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Dark matter 
The widely accepted hypothesis is Particle 

Dark Matter - elementary particles (relic from 
Big Bang) with a weak interaction only:

WIMPs - (Weakly Interacting Massive 
Particles)
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From astrophysical observations and modern 
cosmology we know:



Two-phase emission detection technique 
is very suitable for Dark Matter search

Image by LUX 
Collaboration

This method was proposed by 
Russian scientists in MEPhI 50 y ago!
B.A. Dolgoshein, V.N. Lebedenko, 
B.U. Rodionov, JETF Letters (in 
Russian), 1970, v. 11, p. 513

Photodetectors
(photomultipliers)
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It combines the advantages of gas detectors: the possibility of proportional or EL 
amplification, 3D (XYZ) positioning, and the possibility to have the large mass!

Ratio of SC/EL is 
different for different 
kind of particles

Electrons are partly 
pulled out from the 
track: recombination 
is suppressed
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•No long-life own radioactive isotopes (Xe). Ar
has cosmogenic 39Ar, but production of 
depleted Ar is well developed
•very low contamination by U/Th, K (can be 
easily purified by filtering)
•possibility of discrimination by simultaneous 
measurements of scintillation and ionization 
signals in a two-phase mode
•possibility to build large and even very large 
(ton-scale) detectors
•3D position sensitivity => “WALL-LESS” 
detector!!!

Advantages of two-phase noble gas emission detectors for 
WIMP search
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Particle identification is based on comparison of SC and EL signals
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FIG. 1: Log10(S2/S1) as a function of energy for electron re-
coils (top) and nuclear recoils (bottom) from calibration data.
The colored lines are the mean Log10(S2/S1) values of the
electron recoil (upper, red) and nuclear recoil (lower, blue)
bands. The region between the two vertical dashed lines is
the energy window (4.5 - 26.9 keV nuclear recoil equivalent
energy) chosen for the WIMP search. An S2 software thresh-
old of 300 pe is also imposed (black lines).

TABLE I: The software cut acceptance of nuclear recoils εc,
the nuclear recoil acceptance Anr, and the electron recoil re-
jection efficiency Rer for each of the seven energy bins (Enr

in nuclear recoil equivalent energy). The expected number
of leakage events, Nleak, is based on Rer and the number of
detected events, Nevt, in each energy bin, for the 58.6 live-
days WIMP-search data, with 5.4 kg fiducial. Errors are the
statistical uncertainty from the Gaussian fits on the electron
recoil ∆Log10(S2/S1) distribution.

Enr (keV) εc Anr 1 - Rer Nevt Nleak

(10−3)
4.5 - 6.7 0.94 0.45 0.8+0.7

−0.4 213 0.2+0.2
−0.1

6.7 - 9.0 0.90 0.46 1.7+1.6
−0.9 195 0.3+0.3

−0.2

9.0 - 11.2 0.89 0.46 1.1+0.9
−0.5 183 0.2+0.2

−0.1

11.2 - 13.4 0.85 0.44 4.1+3.6
−2.0 190 0.8+0.7

−0.4

13.4 - 17.9 0.83 0.49 4.2+1.8
−1.3 332 1.4+0.6

−0.4

17.9 - 22.4 0.80 0.47 4.3+1.7
−1.2 328 1.4+0.5

−0.4

22.4 - 26.9 0.77 0.45 7.2+2.4
−1.9 374 2.7+0.9

−0.7

Total 1815 7.0+1.4
−1.0

empirically to be statistically consistent with Gaussian
fits, except for a small number of “anomalous leakage
events”. From these fits, we estimate the electron recoil
rejection efficiency and predict the number of statistical
leakage events in the WIMP search data, for the defined
nuclear recoil acceptance window. For each energy bin,
the derived electron recoil rejection efficiency and the nu-
clear recoil acceptance values are listed in Table I.
In addition to the statistical events leaking from the

electron recoil band into the nuclear recoil acceptance
window, we observed anomalous leakage events in the

137Cs calibration data and unmasked WIMP search data.
These events were identified to be multiple-scatter events
with one scatter in the non-active LXe mostly below the
cathode and a second scatter in the active LXe volume.
The S2 signal from this type of event is from the interac-
tion in the active volume only, while the S1 signal is the
sum of the two S1’s in both the active and non-active
volume. The result is a smaller S2/S1 value compared
to that for a single-scatter event, making some of these
events appear in the WIMP-search window. Two types
of cuts, one using the S1 signal asymmetry between the
top and bottom PMT arrays and the other using the S1

hit pattern, defined as S1RMS =
!

