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The XENONnT Experiment
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The XENONnT Timeline: Science Run 0 6

XENONnT timeline: SR0

26

๏ 97.1 days exposure from Jul. 6th-Nov. 11th 2021


๏ 95.1 days lifetime corrected


๏ Rn distillation column in gas-only mode


๏ All (=494) but 17 PMTs working, gain stable at < 3 %


๏ Drift E-field: 23 V/cm


๏ Extraction Field: 2.9 kV/cm


๏ Localized high single-electron emission occurring 
seemingly at random, anode ramped down



Dual-Phase Time Projection Chamber 7

๏1.3 m diameter and 1.5 m height  

๏5.9 t xenon instrumented, 8.5 t total xenon  

๏5 electrodes and 2 sets of field shaping rings  

๏PTFE reflectors to maximize light collection efficiency 
(LCE ~ 36%)

๏494 3” PMTs (R11410-21) in the top/bottom array  
(QE ~ 34%) 

๏short-circuit between the cathode and bottom screen limited 
the cathode voltage to -2.75 kV  
→ E-field at 23 V/cm



Veto Systems 8

๏Gd-Water Cherenkov detector (SuperK/EGADS technology) 

๏In SR0, operated nVeto with pure-water 

๏Tag neutrons through the neutron-capture on hydrogen 
which releases a 2.2 MeV γ-ray 

๏Covering the entire detector wall with ePTFE  
(~99% reflectivity)

2.2 MeV 
4.4 MeV from AmBe 

๏Measured (68 ± 3) % tag. efficiency @ 600 μs window 
and a 5-fold PMT coincidence, and 5 PE threshold 

๏53 % tag. efficiency with SR0 configuration 
 (250 μs veto window) 

๏0.2 % Gd doping will improve it to 87 % 
 (150 μs, 10-fold)

pure water 




LXe Purification 9

๏Direct liquid circulation with cryogenic pump 

- 2 LPM (18h to exchange the entire volume of 8.5 ton) 

๏Multiple filters 

- Engelhard Q5: High eff / High Rn (for fast purification) 

- SAES St707 getter pills: Mid eff / Low Rn (for SR0)

GXe PUR. only 

Full TPC 
drift time

electron 
lifetime

electrons surviving a 
full drift length

O2
Purification 
speed

1T 0.67 ms 0.65 ms 30% ~ 1 ppb 0.65 ms in 
~3months

nT 2.2 ms > 10 ms > 90% ~ 0.02 ppb 5ms in ~5 days

SR0



Radon Removal with Distillation 10

๏Design: 1μBq/kg 222Rn level (XENON1T: 13μBq/kg)  

๏Constant removal of emanating Rn using difference in vapor pressure 
(Rn atom accumulates into LXe more than GXe) 

๏Reached equilibrium concentration of 1.8 μBq/kg by gas extraction only (~8 times less BG w.r.t. 1T) 

๏Additional factor 2 reduction is possible via liquid extraction for SR1

Xenon

Radon



Detector Calibration 11

241AmBe

37Ar
212Pb

๏Two ER calibration sources at low energy:


-  37Ar, which gives mono-energetic 2.8 keV peak 
used to anchor the low-energy response and 
resolution models with high statistics


- 212Pb  from 220Rn gives a roughly flat 𝛽-spectrum to 
estimate cut acceptances and validates our energy 
threshold 
 

๏One NR calibration in low energies:


- 241AmBe, external source with clean NR selection 
via coincident tagging with nVeto which defines the 
NR response model for LXe


๏ 99% discrimination of ER backgrounds below NR 
band median achieved



Energy Responss 12

๏Calibrations with various sources including 37Ar, 83mKr, 220Rn, 241AmBe


๏Reconstruct energy with g1/g2, validate efficiency/energy threshold with 37Ar, 220Rn (212Pb β-decay) 


 

๏Energy resolution at 1 keV is ~30%

E = (nph + ne) ⋅ W = (
cS1
g1

+
cS2
g2

) ⋅ 13.7(eV)



Detection and Selection Efficiency for WIMP Searches 13

๏Detection efficiency:


-threshold driven by a 3-fold PMT coincidence for S1

-Efficiency estimated with two different methods 


-simulation-driven: full waveforms

-data-driven method: bootstrapping from 83mKr and 37Ar S1


๏ROI for WIMP Searches


-cS1: [0 pe, 100 pe]


-cS2 : [102.1 pe, 104.1 pe] 

๏Event selection for WIMP Searches


-FV: (4.18 ± 0.13) ton: ~4x larger than in XENON1T


-Veto with events in nVeto within 250μs after S1 signal


-BDT cut to suppress accidental coincidence of isolated S1/S2s


๏Total acceptance > 10% for [3.1 keVNR, 60 keVNR]
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ER Backgrounds in XENONnT

30

๏ Total ER background below 30 keV: (15.8±1.3) 
events/(t y keV): ~ 0.2 x the one of XENON1T 

๏ Lowest background achieved in a DM detector 

๏ No excess observed in XENONnT

(1, 10) keV (1, 140) keV

Materials

Solar ν

AC

-

-

56 ± 7

6 ± 4

16 ± 3

8.7 ± 0.3

25 ± 2

2.6 ± 0.3

0.70 ± 0.03

980 ± 120

270 ± 50

90 ± 60

1520 ± 50

300 ± 30

260 ± 30

0.71 ± 0.03

160 ± 60

80 ± 16

214Pb
85Kr

136Xe

124Xe

133Xe
83mKr

XENON collaboration, PRL 129, 2022

๏Main BG = 214Pb (daughter of 222Rn)


๏Total ER background below 30 keV: (15.8±1.3) events/(t y keV):  
~ 0.2 x XENON1T


