ðc2cm3Þ, vesc¼544 km=s,
and an Earth velocity of vE ¼ 232 km=s. These spectra are
converted into the analysis space via the detector model
described below. Figures 2 and 3 show the background and
signal model shapes in various 2D projections of the
analysis space compared to data. The 1D projection in
Fig. 4 and the integrals in Table I show the absolute rate
comparisons. An NR signal reference region is defined
between the 200 GeV=c2 WIMP median and the −2σ
quantile in (cS1, cS2b) space.
The natKr concentration in LXe is reduced via

cryogenic distillation [23] to a subdominant level of
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FIG. 1. Best-fit total efficiencies (black), including the energy
ROI selection, for SR0 (dashed) and SR1 (solid) as a function of
true NR energy (keVnr). The efficiency of S1 detection (green)
and that of both S1 detection and selection (blue) are shown.
The shaded bands show the 68% credible regions for SR1. The
expected spectral shapes (purple) of 10 GeV=c2 (dashed),
50 GeV=c2 (dotted), and 200 GeV=c2 (dash-dotted) WIMPs
are overlaid for reference.
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• We expect hundreds of events from                                                               . 

• We do not see them because the WIMP analysis only has 0.01 % detection efficiency. 

time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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FIG. 4. Background and 200 GeV=c2 WIMP signal best-fit
predictions, assuming σSI ¼ 4.7 × 10−47 cm2, compared to DM
search data in the 0.9 ton (solid lines and markers) and 1.3 tons
(dotted lines and hollow markers) masses. The horizontal axis
is the projection along the ER mean (μER), shown in Fig. 3,
normalized to the ER 1σ quantile (σER). Shaded bands indicate
the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ0.27

−0.00 0.10þ0.06
−0.00 0.06þ0.03

−0.00 0.04þ0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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time-coincident 214Bi − 214Po decays, respectively, simi-
larly to the method used in Ref. [25]. The correspon-
ding event rates in the ROI are (71! 8) and
ð29! 4Þ events=ðton yr keVeeÞ. The total ER background
rate is stable throughout both science runs and measured as
½82þ5

−3ðsystÞ ! 3ðstatÞ& events=ðton yr keVeeÞ after correc-
ting for efficiency, which is the lowest background
achieved in a dark matter detector to date.
The NR background includes contributions from radio-

genic neutrons originating from detector materials, coher-
ent elastic neutrino nucleus scattering (CEνNS) mainly
from 8B solar neutrinos, and cosmogenic neutrons from
secondary particles produced by muon showers outside the
TPC (negligible due to the muon veto [11]). The CEνNS
rate is constrained by 8B solar neutrino flux [26] and cross-
section [27] measurements. The rate of radiogenic neutrons
is modeled with GEANT4 MC [28,29] using the measured
radioactivity of materials [30], assuming a normalization
uncertainty of 50% based on the uncertainty in the
SOURCES 4A [31] code and the difference between the
GEANT4 and MCNP particle propagation simulation codes
[32]. Fast neutrons have a mean free path of∼15 cm in LXe
and produce ∼5 times more multiple-scatter than single-
scatter events in the detector, allowing for background
suppression. A dedicated search for multiple-scatter events
finds nine neutron candidates, consistent with the expect-
ation of (6.4! 3.2) derived from the GEANT4 and detector
response simulation described below, which is used to
further constrain the expected single-scatter neutron event
rate in DM search data.
The detector response to ERs and NRs is modeled

similarly to the method described in Refs. [5,33]. All
220Rn, 241AmBe, and neutron generator calibration data
from both science runs are simultaneously fitted to account

for correlations of model parameters across different
sources and runs. To fit the 220Rn data, the parametrization
of the ER recombination model is improved from Ref. [5]
by modifying the Thomas-Imel model [34]. These mod-
ifications include a power-law field dependence similar to
Ref. [35] to account for the different drift fields in each
science run, an exponential energy dependence to extend
the applicability to high energy (up to ∼20 keVee), and an
empirical energy-dependent Fermi-Dirac suppression of
the recombination at low energy (≲2 keVee). The resulting
light and charge yields after fitting are consistent with
measurements [33,36–38]. The fit posterior is used to
predict the ER and NR distributions in the analysis
space of the DM search data, achieving an ER rejection
of 99.7% in the signal reference region, as shown in Table I.
ER uncertainties in (cS1, cS2b) are propagated for stat-
istical inference via variation of the recombination and its
fluctuation, as these show the most dominant effect on
sensitivity (here defined as the median of an ensemble of
confidence intervals derived under the background-
only hypothesis [39,40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into an
uncertainty of 15% (3%) on the total efficiency for
6 ð200Þ GeV=c2 WIMPs.
Energy deposits in charge- or light-insensitive regions

produce lone S1 or S2, respectively, that may accidentally
coincide and mimic a real interaction. The lone-S1 spec-
trum is derived from S1 occurring before the main S1 in
high-energy events and has a rate of [0.7, 1.1] Hz. The
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FIG. 4. Background and 200 GeV=c2 WIMP signal best-fit
predictions, assuming σSI ¼ 4.7 × 10−47 cm2, compared to DM
search data in the 0.9 ton (solid lines and markers) and 1.3 tons
(dotted lines and hollow markers) masses. The horizontal axis
is the projection along the ER mean (μER), shown in Fig. 3,
normalized to the ER 1σ quantile (σER). Shaded bands indicate
the 68% Poisson probability region for the total BG expectations.

TABLE I. Best-fit, including a 200 GeV=c2 WIMP signal plus
background, expected event counts with 278.8 days live time in
the 1.3 tons fiducial mass, 0.9 ton reference mass, and 0.65 ton
core mass, for the full (cS1, cS2b) ROI and, for illustration, in the
NR signal reference region. The table lists each background (BG)
component separately and in total, as well as the expectation for
the WIMP signal assuming the best-fit σSI ¼ 4.7 × 10−47 cm2.
The observed events from data are also shown for comparison.
Although the number of events in the reference region in the
1.3 tons fiducial mass indicate an excess compared to the
background expectation, the likelihood analysis, which considers
both the full parameter space and the event distribution, finds no
significant WIMP-like contribution.