1
n

"

(S1i − S1)2 (i =

1, n), on either the bottom or the top PMT array, are de-
fined to remove these anomalous events. The S1 signal
from the scatter outside the active volume tends to be
clustered on a few of the bottom PMTs (larger S1RMS),
while the S1 signal from a normal event in the active vol-
ume is distributed more evenly over the PMTs (smaller
S1RMS). A large fraction of events that leaked into
the WIMP-signal window are of this type of background
and could be removed by the cuts discussed above. The
cut acceptance εc for single-scatter nuclear recoil events,
based on AmBe neutron calibration data, is listed in Ta-
ble I.

FIG. 2: Position distribution of events in the 4.5 to 26.9 keV
nuclear recoil energy window, from the 58.6 live-days of
WIMP-search data. (+) Events in the WIMP-signal region
before the software cuts. (⊕) Events remaining in the WIMP-
search region after the software cuts. The solid lines indicate
the fiducial volume, corresponding to a mass of 5.4 kg.

The 3D position sensitivity of the XENON10 detec-
tor gives additional background suppression with fiducial
volume cuts [23]. Due to the high stopping power of LXe,
the background rate in the central part of the detector
is lower (0.6 events/keVee/kg/day) than that near the
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FIG. 3: Results from 58.6 live-days of WIMP-search in the
5.4 kg LXe target. The WIMP search window was defined
between the two vertical lines (4.5 to 26.9 keV nuclear recoil
equivalent energy) and blue lines (about 50% nuclear recoil
acceptance).

edges (3 events/keVee/kg/day). For this analysis, the
fiducial volume is chosen to be within 15 to 65 µs (about
9.3 cm in Z, out of the total drift distance of 15 cm)
drift time window and with a radius less than 8 cm (out
of 10 cm) in XY , corresponding to a total mass of 5.4 kg
(Fig. 2) [24]. The cut in Z also removes many anomalous
events due to the LXe around the bottom PMTs, where
they happen more frequently compared to the top part
of the detector.
After all the cuts were finalized for the energy window

of interest, we analyzed the 58.6 live-days of WIMP-
search data. From a total of about 1800 events, ten
events were observed in the WIMP search window after
cuts (Fig. 3). We expect about seven statistical leakage
events (see Table I) by assuming that the∆Log10(S2/S1)
distribution from electron recoils is purely Gaussian,
an assumption which is statistically consistent with the
available calibration data, except for a few “anomalous
leakage events”. However, the uncertainty of the esti-
mated number of leakage events for each energy bin in
the analysis of the WIMP search data is currently limited
by available calibration statistics. Based on the analy-
sis of multiple scatter events, no neutron induced recoil
event is expected in the single scatter WIMP-search data
set. To set conservative limits on WIMP-nucleon spin-
independent cross section, we consider all ten observed
events, with no background subtraction. Figure 4 shows
the 90% C.L. upper limit on WIMP-nucleon cross sec-
tions as a function of WIMP mass, calculated for a con-
stant 19% Leff , the standard assumptions for the galac-
tic halo [26], and using the “maximum gap” method in
[25]. For a WIMP mass of 100 GeV/c2, the upper limit
is 8.8 × 10−44 cm2, a factor of 2.3 lower than the pre-
viously best published limit [27]. For a WIMP mass of
30 GeV/c2, the limit is 4.5 × 10−44 cm2. Energy res-
olution has been taken into account in the calculation.
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FIG. 4: Spin-independent WIMP-nucleon cross-section upper
limits (90% C.L.) versus WIMP mass. Curves are shown for
the previous best published limit (upper, blue) [27] and the
current work (lower, red), assuming a constant 19% Leff .
The shaded area is for parameters in the constrained minimal
supersymmetric models [6, 29].