๏Lowest background achieved in a DM detector 

๏Solar neutrinos: second largest background below 10 keV 

๏No ER excess observed 
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ER Backgrounds in XENONnT
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~ 0.2 x XENON1T


๏Lowest background achieved in a DM detector 
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Constraints on Bosonic Dark Matter/Axions 16

The last background component, accidental coinciden-
ces (ACs), is the only non-ER background in B0.
Uncorrelated S1s and S2s can randomly pair and form
fake events, and a small fraction survives all event
selections [30]. AC events overlap with the ER band in
cS1-cS2 space and produce a spectrum that increases
toward low energies. Its rate in the ER region is predicted
to be ð0.61" 0.03Þ events=ðt · yÞ using a data-driven
method, which randomly pairs isolated S1s and isolated
S2s data into fake events and subsequently applies the
aforementioned event selections.
After all aspects of the analysis had been fixed and a

good agreement between the background model and data
above 20 keV was found (p-value ∼0.2), the region
between "2σ quantile of ER events in S2 was unblinded.
The NR region below ER − 2σ remains blinded while the
WIMP analysis continues, as shown in Fig. 3.

We performed a fit in reconstructed energy space using
an unbinned maximum likelihood similar to that in [1]. The
efficiency at low energies is allowed to vary within its
uncertainty band. The best fit of B0 is illustrated in Figs. 4
and 5, and the results are listed in Table I. The SR0 dataset
agrees well with B0, and no excess above the background
is found. The efficiency-corrected average ER back-
ground rate within (1, 30) keV is measured to be
ð15.8" 1.3statÞ events=ðt · y · keVÞ, a factor of ∼5 lower
than the rate in XENON1T [1]. This is the lowest back-
ground rate ever achieved at these energies among dark
matter direct detection experiments. The spectral shape in
Fig. 4 is, for the first time, mostly determined by two
second-order weak processes: the 2νββ of 136Xe and
2νECEC of 124Xe.
The best-fit activity concentration of 214Pb is ð1.31"

0.17statÞ μBq=kg assuming the branching ratio to the

FIG. 6. 90% C.L. upper limit on different new physics models. Constraints on the axion-electron gae and axion-photon gaγ couplings
from a search for solar axions are shown in (a). Constraints on solar neutrinos with an enhanced magnetic moment (b), ALP DM (c), and
dark photon DM (d) are shown together with the 1σ (green) and 2σ (yellow) sensitivity bands estimated with the background-only fit.
Constraints between ð39; 44Þ keV=c2 are excluded in (c) and (d) due to the unconstrained 83mKr background. Selected limits from other
experiments [47–61] and astrophysical observations [62–66] are also shown.

PHYSICAL REVIEW LETTERS 129, 161805 (2022)

161805-7

First results from XENONnT: solar 
axions

33

๏ Constrains on the couplings of solar 
axions:  

๏ statistical inference in 3D space 

๏ projection to 2D space of gaγ and gae

XENON collaboration, PRL 129, 2022

First results from XENONnT: solar 
axions

33

๏ Constrains on the couplings of solar 
axions:  

๏ statistical inference in 3D space 

๏ projection to 2D space of gaγ and gae

XENON collaboration, PRL 129, 2022

ALPs Dark Photon

Axion(gae) Axion(gaγ)



Constraints on Solar-Reflected DM 17

๏MeV-scale DMs could have a recoil energy of O(1) keV 

๏Searched for solar-reflected DM using the SR0 ER data 

๏Obtained new limits on MeV-scale DMs couple to electrons.

Reflected Flux

σe = 10-28 cm2
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σe = 10-32 cm2
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σe = 10-36 cm2

σe = 10-38 cm2
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Halo DM

SRDM

• Larger cross section !: DM 
scatters at solar surface –
cooler – fewer high-energy 
particles

• Lower !: DM can access 
to hotter bulk – more high-
energy particles

• Very low !: transparent 
Sun. Flux is attenuated 
overall

From H.Xu



Backgrounds for WIMP Searches 18

ER background

•Dominated by radon background (β-decay of  214Pb)


 
Surface background

•210Pb plate-out on the PTFE wall of the TPC leading to 210Po 

α-decays with electron loss

•Suppressed by FV cut 

Accidental Coincidences (AC)

•Random pairing of isolated S1 and S2 signals

•Suppressed by BDT cut based on S2 shape features 

NR backgrounds

•Radiogenic neutron rate prediction from NV tagging: ~ 1.1 events

•CEvNS constrained from solar 8B neutrino flux: ~ 0.2 events 
(CEvNS search based on 2-fold coincidence is ongoing now)



Backgrounds for WIMP Searches 19

BG Full ROI

ER 0.87 ± 0.07

Neutron 1.1 ± 0.2 0.42 ± 0.10

CEvNS 0.23 ± 0.06 0.022 ± 0.011

Accidental Coincidence 4.32 ± 0.15 0.363 ± 0.013

Surface BG

Total BG 152 ± 12

WIMP (200GeV, 2.7×10-47 cm2) 2.4 1.2

Observation 152 3

135+12
−11

12+0
−4 0.34+0.01

−0.11

1.95+0.12
−0.16

No significant excess above the BG expectation 
was observed


Component fraction of the best 
fit model including a 200 GeV/c2 
WIMP evaluated at event 
position σ = 3.22× 10-47 cm2



