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Direct detection of dark matter particles

m ∼ 100 GeV — mass of a xenon atom, M — mass of a dark matter particle with

a value from several GeV to several TeV .

E ∼ keV

E — kinetic energy of a xenon atom.
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XENON experiment and XENON1T detector
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Fig. 1 Working principle of a dual-phase LXe TPC: The prompt scin-
tillation light (S1) generated in the LXe is recorded by PMTs installed
above and below the target. The same PMTs also measure the delayed
secondary-light signal S2, which is created by proportional scintilla-
tion induced by ionization electrons (e−) in the gas phase. A set of TPC
electrodes is used to establish the required electric fields. The inter-
action position can be reconstructed in 3-dimensions by means of the
S2-signal pattern observed by the top PMTs (lateral) and the time dif-
ference between S1 and S2 (depth). Background events are rejected by
the charge to light (S2/S1) ratio and the scatter multiplicity (number of
S2 signals), as indicated on the panels on the right

partition into the different energy-loss channels depends on
the recoil type and energy and can therefore be used to dis-
tinguish a WIMP signal from electronic recoil backgrounds,
provided that the resulting excitation and ionization signals
can be measured independently [26]. The Xe∗

2 excimers,
that are eventually formed, de-excite under the emission of
178 nm scintillation light. In dual-phase TPCs, this light sig-
nal (S1) is observed by photosensors installed above and
below the target. An electric field across the target, estab-
lished between the negatively biased cathode at the bottom of
the TPC and the gate electrode at ground potential at the top,
is used to move the ionization electrons away from the inter-
action site, drifting them to the liquid-gas interface. A second
field, generated between the gate and the positively-biased
anode, extracts them into the gas phase and provides the elec-
trons sufficient energy to excite and ionize the gas atoms.
This generates a secondary scintillation signal (S2) which
is proportional to the number of extracted electrons [27].
The position of the initial interaction, as well as the scatter
multiplicity, can be reconstructed in 3-dimensions from the
position and number of S2 signals observed by the top pho-
tosensors and the S1-S2 time difference. The ratio S2/S1 can
be employed for electronic recoil background rejection, with
typically > 99.5% discrimination at 50% signal acceptance.

2.1.2 XENON1T TPC

The cylindrical TPC of 97 cm length and 96 cm diameter
contains an active LXe target of 2.0 t, in which the light

Fig. 2 Illustration of the XENON1T TPC. It is built from materi-
als selected for their low radioactivity, e.g., OFHC copper, stainless
steel and PTFE. The top and bottom PMT arrays are instrumented with
127 and 121 Hamamatsu R11410-21 PMTs, respectively

and the charge signals from each interaction can be detected,
see Fig. 2. It is enclosed by 24 interlocking and light-tight
PTFE (polytetrafluoroethylene, Teflon) panels, whose sur-
faces were treated with diamond tools in order to optimize
the reflectivity for vacuum ultraviolet (VUV) light [28]. Due
to the rather large linear thermal expansion coefficient of
PTFE, its length is reduced by about 1.5% at the operation
temperature of − 96 ◦C. An interlocking design allows the
radial dimension to remain constant while the vertical length
is reduced.

To ensure drift field homogeneity, the TPC is surrounded
by 74 field shaping electrodes with a cross section of ∼
10×5 mm2; they are made from low-radioactivity oxygen-
free high thermal conductivity (OFHC) copper. The elec-
trodes are connected by two redundant chains of 5 G� resis-
tors; a 25 G� resistor connects each chain to the cathode.
The resistor settings, as well as the electrical transparency of
the TPC electrodes (gate, anode and screening electrode on
top, and cathode and screening electrode on bottom), were
optimized by means of electrostatic simulations, using finite
element (COMSOL Multiphysics [29]) and boundary ele-
ment methods (KEMField [30]). The high-voltage config-
uration realized during science run 0 is shown in Fig. 3.
Most S1 light is detected by the photosensors below the tar-
get. The electrodes were thus designed for S1 light collec-
tion by optimizing the optical transparency of the gate, the
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ted into Conflat flanges (RH seals), with certified leak rates
below 1×10−8 mbar l/s, to ensure that the coaxial shields, as
well as the high-voltage returns, remain separated from each
other and from the detector ground. Installation was eased
by integrating two custom-made low-background connec-
tors for each bunch of 24 coaxial or 26 high-voltage cables
(24 PMTs plus 2 return lines) [36,37]. One connector was
placed above the TPC and the second one in front of the
Conflat flanges in the gaseous xenon.