The largest systematic uncertainty is attributed to the
limited knowledge of Leff at low nuclear recoil energies.
Our own measurements of this quantity [21] did not ex-
tend below 10.8 keVr, yielding a value of (13.0±2.4)% at
this energy. More recent measurements by Chepel et al.
[22] have yielded a value of 34% at 5 keVr, with a large
error.
A comparison between the XENON10 neutron calibra-

tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The con-
stant Leff assumption used to calculate the limits above
shows reasonable agreement at the 10% level between
the Monte Carlo predicted spectrum and the measured
energy dependence and intensity of the single scatter nu-
clear recoil spectrum. The Leff assumption which gives
the best agreement implies a slightly more sensitive ex-
clusion limit, and is not quoted. A conservative exclu-
sion limit was calculated by including estimates of possi-
ble systematic uncertainty in the signal acceptance near
threshold. Also included was an estimate of the uncer-
tainty in the energy dependence of the neutron scattering
cross sections used in the Monte Carlo simulations. The
Leff assumption which gives poorest sensitivity, while
remaining consistent at the 1% level with the neutron
calibration data, corresponds to exclusion limits as high
as 10.4 × 10−44 cm2 (5.2 × 10−44 cm2) for a WIMP mass
of 100 GeV/c2 (30 GeV/c2).
Although we treated all 10 events as WIMP candi-

dates in calculating the limit, none of the events are likely

(on example of XENON10 experiment)

Exclusion plots are 
produced on the basis of

collected statistics
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FIG. 5: Spin-independent WIMP-nucleon cross-section upper
limits (90% C.L.) versus WIMP mass. Shown curves are for
the previous best published limit (upper, blue) [26] and the
current work (lower, red). The shaded area is for parameters
in the constrained minimal supersymmetric models [6, 27].

volume (see Fig. 3) where anomalous events due to the
LXe around the bottom PMTs happen more frequently,

as discussed above. Second, the anomalous S1 hit pat-
tern cut discussed earlier for the primary blind analysis
was designed to be very conservative. An independent
secondary blind analysis performed in parallel with the
primary analysis, used a more sophisticated cut to iden-
tify anomalous hit patterns in S1 and rejected 3 (No.’s
6, 8, 10) of these 4 candidate events as being multiple
scatter events with one hit vertex outside the active vol-
ume. Third, the expected nuclear recoil spectrum for
both neutrons and WIMPs falls exponentially with en-
ergy, whereas the candidate events appear preferentially
at higher energy.

This new result further excludes some parameter space
in the minimal supersymmetric models [5] and the
constrained minimal supersymmetric models (CMSSM)
(e.g. [6, 27]).
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Progress of setting limits on SI WIMP-proton interaction
cross-section

Original fig. from L. Baudis 2014

In Dark Matter search experiments, the progress of setting limits has increased 
significantly when liquid noble gas two-phase detectors started operation

LUX
XENON1T



ZEPLIN program
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Figure 28. Schematic drawings of the ZEPLIN-III experiment. The WIMP target is shown left, with liquid
xenon in blue; the double-phase chamber is detailed on the right, with an approximate fiducial volume indi-
cated by the dashed red rectangle. Also shown on the right is the fully-shielded configuration at Boulby (in-
cluding a veto instrument surrounding the WIMP target). (Adapted from [50] and [40]; courtesy ZEPLIN-III
Collaboration; with permission from Elsevier.)