Mass (ton) 1.3 1.3 0.9 0.65

(cS1, cS2b) Full Reference Reference Reference

ER 627! 18 1.62! 0.30 1.12! 0.21 0.60! 0.13
Neutron 1.43! 0.66 0.77! 0.35 0.41! 0.19 0.14! 0.07
CEνNS 0.05! 0.01 0.03! 0.01 0.02 0.01
AC 0.47þ0.27

−0.00 0.10þ0.06
−0.00 0.06þ0.03

−0.00 0.04þ0.02
−0.00

Surface 106! 8 4.84! 0.40 0.02 0.01

Total BG 735! 20 7.36! 0.61 1.62! 0.28 0.80! 0.14
WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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R = ϕν ⋅ σν ⋅ NXe ⋅ exposure

A detection efficiency of ~1 % 
increases the signal rate to 

O(1–10) events/t/yr. 

Phys. Rev. Lett. 131 (2023) 041003
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8Lowering the energy threshold
Phys. Rev. Lett. 126 (2021) 091301

• Lower threshold increases expected 

event rate to 2.11 events in 0.6 t ⨉ yr 

• Detection efficiencies driven by  

• S2 software trigger threshold: 

200 → 120 PE 

• S1 tight coincidence:  

3 → 2 PMTs

The lower threshold comes at the 
expense of a background rate 

increase by two orders of 
magnitude!
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10AC cuts and validation in XENON1T

• S2 shadow selection 

• Gradient boosted decision 

tree (GBDT) cut 

• AC features data-driven 

• S2 area, S2 rise time, S2 

top PMT area fraction, 

reconstructed depth z 

• Define AC-enriched sideband 

region with 50 % of AC 

contained in S2 < 120 PE

AC 
Rejection

Signal 
Acceptance

65 % 87 %

70 % ≥ 85 %

Measured: 
23 events

Expected: 
27.7 ± 1.4 events
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• S2 shadow selection 

• Gradient boosted decision 

tree (GBDT) cut 

• AC features data-driven 

• S2 area, S2 rise time, S2 

top PMT area fraction, 

reconstructed depth z 

• Define AC-enriched sideband 

region with 50 % of AC 

contained in S2 < 120 PE

AC 
Rejection

Signal 
Acceptance

65 % 87 %

70 % ≥ 85 %

Measured: 
23 events

Expected: 
27.7 ± 1.4 events

Source Expected

CEνNS 2.11

AC 5.14

ER 0.21

Radiogenic neutrons 0.04

Total 7.50

Observed 6

Consistent with 
background-only 

hypothesis.  
p ~ 0.5

Phys. Rev. Lett. 126 (2021) 091301
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11AC in XENONnT WIMP analysis
Use features of S1 and S2 
signals in AC vs. physical 

events.

Remove “shadow” of 
large S2s

Model remaining AC 
background

AC model validated to 5 % precision.

AC background mitigated and 
validated well in the XENONnT 

WIMP analysis.



12Solar neutrinos in XENONnT WIMP results
See talk by Zihao Xu from August 28.

the near-wire region give a 6 times larger AC rate for this
region compared to the rest of the TPC. Background
sidebands and 220Rn and 37Ar calibration data were used
to validate the AC model, and the rate is estimated with an
uncertainty of better than 5%. The surface background
model is constructed from 210Po events originating from
the TPC walls, using a similar method as in Ref. [31]. The
data are described in radius using a parametric likelihood fit
based on events foundbelow the blinded region. cS1 and cS2
are modeled using a kernel density estimation derived from
events reconstructed outside of the TPC. The wall model is
validated using the unblinded WIMP region outside of the
FVas a sideband. The expected values for both backgrounds
are summarized in Table I and their distributions in the
(cS1, cS2) space are shown in Fig. 3. An extended table
including separate values for the near- and far-wire region is
included in the Supplemental Materials [34] as Table S2.
The statistical analysis of the WIMP search data uses toy

MC simulations of the experiment to calibrate the distribu-
tion of a log-likelihood-ratio test statistic as in Refs. [31,40].
Four termsmake up the likelihood: two search-data terms for
events near and far from the transverse wires, an ER
calibration term, and a term representing ancillary measure-
ments of parameters. The first three are extended unbinned
likelihoods in cS1, cS2, as well as R for the first term. All
three terms have the same form as Eq. (21) in Ref. [31]. The
two search-data likelihoods include components for the ER,
AC, surface, CEνNS, and radiogenic neutron backgrounds,

as well as the WIMP signal. The 220Rn calibration term
includes the ER model as well as an AC component. The
expected number of events for each component is a nuisance
parameter in the likelihood. In addition, two shape para-
meters for the ER model are included, and a parameter
representing the uncertainty of the expected number of
signal events given the NR response model. The ER shape
parameters mainly modify the signal-like ER tail below
S1 ¼ 10 PE, where they allow the signal-like ER tail below
the median S2 expected from a 200 GeV=c2 WIMP to vary
between 0.009 and 0.017 at 60% confidence level. The
signal shape is fixed, as even a large signal excess would be
small enough that the calibration constraints would domi-
nate. The signal expectation value for a certain cross section
is included as a nuisance parameter. The ancillary meas-
urement term includes Gaussians representing the measure-
ments constraining the AC, radiogenic, surface, and CEνNS
rates, and the uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [41], and a
standard halo model with parameters fixed to the recom-
mendations of Ref. [40]. The main change from previous
XENON publications is an updated local standard of rest
velocity of 238 km=s [42,43]. The NR model fit to

TABLE I. Expected number of events for each model compo-
nent and observed events. The “nominal” column shows expect-
ation values and uncertainties, if applicable, before unblinding.
The nominal ER value is the observed number of ER events
before unblinding. Other columns show best-fit expectation
values and uncertainties for a free fit including a 200 GeV=c2

WIMP signal component. The best-fit signal cross section is
3.22 × 10−47 cm2. In addition to the expectation values in the full
ROI, we include the expectation values in a signal-like cS1,cS2
region containing the 50% of signal in with the best signal-to-
background ratio. This region is indicated in Fig. 3 with an orange
dashed contour. The best-fit and preunblinding values agree
within uncertainties for all components which include an ancil-
lary constraint term.

