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~ 160 scientists
27 institutes

11 countries

Follow the XENONnT 
commissioning

@XENONexperiment



The XENON Dark Matter Project
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XENON1T
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700 t 
pure water

84 
8“ PMTs

Cryostat

Cryogenics 
and purification

DAQ and 
slow control

Xenon 
storage

Krypton 
distillation

TPC

Google street view: tinyurl.com/lngstour

Water Cherenkov 
muon veto

LNGS hall B

1500 m overburden 
(3600 m.w.e.)

http://tinyurl.com/lngstour
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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)

The XENON1T time projection chamber



Dual-phase TPC measuring principle
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Scintillation and ionization 
• Prompt light signal (S1) 
• Secondary light in GXe from drifted charges (S2) 

• Energy from S1-S2-magnitude 
• x-y from S2 hit pattern 
• z from S1-S2-delay 
• ER/NR discrimination from S1-S2 ratio
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See Elena Aprile’s talk on Tuesday 11:30 
for a xenon TPC overview!
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Event characteristics
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S1
S2

WIMPs, X-rays, ɣ (E<200 keV), 
β-electrons

Neutrons, ɣ (E>200 keV)

S1
S21

S22
S23

{S2tot

E = W ⋅ ( S1
g1

+
S2
g2 )



Spin-independent WIMP search results
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Event PDFs with different 
relative signal contributions

ER background

NR reference 
region

Pie chart size ~ WIMP 
probability Phys. Rev. Lett. 121, 111302 (2018)

Sensitivity and Limit
• Strongest exclusion limits for 

WIMPs above 6 GeV 
• Factor 7 sensitivity improvement 

w.r.t. previous generation owed to 
lowest ever BG rate  

• σSI < 4.1 × 10−47 cm2 at 30 GeV

Analysis
• 4-dimensional profile likelihood 
• 3 continuous (cS1, cS2bottom, R) and one discreet (inner, outer)



Going beyond standard WIMP analysis
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Different interactions
• Spin-dependent WIMP scattering 
• WIMP-Pion scattering 
• Migdal effect

Lower threshold
• Ionization-only (S2) analysis (limit)
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enhancement in single-electron emission [22], we utilize a
combined p-value cut [23] against events close in time or
reconstructed position to recent high-energy events, with
80% e�ciency, as determined with S1-tagged cathode
events and shown in purple in Figure 2. This last cut
only helps against the single-electron pileup background,
so we apply it only for S2 < 200 PE.

We exclude events in which the S2 waveform is distorted
by a merged S1, with ⇠95% e�ciency, as determined with
220Rn [24] and neutron generator data. To remove double
scatters, we apply the same cut to events with substantial
secondary S2s as in [5, 15], with 99.5% e�ciency.

Finally, we apply two cuts specifically to events with S1s.
Events whose drift time indicates a z outside [�95, �7] cm
are removed, to exclude events high in the detector and
S1-tagged cathode events. We conservatively assume no
detector response at all outside this z region to avoid
assumptions on the low-energy LXe light yield. We also
remove events with a very large S1 (> 200 PE), with
negligible e�ciency loss.

Detector response.—We compute XENON1T’s response
to ERs and NRs in the same two-dimensional (S2, z)
space used for the e�ciencies and project the model after
applying e�ciencies onto S2 for comparison with data.
We use the best-fit detector response model from [21], but
assume that NRs below 0.7 keV and ERs below 186 eV
(⇠12 produced electrons) are undetectable, as the LXe
charge yield Qy has never been measured below these
energies. Even without these cuto↵s, the low-energy Qy

from [21] is significantly lower than that favored by other
LXe measurements [11, 12] and models [25]. Thus, our
results should be considered conservative.

While a complete model of backgrounds in the S2-only
channel is unavailable, we can quantify three compo-
nents of the background, illustrated in Figures 3 and
4. First, the ER background from high Q-value �
decays, primarily 214Pb (Q = 1.02 MeV) [21], is flat
in our energy range of interest. We use a rate of
0.142 events/(tonne ⇥ day ⇥ keV), a conservative lower
bound derived from high-energy (< 210 keV) data. Sec-
ond, coherent nuclear scattering of 8B solar neutrinos
(CEvNS), shown in red in Figure 3, should produce a
background nearly identical to a 6 GeV/c2, 4 ⇥ 10�45 cm2

spin-independent NR DM signal [26, 27]. Third, we see
events from � decays on the cathode wires. Su�ciently
low-energy cathode events lack S1s. We derive a lower
bound on this background using the ratio of events with
and without S1s measured in a high-S2, high width con-
trol region where cathode events are dominant. This
procedure is detailed in the supplement.