The ZEPLIN Collaboration operated its third liquid xenon detector, shown in figure 28, at the
Boulby Underground Laboratory in the UK (ZEPLIN stands for ZonEd Proportional scintillation
in LIquid Noble gases). The instrument construction is described in detail in [50]. Most elements
were built from high purity copper to minimize background. The outer cryostat vessel enclosed
two chambers; the lower one contained the LN2 coolant, which boiled off through a heat-exchanger
attached to the xenon vessel above it. The latter housed a 12 kg liquid xenon WIMP target, with
immersed photomultipliers (viewing upward) to maximize detection efficiency for faint primary
scintillation signals. The working volume was formed by an anode disc 39 cm in diameter and a
multi-wire cathode located 4 cm below it, a few mm above the hexagonal array of 31 PMTs. This
volume was mostly filled with liquid xenon — leaving a gap of 4 mm above it where secondary
scintillation took place in the cold vapor.

Contrary to ZEPLIN-II, where a wire-grid just below the liquid surface helped with cross-
phase emission, in ZEPLIN-III the planar geometry allowed application of a strong field to the
whole liquid phase with only two electrodes, thus enhancing the efficiency for charge extraction
from the particle tracks. Typical operation fields were 3–4 kV/cm in the liquid and approximately
twice as strong in the gas [56, 376]. A second wire-grid, just above the photomultiplier windows,
shielded the photon detectors from the external field and also provided a reverse field region to sup-
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Boulby mine, U.K. ‘Palmer lab’
1100m, 2.8km water equiv.
106 reduction in muon flux

ZEPLIN II – the 1st two-phase emission DM detector

ZEPLIN II 2007
DAMA 2000
ZEPLIN III 2009
CDMS III 2004-2008
ZEPLIN III 2011

ZEPLIN III – “pancake” geometry; 50 kg total, 
12 kg active, 6 kg FV

31 kg; 7.2 kg FV

10-42

10-43

Dark Matter Limit Plot Generator
http://dmtools.brown.edu



XENON program
at the Gran Sasso National lab., Italy

ICHEP 2020 - July 29, 2020Adriano Di Giovanni

Livetime [yyyy] 2005-2007 2008-2016 2015-2018 2020-202x
Xe mass [kg] 25 161 2300 8400
Target m [kg] 15 62 2000 5900
Drift [cm] 15 30 96 150
VETO NO NO Muons Muons+Neutrons

σSI  [cm2] 8.8 X 10-44   

@ 100 GeV/c2

1.1 X 10-45  

@ 55 GeV/c2

4.1 X 10-47 

@ 30 GeV/c2

1.4 X 10-48 

@ 50 GeV/c2
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The benchmark: the XENON legacy at LNGS

XENON10 XENON100 XENON1T XENONnT

From A. Giovanni talk @ICHEP 2020 



XENON program

ICHEP 2020 - July 29, 2020Adriano Di Giovanni
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· Dual-phase Time Projec]on Chamber (TPC) 
· Two photo/charge sensor arrays (top and bojom)  
· Low-background double-wall cryostat  
· Outer shield filled with water (12 m diameter) 
· Neutron/Muon Veto

The DARWIN observatory

VETO Muons+Neutrons
Livetime [yyyy] 2026-203x
Xe mass [kg] 50000
Target m [kg] 40000
Fiducial m [kg] Up to 30000
Drift [cm] 260
σSI  [cm2] Few X 10-49 @ 50 GeV/c2
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Sensitivity to Spin Independent models

Assumed an exposure 200 t x y (30t FV)  
99.98% ER rejecTon (30% NR acceptance)  
Combined (S1+S2) energy scale  
Energy window 5-35 keVNR  
Light yield 8 p.e. / keV 
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LUX

Dark-matter results from 332 new live days of LUX data

A. Manalaysay | LUX: IDM2016 9

LUX DETECTOR
•48cm diameter by 48 cm 

height dodecagonal 
“cylinder”.

•250.9 kg LXe in active region

•61 PMTs on top, 61 on 
bottom, specially produced 
for low radiogenic BGs and 
VUV sensitivity.

•Xenon was pre-purified via 
chromatographic separation, 
reducing residual krypton.

•Liquid is continuously 
recirculated (¼ tonne per 
day) to maintain chemical 
purity.

•Ultra-low BG titanium 
cryostat.