Nominal Best fit

ROI Signal-like

ER 134 135þ12
−11 0.92# 0.08

Neutrons 1.1þ0.6
−0.5 1.1# 0.4 0.42# 0.16

CEνNS 0.23# 0.06 0.23# 0.06 0.022# 0.006
AC 4.3# 0.9 4.4þ0.9

−0.8 0.32# 0.06
Surface 14# 3 12# 2 0.35# 0.07
Total background 154 152# 12 2.03þ0.17

−0.15
WIMP … 2.6 1.3
Observed … 152 3

FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie chart showing the fraction of the best-fit
model, including the expected number of 200 GeV=c2 WIMPs
(orange) evaluated at the position of the event. The size of the pie
charts is proportional to the signal model at that position.
Background probability density distributions are shown as 1σ
(dark) and 2σ (light) regions as indicated in the legend for ER
(blue), AC (purple), and surface (green, “wall”). The neutron
background (yellow in pies) has a similar distribution to the
WIMP (orange-filled area showing the 2σ region). The orange
dashed contour contains a signal-like region which is constructed
to contain 50% of a 200 GeV=c2 WIMP signal with the highest
possible signal-to-noise ratio.
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the near-wire region give a 6 times larger AC rate for this
region compared to the rest of the TPC. Background
sidebands and 220Rn and 37Ar calibration data were used
to validate the AC model, and the rate is estimated with an
uncertainty of better than 5%. The surface background
model is constructed from 210Po events originating from
the TPC walls, using a similar method as in Ref. [31]. The
data are described in radius using a parametric likelihood fit
based on events foundbelow the blinded region. cS1 and cS2
are modeled using a kernel density estimation derived from
events reconstructed outside of the TPC. The wall model is
validated using the unblinded WIMP region outside of the
FVas a sideband. The expected values for both backgrounds
are summarized in Table I and their distributions in the
(cS1, cS2) space are shown in Fig. 3. An extended table
including separate values for the near- and far-wire region is
included in the Supplemental Materials [34] as Table S2.
The statistical analysis of the WIMP search data uses toy

MC simulations of the experiment to calibrate the distribu-
tion of a log-likelihood-ratio test statistic as in Refs. [31,40].
Four termsmake up the likelihood: two search-data terms for
events near and far from the transverse wires, an ER
calibration term, and a term representing ancillary measure-
ments of parameters. The first three are extended unbinned
likelihoods in cS1, cS2, as well as R for the first term. All
three terms have the same form as Eq. (21) in Ref. [31]. The
two search-data likelihoods include components for the ER,
AC, surface, CEνNS, and radiogenic neutron backgrounds,

as well as the WIMP signal. The 220Rn calibration term
includes the ER model as well as an AC component. The
expected number of events for each component is a nuisance
parameter in the likelihood. In addition, two shape para-
meters for the ER model are included, and a parameter
representing the uncertainty of the expected number of
signal events given the NR response model. The ER shape
parameters mainly modify the signal-like ER tail below
S1 ¼ 10 PE, where they allow the signal-like ER tail below
the median S2 expected from a 200 GeV=c2 WIMP to vary
between 0.009 and 0.017 at 60% confidence level. The
signal shape is fixed, as even a large signal excess would be
small enough that the calibration constraints would domi-
nate. The signal expectation value for a certain cross section
is included as a nuisance parameter. The ancillary meas-
urement term includes Gaussians representing the measure-
ments constraining the AC, radiogenic, surface, and CEνNS
rates, and the uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [41], and a
standard halo model with parameters fixed to the recom-
mendations of Ref. [40]. The main change from previous
XENON publications is an updated local standard of rest
velocity of 238 km=s [42,43]. The NR model fit to

TABLE I. Expected number of events for each model compo-
nent and observed events. The “nominal” column shows expect-
ation values and uncertainties, if applicable, before unblinding.
The nominal ER value is the observed number of ER events
before unblinding. Other columns show best-fit expectation
values and uncertainties for a free fit including a 200 GeV=c2

WIMP signal component. The best-fit signal cross section is
3.22 × 10−47 cm2. In addition to the expectation values in the full
ROI, we include the expectation values in a signal-like cS1,cS2
region containing the 50% of signal in with the best signal-to-
background ratio. This region is indicated in Fig. 3 with an orange
dashed contour. The best-fit and preunblinding values agree
within uncertainties for all components which include an ancil-
lary constraint term.

Nominal Best fit

ROI Signal-like

ER 134 135þ12
−11 0.92# 0.08

Neutrons 1.1þ0.6
−0.5 1.1# 0.4 0.42# 0.16

CEνNS 0.23# 0.06 0.23# 0.06 0.022# 0.006
AC 4.3# 0.9 4.4þ0.9

−0.8 0.32# 0.06
Surface 14# 3 12# 2 0.35# 0.07
Total background 154 152# 12 2.03þ0.17

−0.15
WIMP … 2.6 1.3
Observed … 152 3

FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie chart showing the fraction of the best-fit
model, including the expected number of 200 GeV=c2 WIMPs
(orange) evaluated at the position of the event. The size of the pie
charts is proportional to the signal model at that position.
Background probability density distributions are shown as 1σ
(dark) and 2σ (light) regions as indicated in the legend for ER
(blue), AC (purple), and surface (green, “wall”). The neutron
background (yellow in pies) has a similar distribution to the
WIMP (orange-filled area showing the 2σ region). The orange
dashed contour contains a signal-like region which is constructed
to contain 50% of a 200 GeV=c2 WIMP signal with the highest
possible signal-to-noise ratio.
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Refs. [18,25]. Efficiency losses due to the event building
are also taken into account in the selection efficiency.
The detection efficiency of the TPC dominated by the S1

detection efficiency is evaluated using WFSim and vali-
dated with a data-driven method [31,33]. Both methods
agree within 1%. Efficiency losses at small energies are
dominated by the threefold PMT coincidence requirement.
The upper cS1 ROI edge chosen to include the full WIMP
spectrum determines the upper edge of this analysis. The
combined selection efficiency of the near- and far-wire
regions, the detection, and the total efficiencies of the
analysis are shown together with the normalized recoil
spectra of three different WIMP masses in Fig. 2.
In order to mitigate background events from detector

radioactivity as well as “surface events” produced by ERs
from 210Pb plate-out [3], only events reconstructed in a
central FV (illustrated in the Supplemental Material [34],
Fig. S2) are considered in the analysis. The FV shape is
optimized based on the background distributions, as well as
constrained to not include regions where the detector is not
sensitive or models are incomplete. The total LXe mass of
the FV after considering the systematic uncertainty of the
field distortion correction is ð4.18" 0.13Þ ton.
Five different background components make up the total

background model: radiogenic neutrons, coherent elastic
neutrino-nucleus scattering (CEνNS), ERs, surface events,
and ACs. The expectation values for each are summarized
in Table I. In addition to the full expectation values, we
include for illustration expectation values in a signal-like
region defined to contain half of a 200 GeV=c2 WIMP
signal with the lowest signal-to-background ratio.