WIMP Results 20

PandaX-4T, PRL 127, 261802 

LZ, arXiv:2207.03764
XENON, PRL 121, 111302 

๏Blinding analysis


๏Strongest limit:  2.58(6.08) ×10-47 cm2 @ 28(100) GeV


๏Factor 1.6 improvement in the upper limit w.r.t. XENON1T (but with considerably shorter livetime)
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Figure 6: Projections of the XENONnT sensitivity and discovery power in the search for spin-
independent WIMP-nucleon couplings. (Left) Median 90% CL exclusion limit (black solid line) for
a 20 t y exposure, with the 1� (green) and 2� (yellow) bands. The current strongest exclusion limit,
obtained with XENON1T [3], is shown in blue. The gray dashed-dotted line represents the discovery
limit of an idealized LXe-based experiment with CE⌫NS as unique background source and a 1000 t y
exposure [70]. The improvement of the discovery potential with increasing exposure below that line
would be significantly slowed down by the atmospheric neutrino background. (Right) Sensitivity as
a function of exposure, for the search of a 50GeV/c2 WIMP in the assumed 4 t fiducial mass. The
dashed (dotted) black lines in both panels indicate the smallest cross-sections at which the experiment
would have a 50% chance of observing an excess with significance greater than 3� (5�). A two-sided
profile construction is used to compute the confidence intervals.

atmospheric neutrinos and DSN (44%), due to the impact of the neutron-X population. A fraction of
71% of the CE⌫NS PDF from solar neutrinos falls inside the reference signal region, even though it is
confined to very small cS1 and cS2b signals. Numbers in this portion of the observable space can only
give an indication of performance, but are useful for comparison with other detectors. The sensitivity
study presented below does not use any ER discrimination cut or specific signal region selection, but
it is based on the profile likelihood analysis in the full (cS1, cS2b) observable ROI.

The neutron and CE⌫NS background rates are primarily constrained by ancillary measurements,
as discussed in section 4.3, and likelihood terms are included to account for the relative uncertainties
reported in table 4. On the other hand, even a short first run of XENONnT will constrain the ER
rate better than the 10% prediction uncertainty, therefore we do not include a related term in the
likelihood. Systematic uncertainties on the detector response to NRs primarily impact the search for
low-mass WIMPs. However, such uncertainties were sub-dominant in the XENON1T WIMP search
results and we therefore neglect them in this work.

5.2 Statistical model
The likelihood-based statistical modeling of the experiment uses an extended unbinned likelihood, L,
with PDFs in x = (cS1, cS2b):

L(�DM,✓) =Pois(N | µtot(�DM,✓)) ·
NY

i=1

"
X

c

µc(�DM,✓)

µtot(�DM,✓)
· fc(xi|✓)

#
· Lanc(✓) , (5.1)

where µtot(�,✓) ⌘
P

c µc(�,✓) and the ancillary term Lanc is defined as

Lanc(✓) ⌘
Y

k

Gaus(µ̂k| µk, ⇠k) , (5.2)

– 15 –

Now

๏ will improve the WIMP sensitivity by a factor of ~10 with 20 t-yr 
exposure 

๏ Currently our analysis is focusing on 8B CEvNS discovery 

๏ Data taking ongoing with the improved ER background 
- Further reduction with GXe + LXe radon distillation:  
1.8 → 0.8μBq/kg 

๏ Neutron veto will be loaded with Gd-sulfate octahydrate to 
increase neutron detection efficiency 

- recently injected small amount of Gd, and gradually  
increasing the concentration 

- 53% →  87% with a shorter 150 µs tagging window

JCAP11(2020)031
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The DARWIN Experiment



Physics Programs @ DARWIN 239

Supernova
• Early alert
• Supernova neutrinos
• Multi-messenger astrophysics

Dark Matter
• Dark photons
• Axion-like particles
• Planck mass

WIMPs
• Spin-independent
• Spin-dependent
• Sub-GeV
• Inelastic

Neutrino Nature
• Neutrinoless 

double beta decay
• Double electron 

capture
• Magnetic Moment

Cosmic Rays
• Atmospheric 

neutrinos

Sun
• pp neutrinos
• Solar 

metallicity
• 7Be, 8B, hep

FIG. 2. The science channels of a next-generation liquid xenon observatory for rare events spans many areas and is of interest
to particle physics, nuclear physics, astrophysics, solar physics, and cosmology.

current Standard Model (SM) of particle physics [32].
The nature of this non-baryonic component is still un-
known: its existence would be one of the strongest pieces
of evidence that the current theory of fundamental par-
ticles and forces, summarized in the SM, is incomplete.
A number of proposed candidates have been put forward
over time, with some of the most popular candidates dis-
cussed in sections II and III.

C. Dark Matter Direct Detection

Since the 1980s, there have been large e↵orts to develop
experiments on Earth that are able to directly search for
dark matter, particularly for Weakly Interacting Massive
Particles (WIMPs) [33–36], one popular dark matter can-
didate. Given the low expected interaction strength, the
probability of multiple collisions within a detector is neg-
ligible, resulting in a recoil spectrum of single scattering
events.

A possible dark matter signature would be an annual
modulation of the interaction count rate due to the mo-

tion of the Earth around the Sun [35–37]. The relative
velocity of dark matter particles in the Milky Way halo
with respect to the detector on Earth depends on the time
of year; therefore, the measured count rate is expected to
exhibit a sinusoidal dependence with time, where the am-
plitude and phase of modulation will depend on the dark
matter distribution within the halo [38]. While there
is general consensus on standard values to be used to
calculate expectations for direct experiments [30], this
scenario can be modified in a number of possible as-
trophysical scenarios such as the presence of dark mat-
ter streams [39, 40], halo substructure [41–43], a dark
disk [44] or local captured populations of WIMPs result-
ing from interactions in the Sun [45] and Earth [46].