2.1.4 Cryogenics

This section describes the cryostat, which contains the TPC
with the LXe target, and the cryogenic system for gas lique-
faction and compensating for heat losses.

Cryostat and support frame The TPC is installed inside a
double-walled, cylindrical stainless-steel cryostat made of
low-radioactivity material [38]. The inner vessel is 1960 mm
high and 1100 mm in diameter. Its inner surface, in direct con-
tact with the liquid xenon, was electro-polished in order to
reduce the emanation of radon. It is enclosed by an outer ves-
sel of 2490 mm height and 1620 mm diameter, large enough
to accomodate the detector of the upgrade stage XENONnT
as well. The inner vessel is metal-sealed (Helicoflex) and
thermally decoupled from the outer one by polyamid-imid
(Torlon) spacers. Thirty layers of superinsulation (RUAG
Space Austria) reduce static thermal losses to ∼ 75 W. The
cryostat is installed in the center of the water Cherenkov
detector (see Fig. 6 and Sect. 2.2.1). The connections to the
outside are made through a double-walled cryogenic pipe
(406 mm external diameter; 254 mm inner diameter) enclos-
ing all the connections to the cryogenic system (cooling,
purification, fast emergency recovery, diving bell pressur-
ization) and the cables for the PMTs and auxiliary sensors.
A separate, single-walled pipe carries the high-voltage cable
to the TPC cathode feedthrough.

The cryostat is freely suspended from three M20 threaded
rods, attached to the top of a 10 m high stainless-steel sup-
port frame erected inside the water tank. In order to minimize
radioactive background from the frame, its components were
selected for low radioactivity. The distance between the cryo-
stat and the frame is at least 1 m. The tilt of the cryostat, and
thus the orientation of the TPC electrode planes with respect
to the liquid xenon surface, can be adjusted from outside the
water shield by changing the length of the three threaded rods.
The precision of the tilt adjustment is better than 50µrad;
the tilt is measured in real-time with a MEMS biaxial sub-
mersible tiltmeter (RST instruments). A chain connecting
the cryostat to the water shield floor compensates buoyancy
forces if the cryostat is empty.

Fig. 6 The stainless-steel cryostat containing the LXe TPC is installed
inside a 740 m3 water shield equipped with 84 PMTs deployed on
the lateral walls. The cryostat is freely suspended (dark yellow) on a
stainless-steel support frame, which can be converted into a cleanroom
around the cryostat. The cryostat is connected to the outside by means
of two pipes. The large, vacuum-insulated cryogenic pipe carries all
gas/LXe pipes and cables. A small pipe (yellow) is used for the cathode
high-voltage. Also shown is the system for calibrating XENON1T with
external sources installed in movable collimators attached to belts (blue,
red)

A temporary 4.5×4.5 m2 platform can be installed on the
detector support frame at 3.2 m height, to facilitate work on
the detector.