Figure 4 compares the observed events to our nominal
signal and background models. For S2 > 300 PE (⇠
0.4 keVee), we observe rates well below 1/(tonne ⇥ day ⇥
keVee), more than one thousand times lower than previous
S2-only analyses [14, 45]. Below 150 PE, the rate rises
quickly, likely due to unmodeled backgrounds.
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FIG. 4. Distribution of events that pass all cuts (black dots);
error bars show statistical uncertainties (1� Poisson). The
thick black line shows the predetermined summed background
model, below which its three components are indicated, with
colors as in Fig. 3. The lightly shaded orange (purple) his-
togram, stacked on the total background, shows the signal
model for 4GeV/c2 (20GeV/c2) SI DM models excluded at
exactly 90% confidence level. The arrows show the ROIs
for these analyses, and the dashed line the S2 threshold, as
in Figures 2-3. All rates are shown relative to the e↵ective
remaining exposure after selections. The top x-axis shows
the mean expected energy of events after cuts for a flat ER
spectrum if there were no Qy cuto↵.

DM models.— We constrain several DM models, us-
ing [28] to compute the energy spectra. First, we con-
sider spin-independent (SI) and spin-dependent (SD) DM-
nucleus scattering with the same astrophysical (v0, vesc,
etc...) and particle physics models (form factors, struc-
ture functions) as [5, 6]. For SD scattering, we con-
sider the neutron-only (to first order) coupling specifically.
If the DM-matter interaction is mediated by a (scalar)
particle of mass m�, the di↵erential rate has a factor
m�

4/(m�
2 + q2/c2)2, with q =

p
2mNER the momen-

tum transfer, ER the recoil energy, and mN the nuclear
mass [29–31]. Usually, this factor is considered to be ⇠1,
corresponding to m� & 100 MeV/c2. We also consider
the SI light-mediator (SI-LM) limit, m� ⌧ q/c ⇡ 10�3m�

(for m� ⌧ mN ), in which the di↵erential event rate for
DM-nucleus scattering scales with m4

�.

Second, light DM could be detected from its scatter-
ing o↵ bound electrons. We follow [32] to calculate the
DM-electron scattering rates, using the ionization form
factors from [33], the detector response model as above
(from [21]), and dark matter form factor 1. Relativistic
calculations [34] predict 2 � 10⇥ larger rates (for � 5
produced electrons), and thus our results should be con-
sidered conservative. As previous DM-electron scattering
results [32, 35, 36] did not use a Qy cuto↵, we derive
constraints with and without signals below 12 produced
electrons (equivalent to our Qy cuto↵) to ease comparison.



There is more one can do with a dual-phase 
xenon TPC:

• Axions, ALPs, bosonic Dark Matter 
• Neutrinoless double-β decay of 136Xe 
• Inelastic WIMP nucleus scattering 
• Annual signal modulation 
• Double-electron capture of 124Xe

Limits on WIMP interactions
Christian Wittweg | c.wittweg@wwu.de
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More to come in the future…



Two-neutrino double electron capture in 124Xe
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124Xe + 2e− → 124Te + 2νe

• Nucleus captures two electrons, 
most likely K-shell 

• Recoil of nucleus O(10 eV) 
negligible 

• Neutrinos leave detector 
• Observe X-rays and Auger electrons

Q2νECEC = 2857 keV 

E2νKK = 64.3 keV



Fit results after unblinding
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Nature 568, 532—535 (2019)



Half-life and signal significance
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• Exclude null-hypothesis at 4.4σ 
• Benchmark for NMEs and compatible with XMASS 
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Nature 568, 532—535 (2019)



Up next: More second order decays of 124Xe
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• Q-value 2758 keV allows ECβ+ , β+β+ 
• Resonant (?) 0νECEC
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Going to higher energy for 136Xe 0νββ 
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S1

S2

WIMPs, X-rays, ɣ (E<200 keV), 
β-electrons

Neutrons, ɣ (E>200 keV)

S1

S21

S22
S23

{S2tot

Dark Matter ~ keV 
S2 ~ 102 - 103 pe 

S1 ~ 1 - 10 pe

136Xe 0νββ ~ MeV 
S2 ~ 106 pe



Correcting saturated S2 signals
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2.25 V FADC

dynamic range

10x amplification

Use unsaturated channels 
as signal template

Scale using peak onset 
reference region

Nonlinear response 
of PMT readout 
circuit above 104 pe

FADC 
Saturation
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Separating multiple interactions
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Separate multiple scatters in S2Separate tails from physical peaks

S1
S21

S22
S23

{S2tot



Energy resolution after corrections
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Outlook: XENONnT
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• Inner region of 
existing muon veto 

• optically separate 
• 120 additional PMTs 
• Gd in the water tank 
• 0.5 % Gd2(SO4)3

Neutron
veto

LXe
purification

• Faster xenon cleaning 
• 5 L/min LXe 

(2500 slpm) 
• XENON1T ~ 100 slpm

TPC
Larger

• Total 8.4 t LXe 
• 5.9 t in TPC 
• ~ 4 t fiducial 
• 248 → 494 PMTs

222Rn
distillation

• Reduce radon from 
pipes, cables, 
cryogenic system 

• New system, 
PoP in XENON1T



Summary
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@XENONexperiment

• XENON1T set most stringent limits for 
several WIMP masses and interactions 
types 

• Physics potential beyond WIMPs at 
higher energies (0νββ, axions) 

• First observation of 124Xe 2νECEC 
• High energy reconstruction 

demonstrated with < 1 % energy 
resolution at Qββ 

• XENONnT on track and will take data in 
2020