In the e↵ort to directly detect dark matter, many tech-
nologies have been developed to measure dark matter in-
teractions with target nuclei. Complementary searches
with di↵erent targets, discussed further in section VIII,
are essential to unveil the nature of dark matter. In the
most common approach, experiments attempt to mea-
sure the nuclear recoil energy produced by collisions be-
tween dark matter candidates and target nuclei in the
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๏Two-phase TPC: 2.6 m ø and 2.6 m height 

๏50 t (40 t) LXe in total (in TPC) 

๏Top & bottom arrays of photosensors 
(e.g., 1800 3-inch PMTs) 

๏PTFE reflectors and Cu field shaping rings 

๏Low-background Ti cryostat 

๏Gd-doped water as n- and µ-vetos

Future xenon TPC: DARWIN

35

DARWIN collaboration 
JCAP 1611 (2016) 017

40 t 
LXe 
TPC

2.6 m

Baseline design; alternative designs 
and photosensors under consideration

DARWIN

๏Dual-phase LXe TPC: 2.6 m ø and 2.6 m height


๏50 t (40 t) LXe in total (in TPC)


๏Top & bottom arrays of photosensors 
 (e.g., 1800 3-inch PMTs)


๏PTFE reflectors and Cu field shaping rings 


๏Low-background Ti cryostat


๏Gd-doped water as n- and μ-vetos


๏Alternative designs and photosensors under 
consideration (details later) JCAP 1611 (2016) 017
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13

to a future study.
The background model is made up of the intrinsic elec-

tronic and nuclear recoil backgrounds. The expectation
value is dominated by electronic recoils from naturally
occurring 136Xe and solar (mostly pp) neutrinos scatter-
ing o↵ electrons. Electronic recoil events can be distin-
guished from a WIMP signal using the ionization signal.

Nuclear recoil events from neutrons scattering in the
detector volume can be separated to some degree from
a WIMP signal based on the recoil energy spectrum and
their tendency to scatter multiple times. Further, neu-
trons can be tagged surrounding the detector with an
active neutron veto. We thus only include nuclear recoil
backgrounds from 8B, HEP, di↵use supernovae and at-
mospheric neutrinos. These neutrino signals, while being
an interesting signal in their own right (Sec. V), may sig-
nificantly a↵ect the sensitivity to dark matter as they are
becoming the dominant background (Sec. IIQ).

The neutrino recoil spectra, as well as flux uncer-
tainties on the di↵erent components, are taken to be
the same as in [84], with spectra from Ref. [147–150].
WIMP recoil spectra are computed using the wimprates
package [151], with spin-independent computations from
Ref. [152], spin-dependent computations from Ref. [153],
and WIMP-pion recoil spectra from Ref. [154, 155]. We
use the background and signal distributions to construct
signal regions for each WIMP interaction and mass as
the 50% most signal-like region in S1 and S2, ordered
by signal-to-background ratio. We indicate the region at
which neutrinos become an appreciable background as
the cross section where the WIMP and neutrino expec-
tation in the signal region are equal. Levels where the
neutrino signal is equal, 10 times, 100 times etc. of the
WIMP signal are indicated by the shared gray regions
labeled “neutrino fog” in Figures 5 and 7. Estimates
of where experimental sensitivity will improve only very
slowly with exposure depend crucially on the uncertainty
on the neutrino signal and detector response. Attempts
to quantify the “neutrino floor“, such as [156, 157] (the
former is included as a dashed line in figure 5) often as-
sume e.g. very low experimental energy thresholds in or-
der to reflect the ultimate limit. Further discussion of
the neutrino background may be found in section IIQ.

C. Spin-Independent WIMPs

The next-generation detector proposed here can be
thought of as the ‘ultimate’ WIMP dark matter detec-
tor in two senses: exposure and energy threshold. Tradi-
tionally, WIMP detection has been limited primarily by
the experiment’s exposure (expressed in mass ⇥ time),
and sensitivity has progressed proportionally to that ex-
posure. This linear scaling will hold as long as contam-
ination by any non-WIMP recoils remains small. This
next-generation WIMP detector will be the last to ben-
efit from this proportional scaling over much of its oper-
ating time. Any larger experiment would face a rate of

FIG. 5. Projections for the next-generation experiment dis-
cussed here, together with projected and current leading 90%
upper limits, on the spin-independent WIMP-nucleon cross
section. Blue and purple solid lines show the current lim-
its from XENON1T [82] and PandaX-4T [158] (non-blind*).
Dashed blue and orange lines indicate sensitivity projections
from LZ [85] (15.3 t ⇥ y, one-sided) and XENONnT [84]
(20 t ⇥ y). Projected median upper limits for exposures of
200 t ⇥ y and 1000 t ⇥ y are plotted in dashed red. The
dashed line shows one definition of the “neutrino floor” [149],
the shaded gray area indicates the “neutrino fog”, specifically
where more than one, 10, 100, etc. neutrino events are ex-
pected in the 50% most signal-like S1/S2 region. Calculations
follow Refs. [151, 152].

coherent elastic neutrino-nucleus scattering from astro-
physical sources [149, 159]. While that is an interesting
signal in its own right (section V), neutrinos present an
unavoidable background to WIMP sensitivity.
The energy threshold of this search is also important.

A recoil threshold of ⇠keV is required in order to e�-
ciently test WIMP hypotheses down to the Lee-Weinberg
limit of few GeV/c2 mass. The goal for an ultimate
WIMP dark matter detector, then, can be described
as testing the entire WIMP mass range (⇠2 GeV/c2 –
⇠100 TeV/c2) down to cross sections limited by neutrino
scattering. Such a detector also has sensitivity to many
theoretically interesting and yet unexplored dark matter
candidates (section III) and probes the coupling of dark
matter to the Higgs boson [160].
To indicate the WIMP mass and cross section reso-

lution expected for a signal from WIMPs roughly one
order of magnitude below current constraints (one event
per tonne-year), Figure 6 shows confidence intervals for
spin-independent WIMP signals at 20 and 100GeV/c2.
At high masses, spin-independent WIMP spectra are de-
generate in WIMP mass (as the kinematics only depend
on the reduced mass). This leads to poor mass resolution,
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section provides a limit of n < 14 [292, 295].
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FIG. 12. Expected spin-independent scattering cross-section
for Majorana multiplets (red) and for real scalar multiplets
(blue), assuming the Higgs portal coupling �H = 0). Ver-
tical errors correspond to LQCD uncertainties on the elas-
tic cross-section, horizontal errors indicate uncertainties from
the determination of the WIMP freeze out mass. The next-
generation experiment discussed here will fully probe these
classes of highly motivated WIMP dark matter models. Fig-
ure adopted from [292].