Cooling XENON1T follows the “remote cooling” concept
that was successfully employed by XENON100 [8]. It allows
for maintenance of the cryogenic system, which is installed
far away from the TPC, while the detector is cold. The xenon
gas inside the XENON1T cryostat is liquefied and kept at its
operating temperature T0 = − 96 ◦C by means of two redun-
dant pulse-tube refrigerators (PTRs [39], Iwatani PC-150),
which each provide ∼ 250 W of cooling power at T0. Each
PTR is connected to a copper cold finger reaching into the
xenon volume such that the PTR can be removed without
exposing the inner vessel. The PTR insulation volumes are
separated such that one PTR can be serviced while the other
is in operation. The measured total heat load of the system
is 150 W, hence one PTR is sufficient to operate the detec-
tor. The xenon pressure inside the cryostat is kept constant
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Working principles, signals S1 and S2

S1 signal — primary scintillations in the liquid phase of the detector. S2 signal —

secondary scintillations induced by primary ionization electrons in the gas phase

of the detector.Eur. Phys. J. C (2017) 77 :881 Page 3 of 23 881

Fig. 1 Working principle of a dual-phase LXe TPC: The prompt scin-
tillation light (S1) generated in the LXe is recorded by PMTs installed
above and below the target. The same PMTs also measure the delayed
secondary-light signal S2, which is created by proportional scintilla-
tion induced by ionization electrons (e−) in the gas phase. A set of TPC
electrodes is used to establish the required electric fields. The inter-
action position can be reconstructed in 3-dimensions by means of the
S2-signal pattern observed by the top PMTs (lateral) and the time dif-
ference between S1 and S2 (depth). Background events are rejected by
the charge to light (S2/S1) ratio and the scatter multiplicity (number of
S2 signals), as indicated on the panels on the right

partition into the different energy-loss channels depends on
the recoil type and energy and can therefore be used to dis-
tinguish a WIMP signal from electronic recoil backgrounds,
provided that the resulting excitation and ionization signals
can be measured independently [26]. The Xe∗

2 excimers,
that are eventually formed, de-excite under the emission of
178 nm scintillation light. In dual-phase TPCs, this light sig-
nal (S1) is observed by photosensors installed above and
below the target. An electric field across the target, estab-
lished between the negatively biased cathode at the bottom of
the TPC and the gate electrode at ground potential at the top,
is used to move the ionization electrons away from the inter-
action site, drifting them to the liquid-gas interface. A second
field, generated between the gate and the positively-biased
anode, extracts them into the gas phase and provides the elec-
trons sufficient energy to excite and ionize the gas atoms.
This generates a secondary scintillation signal (S2) which
is proportional to the number of extracted electrons [27].
The position of the initial interaction, as well as the scatter
multiplicity, can be reconstructed in 3-dimensions from the
position and number of S2 signals observed by the top pho-
tosensors and the S1-S2 time difference. The ratio S2/S1 can
be employed for electronic recoil background rejection, with
typically > 99.5% discrimination at 50% signal acceptance.

2.1.2 XENON1T TPC

The cylindrical TPC of 97 cm length and 96 cm diameter
contains an active LXe target of 2.0 t, in which the light

Fig. 2 Illustration of the XENON1T TPC. It is built from materi-
als selected for their low radioactivity, e.g., OFHC copper, stainless
steel and PTFE. The top and bottom PMT arrays are instrumented with
127 and 121 Hamamatsu R11410-21 PMTs, respectively

and the charge signals from each interaction can be detected,
see Fig. 2. It is enclosed by 24 interlocking and light-tight
PTFE (polytetrafluoroethylene, Teflon) panels, whose sur-
faces were treated with diamond tools in order to optimize
the reflectivity for vacuum ultraviolet (VUV) light [28]. Due
to the rather large linear thermal expansion coefficient of
PTFE, its length is reduced by about 1.5% at the operation
temperature of − 96 ◦C. An interlocking design allows the
radial dimension to remain constant while the vertical length
is reduced.