Large Underground Xenon detector

Homestake mine;
South Dakota
Davis cavern

250 kg in active volume (TPC); 100 kg in FV



LUX-ZEPLIN - LZ
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Combined (S1+S2) energy scale  
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LZ
10 t, 7 t active 



The deepest underground laboratory in the 
world – 2400 m = 6500 m.w.e

China Jinping underground laboratory (CJPL)

5-cm inner&outer
copper vessels
20-cm inner PE
40-cm Pb
20-cm outer PE

PandaX-I PandaX-II 

PandaX program
PandaX-4T 

9

in Table IV. In the final background numbers, we have also assumed that the final ER rejection efficiency is 99.75%
with 40% NR acceptance. After a two-year exposure, the final expected background is 2.5 (ER) and 2.3 (NR) events.

TABLE IV: Final background budget within the WIMP search window.

Summary of ER and NR backgrounds
Source ER in mDRU NR in mDRU

Materials 0.0210±0.0042 2.0± 0.3 · 10−4

222Rn 0.0114±0.0012 -
85Kr 0.0053±0.0011 -
136Xe 0.0023±0.0003 -

Neutrino 0.0090±0.0002 0.8± 0.4 · 10−4

Sum 0.049 ±0.005 2.8± 0.5 · 10−4

2-year yield (evts) 1001.6± 102.2 5.7±1.0
after selection (evts) 2.5±0.3 2.3±0.4

PHYSICS REACH OF THE PANDAX-4T

Given a WIMP mass and WIMP-nucleon scattering cross section, the NR rate and spectrum are calculated using
identical formalism as in Refs. [11]. The NR efficiencies in PandaX-II (Figure 10) is adopted for the WIMP NR events
as well. For simplicity, we assume simple counting experiment with the so-called CLs method [24].
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FIG. 12: PandaX-4T sensitivity (at 90% C.L.) to WIMP-nucleon recoil events with an exposure of 5.6 ton-year. We compare
the result with other leading experiments: LUX [8], XENON1T [9], PandaX-II [10, 11].

Under the expected background in Table IV, the 90% C.L. WIMP median sensitivity corresponds to a signal of
5 events after selection. The sensitivities for WIMP-nucleon spin-independent and spin-dependent interactions are
shown in Figure 12 and Figure 13, respectively, with a 5.6-ton-year exposure. For a WIMP mass of mχ = 40 GeV/c2,
the sensitivity on the interaction cross section reaches a minimum at 6 · 10−48 cm2 for spin-independent interaction.
For the spin-dependent interaction, the strongest sensitivity reaches 9 ·10−43cm2 for the WIMP-neutron-only coupling
and 3 · 10−41cm2 for the WIMP-proton-only coupling.

CONCLUSION

PandaX-4T is a next generation dark matter direct detection experiment with a multi-ton dual phase liquid xenon
detector. In this paper we present a comprehensive simulation study of the background from radioactivity in the
materials, intrinsic contaminations in the liquid xenon and neutrinos through. The WIMP candidate selection is
chosen to be between 1 keV and 10 keV electron equivalent energy, single scattering in anti-coincidence with the veto
compartment, and a vertex located in a 2.8-ton fiducial volume. In the NR signal region (with S2/S1 cut), we estimate
the background to be 2.5±0.3 ER events and 2.3±0.4 NR events for an exposure of 5.6 ton-year. The expected WIMP
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The DarkSide-50 is running with UAr since Aprile 2015.
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Summary

§ We can see now a very rapid development over ~ two 
decades of a two-phase emission detection technology 
stimulated by Dark Matter search race.

§ The Dark Matter search experiments with noble gas two-
phase emission detectors have produced the best limits on 
WIMP-nucleon interaction (from ~10-42cm2 by ZEPLIN-II in 
2007 to 4.1·10-47 cm2 by XENON1t in 2018)

§ The development of two-phase emission detection 
technology have stimulated the progress in other areas: 
o development of new low-background, low-temperature photodetectors 

(including new large area SiPMs),
o development of noble gas purification methods,
o development of new calibration methods (by 83mKr, by T),
o development of new position reconstruction methods,
o detailed study of the energy transfer processes in liquid noble gases at low 

energies,
o etc.