The NR background in XENONnT is dominated by
radiogenic neutrons from spontaneous fission and ðα; nÞ
reactions. Neutron yields and energies originating from
various detector materials are evaluated as in Refs. [8,31].
A custom interface based on the fitted NR model accepts
GEANT4 simulation inputs, and provides observable quanta
processed by WFSim to construct the neutron background
model [38]. The neutron rate was estimated based on this
full detector simulation and compared against a data-driven
method. The data-driven estimate uses a combined Poisson
likelihood for MS and SS events tagged by the NV, together
with a simulation-driven MS:SS ratio which was validated
with 241AmBe data. The maximum deviation of the MS:SS
ratio estimated as a function of the radius between data and
simulation was found to be less than 20%. However, a
wrong sign in the NV tagging window discovered only
after unblinding of the main data meant that the simulation
and data-driven estimates found before were no longer in
agreement. This error arose from the premise that the
tagging efficiency was determined in a forward coinci-
dence, counting the number NV tags for a given set of NR
SS events, while the tagging is done by a backward veto
triggered when a NVevent satisfies the threshold criteria. In
accordance with the analysis plan, the data-driven rate
estimate is used. Four events in the WIMP blinding region
are tagged by the NVand cut, three of them also fail the SS
cut, compatible with the MS:SS ratio from simulations.
This gives a total neutron expectation of 1.1þ0.6

−0.5 events
which is a factor 6 higher than predicted by simulations.
Analysis choices such as the NV tagging window and the
FV were not reoptimized after this correction.
The remaining contribution to the NR background is

predominately due to CEνNS from 8B solar neutrinos. The
rate is constrained by measurements of the 8B flux [39], but
the total uncertainty of the expectation value is dominated
by the detector response model uncertainties. The number
of cosmogenic neutrons is conservatively estimated to be
fewer than 0.01 events after MV tagging [7], not including
the additional suppression by the NV. Thus, this back-
ground is considered to be negligible.
The ER background is dominated by β decays of 214Pb

originating from the decay of 222Rn in the LXe. Solar
neutrino-electron scattering, 85Kr, and γ rays emitted
by detector materials also contribute to the ER back-
ground [13]. The ER response model fit was updated after
unblinding of the main data to use the same data-quality
selections as of this study, compared to Ref. [13]. Prior to
unblinding, 134 events are found in the ER band of
the ROI.
Data-driven models are constructed for AC events and

surface background events. The AC background is con-
centrated at low S1 and S2, and is therefore a particular
challenge for low-mass WIMP searches. The model is
constructed from a synthetic dataset made from isolated
S1s and S2s using the method in Ref. [32]. Looser cuts in

FIG. 2. Detection and selection efficiency for NR events in this
search as a function of the NR recoil energy. The total efficiency
in the WIMP search region (black) is dominated by the detection
efficiency (green) at low energies and event selections (blue) at
higher energies until the edge of the ROI. Normalized recoil
spectra for WIMPs with masses of 10, 50, and 200 GeV=c2 are
shown with orange dashed lines for reference.
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the near-wire region give a 6 times larger AC rate for this
region compared to the rest of the TPC. Background
sidebands and 220Rn and 37Ar calibration data were used
to validate the AC model, and the rate is estimated with an
uncertainty of better than 5%. The surface background
model is constructed from 210Po events originating from
the TPC walls, using a similar method as in Ref. [31]. The
data are described in radius using a parametric likelihood fit
based on events foundbelow the blinded region. cS1 and cS2
are modeled using a kernel density estimation derived from
events reconstructed outside of the TPC. The wall model is
validated using the unblinded WIMP region outside of the
FVas a sideband. The expected values for both backgrounds
are summarized in Table I and their distributions in the
(cS1, cS2) space are shown in Fig. 3. An extended table
including separate values for the near- and far-wire region is
included in the Supplemental Materials [34] as Table S2.
The statistical analysis of the WIMP search data uses toy

MC simulations of the experiment to calibrate the distribu-
tion of a log-likelihood-ratio test statistic as in Refs. [31,40].
Four termsmake up the likelihood: two search-data terms for
events near and far from the transverse wires, an ER
calibration term, and a term representing ancillary measure-
ments of parameters. The first three are extended unbinned
likelihoods in cS1, cS2, as well as R for the first term. All
three terms have the same form as Eq. (21) in Ref. [31]. The
two search-data likelihoods include components for the ER,
AC, surface, CEνNS, and radiogenic neutron backgrounds,

as well as the WIMP signal. The 220Rn calibration term
includes the ER model as well as an AC component. The
expected number of events for each component is a nuisance
parameter in the likelihood. In addition, two shape para-
meters for the ER model are included, and a parameter
representing the uncertainty of the expected number of
signal events given the NR response model. The ER shape
parameters mainly modify the signal-like ER tail below
S1 ¼ 10 PE, where they allow the signal-like ER tail below
the median S2 expected from a 200 GeV=c2 WIMP to vary
between 0.009 and 0.017 at 60% confidence level. The
signal shape is fixed, as even a large signal excess would be
small enough that the calibration constraints would domi-
nate. The signal expectation value for a certain cross section
is included as a nuisance parameter. The ancillary meas-
urement term includes Gaussians representing the measure-
ments constraining the AC, radiogenic, surface, and CEνNS
rates, and the uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [41], and a
standard halo model with parameters fixed to the recom-
mendations of Ref. [40]. The main change from previous
XENON publications is an updated local standard of rest
velocity of 238 km=s [42,43]. The NR model fit to

TABLE I. Expected number of events for each model compo-
nent and observed events. The “nominal” column shows expect-
ation values and uncertainties, if applicable, before unblinding.
The nominal ER value is the observed number of ER events
before unblinding. Other columns show best-fit expectation
values and uncertainties for a free fit including a 200 GeV=c2

WIMP signal component. The best-fit signal cross section is
3.22 × 10−47 cm2. In addition to the expectation values in the full
ROI, we include the expectation values in a signal-like cS1,cS2
region containing the 50% of signal in with the best signal-to-
background ratio. This region is indicated in Fig. 3 with an orange
dashed contour. The best-fit and preunblinding values agree
within uncertainties for all components which include an ancil-
lary constraint term.