To ensure drift field homogeneity, the TPC is surrounded
by 74 field shaping electrodes with a cross section of ∼
10×5 mm2; they are made from low-radioactivity oxygen-
free high thermal conductivity (OFHC) copper. The elec-
trodes are connected by two redundant chains of 5 G� resis-
tors; a 25 G� resistor connects each chain to the cathode.
The resistor settings, as well as the electrical transparency of
the TPC electrodes (gate, anode and screening electrode on
top, and cathode and screening electrode on bottom), were
optimized by means of electrostatic simulations, using finite
element (COMSOL Multiphysics [29]) and boundary ele-
ment methods (KEMField [30]). The high-voltage config-
uration realized during science run 0 is shown in Fig. 3.
Most S1 light is detected by the photosensors below the tar-
get. The electrodes were thus designed for S1 light collec-
tion by optimizing the optical transparency of the gate, the
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Anomaly in XENON1T data

In the data accumulated by the XENON1T detector, there is a signal

uncharacteristic for WIMPs, detected in the range of electron recoil energy from

1 to 7 keV.

Background model: B0 =


β − decays 214Pb, 85Kr

ββ − decay 136Xe

detector’s material radiation, solar neutrinos (Z0, W±)

235± 15 background events vs. 285 detected events.
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FIG. 4. A zoomed-in and re-binned version of Fig. 3 (top),
where the data display an excess over the background model
B0. In the following sections, this excess is interpreted under
solar axion, neutrino magnetic moment, and tritium hypothe-
ses.

exhibit a clear time dependence. More detailed studies
of the temporal distribution of these events are described
in Sec. IV E.

Several instrumental backgrounds and systematic ef-
fects were excluded as possible sources of the excess.
Accidental coincidences (AC), an artificial background
from detector effects, are expected to be spatially uni-
form, but are tightly constrained to have a rate of
< 1 event/(t·y·keV) based on the rates of lone signals
in the detector, i.e., S1s (S2s) that do not have a corre-
sponding S2 (S1) [51]. Surface backgrounds have a strong
spatial dependence [51] and are removed by the fiducial-
ization (1.0 tonne here vs. 1.3 tonnes in [3], correspond-
ing to a radial distance from the TPC surface of & 11 cm)
along with the stricter S2 threshold cut. Both of these
backgrounds also have well-understood signatures in the
(cS1, cS2b) parameter space that are not observed here,
as shown in Fig. 5.

The detection and selection efficiencies were verified
using 220Rn calibration data. The β decay of 212Pb, a
daughter of 220Rn, was used to calibrate the ER response
of the detector, and thus allows us to validate the effi-
ciency modeling with a high-statistics data set. Similarly
to 214Pb, the model for 212Pb was calculated to account
for atomic screening and exchange effects, as detailed in
Appendix A. A fit to the 220Rn data with this model and
the efficiency parameter described in Sec. III C is shown
in Fig. 6 for a 1-tonne fiducial volume, where good agree-
ment is observed (p-value = 0.50). Additionally, the S1
and S2 signals of the low-energy events in background
data were found to be consistent with this 220Rn data
set, as shown in Fig. 5. This discounts threshold effects
and other mismodeling (e.g., energy reconstruction) as
possible causes for the excess observed in Fig. 4.
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FIG. 5. Distribution of low energy events (black dots) in
the (cS1, cS2b) parameter space, along with the expected
surface (purple) and AC (orange) backgrounds (1σ band).
220Rn calibration events are also shown (density map). All the
distributions are within the one-tonne fiducial volume. Gray
lines show isoenergy contours for electronic recoils, where the
excess is between the 1 and 7 keV contours, highlighted in
blue.

0

200

400

600

800

E
ve

nt
s/

ke
V

Best-fit
SR1 220Rn data

0 2 4 6 8 10 12 14
Energy [keV]

-2

2

FIG. 6. Fit to 220Rn calibration data with a theoretical β-
decay model (see Appendix A) and the efficiency nuisance
parameter, using the same unbinned profile likelihood frame-
work described in Sec. III C. This fit suggests that the effi-
ciency shown in Fig. 2 describes well the expected spectrum
from 214Pb, the dominant background at low energies.