Sommerfeld enhancement [296–301] and bound state
e↵ects [302–306] need to be included in accurate cal-
culations of predictions. Target masses of the elec-
troweak multiplet dark matter are in the range of 1 to
30 TeV [288, 305, 307] for n < 7, but can approach
the unitarity bound for larger multiplets, which satu-
rates at n = 13 [292, 295]. These masses are beyond
the reach of the Large Hadron Collider [308–311] and
would require one of the proposed future high energy
colliders [292, 312–314]. In contrast, the direct detection
of the electroweak multiplet dark matter is through 1-
loop processes involving the Standard Model W, Z, and
Higgs bosons. The spin-independent cross sections have
been computed to be around 10�47 cm2 for the Majorana
triplet (wino) [315] and 10�48 cm2 for the Dirac dou-
blet (Higgsino) [316]. The other cases are expected to
be within the same order [295]. As shown in Figure 12,
this level of spin-independent cross section is well within
the reach of the next-generation liquid xenon detector
discussed here [292, 317, 318]. To avoid confusion, note
that the LZ line in [292] corresponds to the sensitivity
from the LZ Design Reports [94, 319] instead of the goals
shown Ref. [85].

L. Implications for Supersymmetry

One classic WIMP dark matter model is the lightest
supersymmetric partner (LSP). Supersymmetric models,
such as the Minimal Supersymmetric Standard Model
(MSSM), with an exact R-parity, predicts that a sta-
ble electrically neutral LSP could be a cold dark matter

candidate [126]. There are three possibilities for a stable
neutral LSP: sneutrino, gravitino and neutralino. Among
them, the most attractive scenario for direct detection is
neutralino dark matter. For a general review on super-
symmetry and its low-energy phenomenology, see [320].
In the MSSM, two neutral higgsinos and two neutral

gauginos could mix with each other after electroweak
symmetry breaking to form four mass eigenstates called
neutralinos. Current direct detection is sensitive to the
scattering of WIMPs o↵ nuclei through tree-level Higgs
exchange. Thus, existing data has ruled out a signifi-
cant part of the parameter space of the “well-tempered”
neutralino scenario [321], in which the LSP is a mixed
neutralino (e.g., mixed bino and higgsino) with the right
thermal relic abundance and couplings to the nucleus
through the Higgs boson.
Yet, there are large regions of parameter space un-

probed by current experiments. In the MSSM, the rea-
son is that for an LSP that is predominantly a bino,
there is a general reduction of the spin-independent di-
rect detection cross section for negative values of the hig-
gsino mass parameter µ. This reduction is induced by
a decrease of the coupling of the bino to the Higgs bo-
son [322], as well as by a destructive interference between
the contributions of the standard Higgs with the ones of
non-standard Higgs bosons [323, 324]. The same hap-
pens in other minimal supersymmetric extensions, like
the NMSSM, but for a singlino dark matter candidate,
the reduction occurs for positive values of µ [325]. More-
over, there are regions of parameter space, called blind
spots, in which the scattering amplitude is drastically re-
duced [322, 323, 325, 326]. The precise parameter space
associated with these blind spots is slightly modified by
loop corrections [327]. Quite generally, for the appropri-
ate signs of µ, the spin-independent scattering cross sec-
tion can easily be below 10�47 cm2 [325, 328–330]. This
range of cross sections are out of the reach of current
experimental searches but can be probed by next gener-
ation direct detection experiments like the one discussed
here.
In addition to the well-tempered neutralino at the

blind spot, nearly pure wino or higgsino dark matter can
scatter o↵ nuclei elastically at one-loop level with a small
cross section [205, 331]. The pure wino scenario has been
strongly constrained by indirect detection of gamma rays
from the Galactic center [332, 333] and local spheroidal
satellite galaxies [334, 335], although the former is sub-
ject to large uncertainty from the dark matter profile.
The spin-independent pure wino-nucleon cross section
is around 2 ⇥ 10�47 cm2 [315], which can be probed by
next-generation direct detection experiments. The elastic
scattering cross section of the higgsino is found to be be-
low 10�48 cm2 with a large theoretical uncertainty [316].
Depending on the mass splitting between neutral hig-
gsinos, the inelastic scattering of higgsino dark matter
could be potentially probed with such a future experi-
ment [241].
It is also possible that dark matter could have mul-

๏DARWIN will improve the BG level by ×10 w.r.t. LZ / XENONnT


๏DARWIN can probe the entire parameter spaces up to neutrino fog


๏DARWIN can fully explore DMs with electroweak charges such as 3TeV thermal wino

Majorana n-plets 


Real scalar n-plets

Xe TPCs: past, current & future
Increasing the detector size only 
makes sense if backgrounds can be 
reduced at the same time

2016/3/4 9

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

Mass

Background

arXiv:2203.02309 18 18

J. Phys. G: Nucl. Part. Phys. 50 013001 (2023)



Neutrino Physics @ DARWIN 26

Low-energy solar neutrinos:

§ Measurement of pp, 7Be, 13N, 
15O and pep flux 

§ Constrain the weak mixing angle 

§ Distinguish high and low 
metallicity solar models 

20.09.2023 9

§

§

§

§

§

§

J. Aalbers et al. Eur. Phys. J. C 80, 1133, 2020 Eur. Phys. J. C 80, 808 (2020) 

1! band of the theoretical prediction 

Low-energy solar neutrinos

-Measurement of pp, 7Be, 13N, 15O 
and pep flux


-Constrain the weak mixing angle


-Distinguish high/low metalicity solar 
models

0νββ decay of 136Xe

-Probe of the Dirac/Majorana 
nature of the neutrinos


-Sensitivity: T0νββ = 3.0 × 1027 yr  
(90% C.L.) after 10 years of data 
taking

CEvNS

-Measurement of 8B solar neutrino 
flux


-Measurement of atmospheric 
neutrinos


-Multi-messenger astrophysics vis 
supernovae neutrinos



Challenges for Scaling Up 27

DARWIN: 2.6 m ⇒ new challenges 


๏Design of electrodes: robustness (minimal sagging/
deflection), maximal transparency, reduced e- emission 


๏Electric field: ensure spatial and temporal 
homogeneity, avoid charge-up of PTFE reflectors  

๏High-voltage supply to cathode design, avoid high-
field regions 


๏LXe Purity


๏Background mitigation (radon and neutron)

๏LUX-ZEPLIN and XENONnT: 1.5 m e- drift and ~ 1.5 m 
diameter electrodes

๏Two-phase TPC: 2.6 m ø and 2.6 m height 

๏50 t (40 t) LXe in total (in TPC) 

๏Top & bottom arrays of photosensors 
(e.g., 1800 3-inch PMTs) 

๏PTFE reflectors and Cu field shaping rings 

๏Low-background Ti cryostat 

๏Gd-doped water as n- and µ-vetos

Future xenon TPC: DARWIN

35

DARWIN collaboration 
JCAP 1611 (2016) 017

40 t 
LXe 
TPC

2.6 m

Baseline design; alternative designs 
and photosensors under consideration

DARWIN



R&D: Full Scale Demonstrator 28

20.09.2023 11

Xenoscope at Uni. Zurich Pancake at Uni. Freiburg

JINST 16 P08052 (2021) 

See A. Bismark talk

๏Two large-scale demonstrators, in z and in x-y, supported by ERC grants 

- Xenoscope (Zurich): 2.6 m tall TPC

- Pancake (Freiburg): 2.6 m ø TPC in double-walled cryostats


- Both facilities available to the collaboration for R&D purposes 


JINST 16, P08052, 2021 




R&Ds for Radon Reduction 29

๏Online distillation:  
   - XENONnT already achieved 0.8 μBq/kg


๏Surface coating


-Trap 222Rn after 226Ra decays


-Avoid Rn emanation


๏Material screening


-Select low-emanation material


๏Hermetic TPC 


-Inner LXe volume (clean) separated  
from outer (dirty)


๏Hermetic TPC

Freiburg

6

 
(if 

needed)

GXe

 
(if needed)

Outer PUR 
(if needed)

Gate

Anode

Inner 
PUR

Hermetic Quartz TPC: Concepts

LXe

• To solve this issue, we are studying 
about Heretic Quartz TPC.

• Fully Isolating the TPC volume using 

Quartz

• VUV transparent quartz with low 

radio-activity

• Non-hermetic quartz TPC has been 

tested: PTEP, 2020, 113H02

• Good performance as TPC 

• Next step: fully hermetic TPC

Nagoya

Phys. J. C. 83, 9 (2023) 
 PTEP 2020, 11, 113H02 




R&Ds for New Photosensors 30

M. Schumann – DARWIN 21

           PhotosensorsNeutron Veto

DARWIN R&D: Examples

R11410 Baseline  JINST 16 (2021) P08033

→ improve radioactivity

R13111 3“ XMASS JINST 15 (2020) P09027

→ curved window

R12699 2“ flat-panel
→ fast, low-radioactivity

SiPM JINST 18 (2023) C03027, 

JINST 13 (2018) P10022

→ lowbackground, DC rate?

Digital SiPMs
→ goal: DC rate similar to PMTs

Hybrid Detectors: Abalone
NIM A 954 (2020)

→ low background, HV?

 

OverVoltage = 5 V

SiPM S13370-3050CN  
(VUV4, STD)

MPPC-VUV-LDC-050UM-SPL

(SPL)

Operation 
Voltage

40-50 V 80 - 100 V

Active Area 3×3 mm2

Number of 
pixels

14400 14400 6400

Pixel size 50×50 µm2 50×50 µm2 100×100 µm2

New low-noise VUV SiPMs under study by Nagoya group




R&Ds for Alternative Detector Designs 31

Single-Phase LXe TPC


-Both S1/S2 created in liquid


-No liquid level control is required


-Reduce single-electron emission

๏UCSD


- 10 μm anode wire in the center


- See Kaixuan’s talk for more details


๏Freiburg


- “classical dual-phase” layout with 10 μm anode wire


๏Weizmann (+Nagoya)


-Microstrip plate coated on a MgF2/Quartz plate

UCSD Freiburg

Figure 1. Left: A picture of the LXePSC during the installation of the 10 `m diameter anode. Right: The
design drawing of the detector. The wire diameters are scaled up so that they are visible.