Nominal Best fit

ROI Signal-like

ER 134 135þ12
−11 0.92# 0.08

Neutrons 1.1þ0.6
−0.5 1.1# 0.4 0.42# 0.16

CEνNS 0.23# 0.06 0.23# 0.06 0.022# 0.006
AC 4.3# 0.9 4.4þ0.9

−0.8 0.32# 0.06
Surface 14# 3 12# 2 0.35# 0.07
Total background 154 152# 12 2.03þ0.17

−0.15
WIMP … 2.6 1.3
Observed … 152 3

FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie chart showing the fraction of the best-fit
model, including the expected number of 200 GeV=c2 WIMPs
(orange) evaluated at the position of the event. The size of the pie
charts is proportional to the signal model at that position.
Background probability density distributions are shown as 1σ
(dark) and 2σ (light) regions as indicated in the legend for ER
(blue), AC (purple), and surface (green, “wall”). The neutron
background (yellow in pies) has a similar distribution to the
WIMP (orange-filled area showing the 2σ region). The orange
dashed contour contains a signal-like region which is constructed
to contain 50% of a 200 GeV=c2 WIMP signal with the highest
possible signal-to-noise ratio.
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Refs. [18,25]. Efficiency losses due to the event building
are also taken into account in the selection efficiency.
The detection efficiency of the TPC dominated by the S1

detection efficiency is evaluated using WFSim and vali-
dated with a data-driven method [31,33]. Both methods
agree within 1%. Efficiency losses at small energies are
dominated by the threefold PMT coincidence requirement.
The upper cS1 ROI edge chosen to include the full WIMP
spectrum determines the upper edge of this analysis. The
combined selection efficiency of the near- and far-wire
regions, the detection, and the total efficiencies of the
analysis are shown together with the normalized recoil
spectra of three different WIMP masses in Fig. 2.
In order to mitigate background events from detector

radioactivity as well as “surface events” produced by ERs
from 210Pb plate-out [3], only events reconstructed in a
central FV (illustrated in the Supplemental Material [34],
Fig. S2) are considered in the analysis. The FV shape is
optimized based on the background distributions, as well as
constrained to not include regions where the detector is not
sensitive or models are incomplete. The total LXe mass of
the FV after considering the systematic uncertainty of the
field distortion correction is ð4.18" 0.13Þ ton.
Five different background components make up the total

background model: radiogenic neutrons, coherent elastic
neutrino-nucleus scattering (CEνNS), ERs, surface events,
and ACs. The expectation values for each are summarized
in Table I. In addition to the full expectation values, we
include for illustration expectation values in a signal-like
region defined to contain half of a 200 GeV=c2 WIMP
signal with the lowest signal-to-background ratio.

The NR background in XENONnT is dominated by
radiogenic neutrons from spontaneous fission and ðα; nÞ
reactions. Neutron yields and energies originating from
various detector materials are evaluated as in Refs. [8,31].
A custom interface based on the fitted NR model accepts
GEANT4 simulation inputs, and provides observable quanta
processed by WFSim to construct the neutron background
model [38]. The neutron rate was estimated based on this
full detector simulation and compared against a data-driven
method. The data-driven estimate uses a combined Poisson
likelihood for MS and SS events tagged by the NV, together
with a simulation-driven MS:SS ratio which was validated
with 241AmBe data. The maximum deviation of the MS:SS
ratio estimated as a function of the radius between data and
simulation was found to be less than 20%. However, a
wrong sign in the NV tagging window discovered only
after unblinding of the main data meant that the simulation
and data-driven estimates found before were no longer in
agreement. This error arose from the premise that the
tagging efficiency was determined in a forward coinci-
dence, counting the number NV tags for a given set of NR
SS events, while the tagging is done by a backward veto
triggered when a NVevent satisfies the threshold criteria. In
accordance with the analysis plan, the data-driven rate
estimate is used. Four events in the WIMP blinding region
are tagged by the NVand cut, three of them also fail the SS
cut, compatible with the MS:SS ratio from simulations.
This gives a total neutron expectation of 1.1þ0.6

−0.5 events
which is a factor 6 higher than predicted by simulations.
Analysis choices such as the NV tagging window and the
FV were not reoptimized after this correction.
The remaining contribution to the NR background is

predominately due to CEνNS from 8B solar neutrinos. The
rate is constrained by measurements of the 8B flux [39], but
the total uncertainty of the expectation value is dominated
by the detector response model uncertainties. The number
of cosmogenic neutrons is conservatively estimated to be
fewer than 0.01 events after MV tagging [7], not including
the additional suppression by the NV. Thus, this back-
ground is considered to be negligible.
The ER background is dominated by β decays of 214Pb

originating from the decay of 222Rn in the LXe. Solar
neutrino-electron scattering, 85Kr, and γ rays emitted
by detector materials also contribute to the ER back-
ground [13]. The ER response model fit was updated after
unblinding of the main data to use the same data-quality
selections as of this study, compared to Ref. [13]. Prior to
unblinding, 134 events are found in the ER band of
the ROI.
Data-driven models are constructed for AC events and

surface background events. The AC background is con-
centrated at low S1 and S2, and is therefore a particular
challenge for low-mass WIMP searches. The model is
constructed from a synthetic dataset made from isolated
S1s and S2s using the method in Ref. [32]. Looser cuts in

FIG. 2. Detection and selection efficiency for NR events in this
search as a function of the NR recoil energy. The total efficiency
in the WIMP search region (black) is dominated by the detection
efficiency (green) at low energies and event selections (blue) at
higher energies until the edge of the ROI. Normalized recoil
spectra for WIMPs with masses of 10, 50, and 200 GeV=c2 are
shown with orange dashed lines for reference.
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Next step: Transition to low-
threshold 2-fold coincidence 

analysis.
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138B discovery potential in XENONnT
Experiment Isolated S1 Isolated S2 Max 

drift
Relative 

AC
Exposure

XENON1T 11.2 Hz 1.1 mHz 730 µs 1 0.6 t ⨉ yr

XENONnT 2.5 Hz 18.5 mHz 2200 µs ~ 11 > 0.6 t ⨉ yr

• Lower field:  