Uncertainties in the calculated spectra were consid-
ered, particularly for the dominant 214Pb background.
More details can be found in Appendix A, but we briefly
summarize them here. A steep rise in the spectrum at low
energies could potentially be caused by exchange effects;
however this component is accurate to within 1% and
therefore negligible with respect to the observed excess.
The remaining two components, namely the endpoint en-
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Scattering of neutrinos by electrons

Neutrino vertex of interaction

Γα = −
µ′ν

2me
σαβq

β , (1)

here µ′ν — magnetic moment of neutrino in Bohr’s magnetons µB .

Magnetic moment of the Standard model
µ′ν = 3,2× 10−19(mν/eV)
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Scattering of neutrinos by electrons

Calculation result of diagram
dσ

dT
=

e4

16π

µ′ 2ν
m2
e

( 1

T
−

1

Eν

)
=
πα2µ′ 2ν
m2
e

( 1

T
−

1

Eν

)
= αµ2ν

( 1

T
−

1

Eν

)
, (2)

here T — kinetic energy of an electron, Eν — neutrino energy, α — constant of

the fine structure, µν — magnetic moment of neutrino.

Taking into account the binding energy of an electron

dσXe

dT
= αµ2ν

54∑
i=1

( 1

T +Bi
−

1

Eν

)
,

(
dσ

dT
=

54∑
i=1

θ(T −Bi)
dσ

(i)
0

dT

)
(3)

here Bi — binding energy of an electron in a xenon atom with index i ∈ {1...54}.

Number of events from ν scattering on an e

Magnetic moment model: µν =

{
dN

ton× year× dT
=
jppnXe

ρ

dσXe

dT
, (4)

jpp = 5,94(1± 0,1)× 1010 cm−2 × sec−1,

ρ — density of liquid xenon, nXe — concentration of xenon atoms.
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Three cases flux of neutrinos

1. When the magnetic moment of the neutrino for each neutrino (νe, νµ, ντ ) is

the same. jpp = 5,94(1± 0,1)× 1010 cm−2 × sec−1

2. When the magnetic moment for νµ, ντ is zero. Pee = 0,55, if into account

Eν = 0,26 MeV jpp, e = Pee × jpp = 3,27(1± 0,1)× 1010 cm−2 × sec−1

3. When the magnetic moment for νe is zero.

jpp, µ,τ = (1− Pee)× jpp = 2,67(1± 0,1)× 1010 cm−2 × sec−1

P.S.: individually, the probabilities of survival for νµ, ντ were not found, so

case 3 is as it is.
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XENON1T data processing results

Optimal magnetic moment, when it is the same for (νe, νµ, ντ ).
µν = 1,87+0,48

−0,69 × 10−11µB

90% confidence level: µν ∈ (0,22, 2,61)× 10−11 µB

Optimal magnetic moment, when µνµ, τ = 0.

µνe = 2,52+0.65
−0,92 × 10−11µB

90% confidence level: µνe ∈ (0,37, 3,51)× 10−11 µB

Optimal magnetic moment, when µνe = 0.
µνµ,τ = 2,78+0,72

−1,01 × 10−11µB

90% confidence level: µνµ,τ ∈ (0,42, 3,91)× 10−11 µB

Magnetic moment in the Standard model
µν = 3,2× 10−19(mν/eV)µB
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XENON1T data processing results
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XENON1T data processing results
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Conclusion

Magnetic moments of our calculation

µν = 1,87+0,48
−0,69 × 10−11µB , µνe = 2,52+0.65

−0,92 × 10−11µB ,

µνµ,τ = 2,78+0,72
−1,01 × 10−11µB , SM : µν = 3,2× 10−19(mν/)µB

According to our calculations, the model B0 + µν is preferable to the background

model B0 with statistical significance 1.64σ for all the above cases. This value

turned out to be slightly lower than stated by the XENON collaboration, in which

the statistical significance was 3,2 σ.
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Thanks for attention!
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