(PE). This was calibrated by using a pulse-generator to drive a green LED and trigger our digitizer
externally. The resultant area spectrum was then fit with four gaussians to account for the noise,
single PE, double PE, and triple PE spectra, and the gain was taken to be the mean of the single
PE distribution. This procedure was repeated for different voltages, and a power-law fit to the
gain as a function of PMT voltages gave us our nominal PMT voltages for a gain of 106 e�/PE.
Furthermore, the negative voltage of the PMTs and the grounded cathode led to some leakage of
the PMTs’ potential into the drift field region. At the end of the run, we opened the detector and
noticed that there was some inward bending of the cathode wires. This is modeled in the simulation
by assuming that the cathode wires are parabolas that bend inward towards the anode. The "sag"
of a cathode wire is referred to as the maximum displacement of this parabola from the edge of the
inner cylinder of the detector. To characterize the field, we simulated the case where the sagging is
1 mm, 2 mm, and 3 mm. Our field simulations are summarized in Fig. 2. This simulation assumes
a 3600 V anode, grounded cathode, and PMTs at their operating voltages. The simulated electric
field from COMSOL is larger than the analytic calculation, due to the effect of the negative high
voltage PMTs being near the grounded cathode. When the PMTs are grounded, this effect goes
away and the field is more consistent with the analytical calculation. Despite these difficulties, we
were still able to see a clear 137Cs photopeak, as well as a low energy electronic recoil (ER) band
from tritium decays.

We used a CAEN V1720 digitizer which took full waveforms with a trigger, and an event
window between 50 `s and 1 ms depending on which data type is being taken. One of the primary
issues with our previous work [13] was peak-finding with high levels of light emission. This peak-
finding used to be done on the waveform summed across all channels, which is much noisier than
the per-channel waveforms. To fix this, we selected only the per-channel pulse hits that were at least
2 standard deviations from the baseline noise. The pulse hits which overlap across channels are then
summed into peaks. In this way, the noise from channels which do not see a pulse hit is not added.
Similar to the two-phase xenon TPCs, the S1 and S2 signal have different waveform shapes in the

– 3 –

Weizmann

G. Martínez Lema – Electroluminescence in LXe with MSPs - LIDINE, 21/09/2023

Microstrips

- First proposed by A. Oed in 1988 for the MicroStrip Gas Chamber (MSGC)

- Thin strips deposited on a substrate (ideally VUV-transparent)

- Original design: cathode and anode strips interleaved

4

cathode strips anode strip

1 mm

light seen through the substrate
JINST 17 P08002 (2022)

JINST 18 P07027 (2023) JINST 17 P03027 (2022)



Future: XLZD Consortium 32

•

•

20.09.2023 17

40 t

60 t

§

§

§

๏The XENONnT, LZ & DARWIN have joined forces to build the next generation of LXe dark matter 
detector


๏MoU signed July 6, 2021 by 104 research group leaders from 16 countries 


๏Seven working groups in place to study science, detector, Xe procurement, R&D etc  
XLZD consortium (xlzd.org) to design and build a common multi-ton xenon experiment  

๏The XLZD consortium paves the way for a shared future in DM discovery 
→ See more details in our white paper:  J. Phys. G: Nucl. Part. Phys. 50 013001 (2023)
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Back Up



Low Energy ER Calibration 34

Photon Yield Charge Yield

Energy threshold for ER signal is ~ 1keV

 from : β-decay (Qβ = 570 keV) 

•Gives approximately flat energy spectrum
•Used to  
•validate cut acceptances  
•estimate photon/charge yield 

:  

•Mono-energetic line @2.8 keV
•Allows to study performance with high  
resolution due to high statistics

•Removed via distillation (T 1/2 ~ 35 days)

212Pb 220Rn

37Ar



Low Energy NR Calibration 35

241AmBe

37Ar
212Pb

Photon Yield Charge Yield

Energy threshold for NR signal is ~ 3keV



36ER/NR Separation
17

FIG. 14. Top: Summary of known data on ER leakage in LXe [16, 35, 55, 106, 115, 129, 134], for centrally-defined NR bands in
log(S2/S1) vs. S1 (colored points with errors) with three NEST examples as colored regions (not fits: smooth eye guides). In the
legend, the acronyms FSR and SR1 refer to a first science run. The XENON100 g1 values were 0.05 and 0.08 PE/photon, where
PE is the same as phe (PMT photoelectrons). LZ has no error reported [129]. XENON100 was able to explore di↵erent g1 via
detector slices from di↵erent positions. Each NEST bands spans 50-100% extraction. The central one uses LUX/LZ/1T-like g1.
The middle of this band should be compared to LUX Run04, with data for the most fields. Data exist for fields not reporting
leakage directly, with means and widths still informing NEST between 0-4,000 V/cm. LUX Run03’s lower extraction (⇠50%)
likely causes higher leakage at 180 V/cm, though the (systematic from g2) error is too large to conclude that. The lowest NEST
band is an estimated best possible with current technology, for a moderate-mass WIMP and 50% NR acceptance, combining an
LZ-like g2 [129] with a high g1, less than the best achieved [135]. The upper (light green) band is close to the lower g1 value of
XENON10, converted into phd/photon. XENON100, which studied g1 = 0.07 plus 0.04, used di↵erent E spectra and S1 ranges
than the defaults here, so agreement with it is only partial. Bottom: Comparison of NEST version used throughout this work
(2.3.10) with the latest one (2.3.11) with ER (and NR) resolution parameters reduced by 10% (and 60) to account for LZ and
XENONnT data. Noise is added to raise v2.3.11 in leakage to explain older data. This can be interpreted as earlier iterations of
NEST overestimating intrinsic fluctuations, inadvertently absorbing detector e↵ects. That would make this paper conservative.

swer [55]. Fields above O(1) kV/cm will expand the ER
band, but pull it farther away from the NR. At E-fields
O(100-500) V/cm, there exist undulations in leakage de-
pendence, as the ER band means, NR band means, ER
band width, and ER band skewness all change at di↵er-
ent rates. We thus have an answer to the origin of the

0.005 leakage benchmark for LXe. The high (730 V/cm)
E-field at which XENON10 was able to run accidentally
placed it near a local maximum in leakage: see Figure 14.
With significantly more data, and an increasing under-
standing of microphysics modeling, we see that the best
field appears to be ⇠300 V/cm as an emergent property.