• Larger isolated S2 rate 

• Longer drift 

• Affects discrimination, but 

ER background still 

negligible for CEνNS 

• Increased exposure compared 

to XENON1T 

• Reducing AC rate to the 

XENON1T level would bring a 

8B observation within reach.
XENON1T 
projection



14Summary

instagram.com/xenon_experiment

twitter.com/xenonexperiment

• Liquid xenon detectors of the current generation sensitive to 8B 

solar neutrinos 

• Search demonstrated in XENON1T, but did not find a signal 

• Accidental coincidence background dominant in low-threshold 

analysis and mitigated with S1+S2 correlations and strict data 

selections 

• XENONnT will be more sensitive with a larger exposure and 

improved AC rejection techniques

www.xenonexperiment.org 

XENON at TAUP 2023: 
• Monday, 16:45: XENONnT WIMP 

results by Zihao Xu 
• Tuesday, 14:15: MeV signals and new 

physics by Maxime Pierre 
• Tuesday, 17:15: ML in XENONnT by 

Chris Tunnell 

• Poster: Planck mass dark matter by 
Shengchao Li 

• Poster: Surface background modeling 
by Cecilia Ferrari 

• Poster: Radon removal in XENONnT by 
David Koke 

• Poster: Krypton distillation in XENONnT 
by Johanna Jakob 

• Poster: Ultra-clean pumps for noble 
gas experiments by Andria Michael.

https://www.instagram.com/xenon_experiment/
http://instagram.com/xenon_experiment
http://twitter.com/xenonexperiment
http://twitter.com/xenonexperiment
http://www.xenonexperiment.org/
http://www.xenonexperiment.org/


Backup



16Inference with Different Sets of Constraints

• Light yield and signal rate highly correlated, so 

XENON1T-only result becomes an upper limit 

on the combination of both 

• Combination of XENON1T, LLNL charge yield 

and LUX light yield enables to set upper limit 

on neutrino flux 

• Measured neutrino flux from SNO enables to 

set upper limit on the light yield

Phys. Rev. Lett. 126 (2021) 091301Light yield: Ly Charge yield: q

Neutrino flux: ɸ

Φ < 1.4 ⋅ 107 cm−2s−1 (90 % C . L.)



17Light and charge yields at low energy

Ly. These measurement and the resulting model are shown
in Fig. 1 (bottom). The Ly and Qy parameter fits use
external measurements between 0.9 and 1.9 keV, a central
interval containing 68% of expected 8B CEνNS events after
all acceptance losses. We conservatively assume zero Ly
below 0.5 keV, the lowest energy measurement available
[22]. This treatment has a percent-level effect on the
expected CEνNS rate, since the detection efficiency below
this “cutoff energy” is <10−3.
The XENON1T S1 detection threshold was previously

limited by the requirement that three or more PMTs detect
pulses above threshold (denoted as “hits”) within 50 ns
[23], leading to a 1% acceptance of CEνNS recoils above
the 0.5 keV cutoff. We reduce this “tight-coincidence”
requirement to two hits within 50 ns, increasing the total
acceptance above the 0.5 keV cutoff to 5%. Another
efficiency loss comes from 8B CEνNS S2s failing the
software trigger, which requires 60 significant PMT signals

[24], or the S2 analysis threshold. The sensitivity is
therefore impaired by the presence of electronegative
impurities in the LXe, which reduce S2s along the drift
path. The 120 PE S2 analysis threshold, reduced from
200 PE, accepts 92% of CEνNS events that pass the soft-
ware trigger. Acceptance losses due to new event selection
criteria introduced to suppress backgrounds are described
below. Figure 1 (top) shows the S1 tight-coincidence
acceptances, software trigger, and S2 threshold accep-
tances, and total acceptances for this and previous analyses,
and the resulting spectra of expected 8B CEνNS events. The
Supplemental Material of this Letter provides details on the
waveform simulation used to calculate all acceptances, and
demonstrates excellent matching between real and simu-
lated S1s and S2s [25]. The overall change in acceptance
results in a lowering of the energy threshold, defined as the
energy where 5% of recoils are detected, from 2.6 to
1.6 keV. The ROI for the CEνNS search is defined by S2s
between 120 and 500 photoelectrons (PE), and S1s
between 1.0 and 6.0 PE consisting of two or three hits.
In this ROI, the 8B CEνNS signal expectation increases
20-fold with respect to previous NR searches [8,10,11]
because of the relaxed tight-coincidence requirement and
lower S2 threshold, derived from integrating the expected
event rate in Fig. 1 (top). Because of the minimal overlap
with previously studied data, we consider this a blind
analysis.
Backgrounds.—This analysis considers all backgrounds

described in Refs. [8,17]. Radon daughters decaying on
the inner surface of the TPC wall produce events with
reduced S2s, contributing to the background in the ROI. In
order to reduce this background to a negligible level, we
use a fiducial volume of 1.04 t, similar to the one chosen for
Ref. [18] but smaller than the one used in Ref. [8].
The accidental coincidence (AC) of S1 and S2 peaks

incorrectly paired by the XENON1T reconstruction soft-
ware mimics real interactions. AC background events are
modeled by sampling (with replacement) from isolated S1s
and S2s and assigning a random time separation between
them. Most S1s contributing to AC events originate from
the pileup of lone hits from individual PMTs. Other sources
include low-energy events occurring below the cathode or
on the inner detector surface, and light leaking inside the
active volume. AC forms the dominant background for this
search, since the overall rate of isolated S1s increases by 2
orders of magnitude when we require only two hits. The
rate and distribution of isolated S1s are determined using
S1 peaks found in the extended event window of 1 ms
before the S1 of high-energy events, as in Refs. [8,17]. For
this analysis, the data is reprocessed with an updated
algorithm [29] to better retain the isolated S1s preceding
these high-energy events, eliminating the dominant sys-
tematic uncertainty in the AC rate [8].
High-energy events from gamma-ray backgrounds can

also contaminate subsequent events with lone hits, a

FIG. 1. Top: Improvement of the NR acceptance in this work
(solid) with respect to previous DM analyses (dashed) [8,18],
including S1 detection efficiency (blue), software trigger and S2
threshold acceptance (green), and total acceptance after other
quality and background rejection cuts (black). The right axis
shows the recoil spectrum of 8B CEνNS or dark matter of mass
6 GeV c−2 and cross section 4 × 10−45 cm2 (dotted pink), and the
products of this spectrum with the total acceptances (red) as a
function of true recoil energy. The acceptances and resulting
spectra are based on the nominal (NEST) yield models. The red
shaded interval contains 68% of expected CEvNS events. Middle:
The most precise available measurements of Qy [19] (orange),
with the Qy model described in the text overlaid (black). Bottom:
Constraints on Ly (in photons per keV) from LUX (orange) [20],
and the 68% upper limit from this work described in the Results
section (blue), with the Ly model described in the text overlaid
(black). To be conservative, no response is assumed below the
0.5 keV cutoff (hatched gray).

PHYSICAL REVIEW LETTERS 126, 091301 (2021)

091301-3

• No response assumed below 0.5 keVNR in 

absence of measurements and with detection 

efficiency below 10-3 

• Charge yield measurements by Lenardo et al. 

set strong QY constraints. Use their NEST 

v2.1.0 best fit and uncertainty to obtain shape 

and scale with single parameter q. 

• Large light yield uncertainties  of ≈ 20 % near 

1 keV 

• Fit Ly measurements using a free parameter 

that scales the NEST v2.1.0 best-fit curve for 

measurements between 0.9 – 1.9 keV

XENON1T upper limit on NR 
light yield from constraining 

charge yield and neutrino flux.

68 % confidence interval

Phys. Rev. Lett. 126 (2021) 091301



18ROI and backgrounds
Source Expected

CEνNS 2.11

AC 5.14

ER 0.21

Radiogenic neutrons 0.04

Surface Negligible

Total 7.50

Observed 6

1.04 t fiducial volume

Tight ROI

cS2b < 250 pe

• 0.6 t ⨉ yr after livetime reducing cuts: 

• S2 shadow, PMT signal sum < 40 pe within first 40 ms of an event. 

• 2 or 3 PMT hits with 1 PE ≤ S1 ≤ 6 PE 

• 120 PE ≤ S2 ≤ 500 PE

XENON1T 
WIMP data



19GBDT cut in XENON1T



20Electron lifetime dependence of CEνNS rate
Assume everything is the same as in XENON1T analysis except for electron drift lifetime.



21Non-Standard Neutrino Interactions

6

FIG. 3. Projections of the 90% confidence volumes in Ly

and � (top), and in Ly and the Qy interpolation parame-
ter q (bottom). The green area shows constraints using only
the XENON1T data. Combining the XENON1T data and
external constraints on Qy [16] and Ly [19, 32] (shown in
black dash-dotted lines) gives the confidence interval shown
in pink, and an upper limit on �. Conversely, combining the
XENON1T data and constraints on � [14] and Qy yields the
dark blue interval and upper limits on Ly. The dashed white
line displays the 68% confidence interval. Ly is assumed con-
stant in the 8B CE⌫NS ROI for these constraints.

the detector surface area, the AC background will be
the biggest challenge for the discovery of 8B CE⌫NS.
The AC background modeling and discrimination tech-
niques used in this analysis will improve the sensitivity of
XENONnT to 8B CE⌫NS and low-mass DM. The novel
cryogenic liquid circulation system developed to ensure
e�cient purification in XENONnT will mitigate the re-
duction of S2s due to impurities, improving the accep-
tance of low-energy NRs from 8B neutrinos and DM. Ad-
ditionally, the data will be analyzed in a triggerless mode
to minimize e�ciency loss and better understand the AC
background. Together with the significantly larger expo-
sure, these techniques give XENONnT strong potential
to discover 8B CE⌫NS.

The large uncertainty in both Qy and Ly will be the
dominant systematic in constraining new physics from
DM and non-standard neutrino interactions. Improving
these uncertainties by calibrating NRs in LXe using in-
situ low energy neutron sources [40] and dedicated de-

FIG. 4. Constraints on new physics using XENON1T data.
Top: Constraints on non-standard vector couplings between
the electron neutrino and quarks, where the XENON1T 90%
confidence interval (light blue region) is compared with the
results from COHERENT [3, 28] (pink and dark red regions)
and CHARM [33] (green). Bottom: The 90% upper limit
(blue line) on the spin-independent DM-nucleon cross section
�SI as function of DM mass. Dark and light blue areas show
the 1� and 2� sensitivity bands, and the dashed line the me-
dian sensitivity. Green lines show other XENON1T limits on
�SI using the threefold tight-coincidence requirement [6] and
an analysis using only the ionization signal [7], and other con-
straints [34–38] are shown in red. The dash-dotted line shows
where the probability of a 3� DM discovery is 90% for an
idealised, extremely low-threshold (3 eV) xenon detector with
a 1000 t⇥ y exposure [39]. The black dot denotes DM that
has a recoil spectrum and rate identical to the 8B neutrinos.

tectors [16] can crucially improve the sensitivity of next-
generation experiments to both 8B CE⌫NS and light DM.
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Compare integrated rate to SM prediction.

 gives constraint along a line in ϵuV
ee − ϵdV

ee
dR
dT

∝ Q̃2
W

Q̃W = Z ⋅ (gp
V + 2ϵuV

ee + ϵdV
ee ) + N ⋅ (gn

V + ϵuV
ee + 2ϵdV

ee )
νe survival 
probability

Neutrino 
flux

CEνNS 
cross-section

dRe

dT
= 𝒩 ⋅ ∫Eν, min

Pe(Eν) ⋅
dN
dEν

⋅
dσ(Eν, T)

dT
dEν ∝ Q̃2

W(ϵuV
ee , ϵdV

ee )

4.6 x 1027 
nuclei/

tonne Xe



22Improving XENON1T WIMP Limits

8B

Phys. Rev. Lett. 126 (2021) 091301 • No positive detection of CEνNS 

signal 

• Use lowered threshold to set 

improved low-mass WIMP limits 

down to 3 GeV/c2 

• External constraints on neutrino 

flux and detector response 

• Improvement over previous S2-only 

analysis range



23Isolated peaks
Isolated S2: 

• Select at the event level and also 

analyze “ambience” (e.g. lone hits 

before S1 + S2) around them in 

order to suppress correlated S1 + 

S2 events. 

• In order to not lose isolated S2s at 

the modeling stage 

• Either S1 < 150 PE or no S1 within 

the same event window.