XENONnT



37Drift E-fielc Calibration

•Current drift field at ~23 V/cm 

•Important to control field non-uniformities  

•Calibration with 83mKr  

- two consecutive lines 32.1 and 9.4 keV  

- ratio of observed amplitudes  
→ drift field sensitivity  

- tuning of COMSOL-based field simulation to 
current detector conditions  

•Better than 10% match in fiducial volume for SR0

11

Table 1 Best fit values for the field dependent light and charge yield
variation for 83mKr (shown in figure 16) explained by the modified
Thomas-Imel box model shown in equation 1. Only statistical uncer-
tainties are reported.

Transition a1 a2 [cm/kV] a3

9.4 keV �1.0±0.3 0.06±0.03 1 (fixed)
32.1 keV �0.443±0.011 1.41±0.10 1 (fixed)
41.5 keV 0.375±0.008 1.11±0.11 0.091±0.004

points being systematically slightly above the literature mea-
surements. Below this value, the shape found in [27] differs
slightly. The light yield data reported in [31] were normalized
by an estimated value of L0 and their reported value for g1
and then scaled by our observed recombination fraction at
zero field.

Note that our data include several measurements at drift
fields below 200 V/cm which were never measured systemat-
ically before.

The ratio between the S1 light yield of both 83mKr transi-
tions is of special interest as it is quite sensitive to the electric
field. Therefore, it can be used to map the magnitude and
variation of the drift field in large-scale detectors, as done
for example in [35]. Since both decays occur at the same
physical location, the ratio is largely unaffected by geometric
effects like the light collection efficiency. Figure 17 shows
the dependence of this ratio over the range of the investi-
gated electric drift fields. The ratio is defined as the observed

Fig. 17 Dependence of the ratio between the observed light yields from
both 83mKr transitions on the applied drift field (data points are provided
online [32]). A fit of the data with equation 2 is shown by the dashed
black line alongside with the prediction of the NEST [36, 37] simulation
framework and data reported by Singh et al. [38] (purple).

light yield normalized to the decay energy (PE/keV) and its
dependence is found to be well described by the following
phenomenological function (dashed black line):

R(E) =
LY(32keV)

LY(9keV)
= b1 · e�b2·E +b3 . (2)

The extracted fit parameters with their statistical uncertain-
ties are b1 = 0.156 ± 0.012, b2 = (6.6 ± 1.1) cm/kV and

b3 = 0.723±0.004. The prediction of the NEST simulation
framework [36, 37] is shown in blue with the shaded area
representing the range due to the time difference between the
first and second 83mKr transition (D t > 300 ns). For fields .
500 V/cm, we observe only small deviations with the ratio
predicted by NEST being larger by approximately 2%. For
fields above 500 V/cm, however, we find that the ratio does
not decrease with an increasing field which is in contradic-
tion to the NEST model. In the data from Singh et al. [38] (in
purple), the same requirement on the time separation of both
83mKr transitions (D t > 300 ns) is used.

The light and charge yields of ↵-particles from the 222Rn
source are measured in a new run because Teflon attenuators
need to be introduced to prevent signal saturation. For fields
above 70 V/cm, we fit the data with a sum of three individ-
ual 2D Gaussian functions (see figure 13) obtaining light and
charge yields of 222Rn, 218Po, and 214Po separately. For lower
fields the ↵-decays from 222Rn and 218Po become indistin-
guishable and therefore, only a combined fit is possible. The
222Rn light yield values are corrected taking into account the
bias produced by the fitting of two lines together. Figure 18
shows the resulting light and charge yields as function of
electric field for alpha particles. The uncertainty on the field

Fig. 18 Light and charge yields for the ↵-decays of 222Rn, 218Po, and
214Po as function of electric field. The data is compared with the results
from [12] and [13]. Gray bars indicate the systematic error. Data points
are provided online [32].

strength (too small to be visible in the figure) is calculated
from the electric field simulation as the width of the central
68th percentile of the electric field values throughout the fidu-
cial volume. The vertical error bars include a statistical error
from the number of events as well as a systematic error (gray).
The latter is estimated by varying analysis parameters like
selection cuts or the fiducial volume and it is combined with
the uncertainty due to the normalization method described

Eur. Phys. J. C 82, 361 (2022)



38Tritium Handling @ XENONnT
XENONnT went through significant efforts to reduce possible 
sources of a low-energy excess 
• 3 months of outgassing 
• 3 weeks of GXe (warm) cleaning with hot getters 
• GXe purified with Kr-removal system during its transfer into 
the gas storage system, resulting in less HT 
• When filling to TPC, GXe was purified with hot getters, which 
include H2 removal units. 

Special mode: 

•“tritium enhanced data” (TED) bypassing getters 

•orders of magnitude in hydrogen level increase 
(conservative ‒ at least 10x) 

•14.3 days of TED data 

SR0

TED



39Tritium Handling @ XENONnT
XENONnT went through significant efforts to reduce possible 
sources of a low-energy excess 
• 3 months of outgassing 
• 3 weeks of GXe (warm) cleaning with hot getters 
• GXe purified with Kr-removal system during its transfer into 
the gas storage system, resulting in less HT 
• When filling to TPC, GXe was purified with hot getters, which 
include H2 removal units. 

Special mode: 

•“tritium enhanced data” (TED) bypassing getters 

•orders of magnitude in hydrogen level increase 
(conservative ‒ at least 10x) 

•14.3 days of TED data 

Result of blind TED analysis  
→ No tritium excess 
→ Tritium is not considered in the BG model