Isolated S1: 

• Identified as S1, 3-PMT coincidence, 

< 150 PE 

• No S2 in maximum drift time 

window… 

• … or no correlation with S1 and S2 

as defined by BDT or S1 top area 

fraction cuts



24Boosted decision tree cut

• Random pairing of isolated S1 and S2 will lead to random drift times and unphysical values for peak 

features depending on the event position 

• In essence multi-parameter space extension of an S2 width cut using gradient boosted decision trees 

• Train on data-driven AC templates, pick signal acceptance and associated AC rejection based on full 

waveform simulation of signals



25Shadow cut

• Time veto that rejects everything within certain periods of large S1s or S2s 

• Shadow veto rejection based on S2prev/∆tprev 

• Position correlation veto based on S2 spatial correlation with preceding S2



26AC model in XENONnT WIMP analysis

• Model is purely data-driven, large isolated S1 and S2 

samples achieved due to triggerless DAQ 

• Isolated S1 rate similar to XENON1T, isolated S2 rate 100 

times higher (lower extraction efficiency) 

• Make AC template by random pairing of isolated S1 and S2 

• AC rate prediction from isolated peak rates after preparing 

cuts: 3.2 events in SR0 WIMP data 

• Suppression at peak (shadow and S2 spatial correlation with 

preceding large S2) and event level (S2 width, BDT)



27AC validation in XENONnT WIMP analysis
• Model validation in AC-domiated samples of science data, 220Rn and 37Ar: 

• WIMP ROI passing all cuts 

• AC sideband not passing S2 width or BDT

WIMP data 
sideband

Ar-37 
sideband



28S1 detection efficiency
• S1 detection efficiency modeled either by: 

• waveform simulation (final model) 

• bootstrapping of S1 hits from 37Ar and 83mKr S1s 

at 2.8 keV, 9.4 keV and 32.1 keV (cross-check) 

• Grey regions denote invalid areas from requiring 2- 

or 3-PMT tight coincidence within 50 ns 

• Data-driven uncertainties from data selection bias, 

energy- and position dependence of S1 pulse shape, 

and statistical uncertainty 

• Simulation uncertainties dominated by position-

dependence of S1 pulse shape 
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29Neutrino fluxes and recoil spectra
Direct Detection of Dark Matter 36
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Figure 15. Di↵erential recoil spectra in xenon from WIMPs of various masses m�

and spin-independent cross sections and from neutrinos scattering coherently o↵ the
xenon nuclei (CNNS). At low recoil energies, the CNNS sum spectrum is dominated
by solar 8B neutrinos, at high energies by atmospheric neutrinos. A NR acceptance
of 50% is assumed and the detector signal is converted to the electronic recoil scale
(keVee) using the scintillation signal only.

3.4. Outlook: Towards the Neutrino Floor

The signature for WIMP dark matter in direct detection experiments are single scatter

nuclear recoils. The same signal is produced (in any detector) by coherent neutrino-

nucleus scattering (CNNS) which leads to an irreducible background for the WIMP

search. The cross section for neutrinos of energy E⌫ scattering coherently o↵ a nucleus

of mass mN (Z protons and A�Z neutrons), resulting in a nuclear recoil of energy Enr,

is given by [156]

d�

dEnr

=
G2

FmN

4⇡

⇥
A� Z � (1� 4 sin2 ✓W )Z

⇤✓
1�

mNEnr

2E2
⌫

◆
F 2(Q2); (23)

GF is Fermi’s constant and ✓W the Weinberg angle. As in the description of WIMP-

nucleon interactions the form factor F (Q2) depends on the momentum transfer and

can be described by the standard Helm form factor. The neutrinos are high-energetic
8B neutrinos from the Sun (dominating at low WIMP masses m�) and atmospheric

neutrinos (dominating above m� ⇠ 10GeV/c2). Neutrinos from the hep-process and

from the di↵use supernova background (DSNB) have subdominant contributions [158],

see Fig. 15. This neutrino background provides the ultimate border for “traditional”

direct WIMP searches [117, 159, 160], whereas directional detectors could go beyond the

border provided that a significant number of events are detected [97] (see also discussion

on directional detectors in Sect. 2.3 E).

The “neutrino floor” plotted in Fig. 12 was introduced as “WIMP discovery limit”

in [117]. It is defined by the detection of a WIMP signal at 3� on top of a background

XENON1T

J. Phys. G46 (2019) no.10, 103003Rev. Mod. Phys. 92, 045006

CEνNS of solar 8B neutrinos 
mimics ~ 6 GeV/c2 

WIMPs (neutrino fog)
Tmax =

2E2
ν

2Eν + mAc2
≈ 𝒪(1) keV



30XENON1T Time Projection Chamber

238 Hamamatsu R11410-21 PMTs

3“ PMTs, low radioactivity, QE ~ 35 % at 175 nm

2 t LXe in active volume

Highly reflective 
PTFE walls

~ 1 m diameter 
~ 1 m length

74 copper field shaping 
rings

Five high-transparency 
electrodes

EPJ C 11:546 (2015)



31XENONnT Time Projection Chamber
• 5.9 t active mass (planned 4.0 t fiducial) 

• 1.5 m drift, 1.3 m diameter 

• 494 PMTs (3”), Hamamatsu R11410-21 

• Two sets of concentric field-shaping rings



32XENONnT Liquid Purification

• High purification flux for removing electronegative 

impurities: 2 l /min LXe ≈ 350 kg/h 

• Low-Rn filters for science data taking 

• Achieved electron-lifetime of > 20 ms 

XENON1T: 0.65 ms ≈ 0.9 x maximum 
drift-time (30 % cathode survival)

XENONnT: 2.2 ms maximum drift 
(> 90 % cathode survival)



33XENONnT Radon Distillation Column

LN2/Xe heat 
exchanger

Reboiler and 
Xe/Xe heat 
exchanger

Radon-free compressor 
as heat pump

Xenon

Radon

• Constantly remove emanating 

radon from xenon using 

difference in vapor pressure 

• Remove radon faster than it 

decays (T1/2 = 3.8 d) 

• Liquid xenon inlet and outlet 

with 0.4 l/min ≈ 70 kg/h LXe



34XENONnT Radon Distillation Column

• Reached equilibrium 

concentration of 1.72 µBq/kg by 

gas extraction only 

• Background goal 1 µBq/kg 

• Additional factor 2 in Rn 

removal possible in the future 

using originally planned liquid 

extraction

Gas extraction 
from cryogenics


