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2暗黒物質の直接探索
確率は非常に小さいがWIMPも身の回りの物質(原子核)と相互作用をする(原子核反跳)。 
原子核が受け取る反跳エネルギーを検出する(光 & 電子 for XENON1T実験)。

WIMPの探索方法(直接探索)

XENON1T実験
• 液体キセノンを3.2トン(有効体積~1トン)を用いた直接探索実験 
• 低質量&高質量の両極限(100MeV - TeV)で、世界で最も厳しい制限を与えている。 
• 実験自体は既に終了していて、現在XENONnT実験へとアップグレード中(小林くんのトーク)

XENON1T実験のWIMP探索結果
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太陽アクシオン: Axio-electric effect (光電効果と似た効果, gae) 
太陽ニュートリノ: 電子散乱 (elastic scattering )

太陽アクシオンや太陽ニュートリノの探索方法: 電子反跳

電子反跳事象の探索
• 通常、電子反跳事象はWIMP探索の背景事象(BG) 
• WIMP searchと比べてBG量(ex: 放射性ラドン・クリプトンなど)が多いので、BGをより精
密に評価し、そこからの超過を探す

WIMPと原子核の相互作用 (原子核反跳) 太陽アクシオン・太陽ニュートリノ (今回はこちら！)
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暗黒物質の直接探索



LXe TPC: Working Principle 4

Particle Detection Principle with a Dual-phase TPC
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WIMPs 
or neutrons

γ or e– electronic recoils (ER)

nuclear recoils (NR)Xe

· Two signal channels (S1 and S2) 

· Ratio depends on dE/dx, different probability for 
electron-ion pairs recombination 

➝ event vertex reconstruction in 3D 
     (~mm precision for Z, ~cm for XY) 

➝ particle type discrimination: (S2/S1)γ  > (S2/S1)WIMP 
     (factor ~ 200 and higher efficiency) 
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Alexander Kish (UZH), XENON1T, Rencontres de Blois,  May 31, 2017

- Primary scintillation light (S1) is produced promptly at the 
interaction site 

- Ionization electrons drift up through the LXe in the applied 
electric field 

- Some recombine with ions ̶> more scintillation light (S1) 

- Others are extracted above the liquid surface into gas phase 
region, where they form secondary proportional scintillation 
light (S2) 

- Event vertex reconstruction in 3D space 
- X,Y position: S2 hit-pattern in top PMT array 
- Z position: electron drift time, Δt (s1, s2 ) 

- Particle type discrimination: (S2/S1)γ,e  >  (S2/S1)WIMP 
Electric Recoil Nuclear Recoil

~0.1kV/cm

~8kV/cm

1m

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)
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5XENON1T WIMP Searches - 2018 (NR Search)

Most stringent result on WIMP Dark Matter down to 3 GeV/c2 masses               

One ton-year of search for WIMPs induced nuclear recoils

threshold: ~5 keVnr



6XENON1T Solar-Axion / ALPs Searches  - 2020 (ER Search)
検出器部材からの放射線(ガンマ線)を除くため、有効体積はWIMPより小さい。

- 電子反跳BGの絶対量を減らす 
- 既知のBG(放射性ラドン・クリプトンなど)を精密に評価し、超過を探す

threshold: ~1 keVee

太陽アクシオンやALPs, Dark Photon探索における戦略



XENON1T Detector
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•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 



8The XENON + DARWIN Program

17January 27th, 2020, LLR Luca Scotto Lavina, CNRS/IN2P3

The XENON Project + DARWIN

先週ちょうど液体キセノンをfillし始めた！

名大、神戸大、IPMUは先月末にDARWINにも参加！



9The XENON1T Experiment @ LNGS in Italy

248 3-inch PMTs (R11410-21, QE~34%@178nm) 
LXe mass: 3.2 t(total), 2.0t (active)
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Fig. 8 Piping and instrumentation diagram (P&ID) of the XENON1T purification system. The system also serves as the main interface to the other
components of the gas-handling system (see figure 9) and allows the insertion of short-lived isotopes for calibration. Some instrumentation such
as temperature and pressure sensors, as well as several access ports are omitted for clarity. The path of the xenon gas during standard purification
is indicated in blue.

Fig. 9 The gas-handling system of XENON1T consists of the cryogenic system (cooling), the purification system (online removal of electronega-
tive impurities), the cryogenic distillation column (natKr removal), ReStoX (LXe storage, filling and recovery), the gas bottle rack (injection of gas
into the system) and gas analytics station (gas chromatograph). The cryostat inside the water shield accomodates the TPC.

The total xenon inventory from various suppliers com-
prises research-grade gas with a low concentration of im-
purities, especially natKr. The impurity level was measured
in sets of four gas bottles by gas chromatography (custom-
optimized Trace GC Ultra from Thermo Fisher) [39]. In case
a higher level than specified was detected, the bottles were

purified using the distillation system (section 2.2.3) before
adding the gas to the storage system.

Xenon Purification Electronegative impurities, such as wa-
ter or oxygen, absorb scintillation light and reduce the num-
ber of ionization electrons by capture in an electron drift-
time dependent fashion. These impurities are constantly out-
gassing into the xenon from all detector components. There-

Water tank: ~700 ton 

Purification (H2O/O2)と          
Kr distillationにだけフォーカス
して紹介



10GXe Purification
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Fig. 1 Schematic setup of XENON1T (not to scale). The colors indicate different sub-components and are also used in Fig. 2, which shows their
individual contributions to the overall 222Rn rate.

Fig. 2 The different sub-system contributions to the overall 222Rn emanation rate in XENON1T. The colors correspond to those used in Fig. 1.
The numbers in the brackets refer to the item numbers.

tion pumps and the gas purifiers. Note that a major part of493

the XENON1T infrastructure will be re-used for its upgrade494

XENONnT, so the obtained results will be relevant for the495

future as well.496

497

The results of the measurements are found in Table 8.498

After electro-polishing its inner surface, the cryostat (#49)499

was measured directly on-site at the company that did the500

fabrication (ALCA Technology S.r.l.). From the result of501

sample #5a (see Table 2), we predict a 222Rn emanation rate502

of (80± 30)µBq/m2 for electro-polished stainless steel if503

we assume no contribution from the weld seam. Thus, we504

expect (610± 230)µBq for the 7.6m2 surface of the cryo-505

stat. This is about one third of what we have measured (#49).506

The discrepancy may come from the fact that a large vessel 507

cannot be cleaned as easily as small-size samples. 508

The cable pipe contains not only the cables for all 248 509

XENON1T channels, but already about 200 extra channels 510

foreseen for the upgrade to XENONnT. Altogether, there are 511

4.1km of PTFE insulated coaxial PMT signal cables and 512

4.5km of Kapton insulated HV cables in the detector. From 513

the results of sample #40 and #43 presented in section 3.3, 514

we can derive an upper limit of ≤ 2.9 mBq for the cables 515

alone. For the entire cable pipe we measured a positive num- 516

ber of (2.7±0.2) mBq (#50), which is compatible with that 517

limit. Similar contributions to the overall 222Rn budget were 518

found to originate from the cryogenic system (#51) and from 519

the cable feedthroughs (#52), respectively. 520

‣ Electronegative impurities in the Xe gas and from outgassing reduce 
both photon (S1) and electron (S2) signals.  

‣ To detect light S1 signals efficiently, need O(1) ppb H2O concentration.           
(Tiger Optics HALO+ H2O monitor used for purity measurement) 

‣ To drift electrons over 1 meter requires < 1ppb (O2 equivalent)  

‣ Solution: continuous gas circulation at high flow through heated getter 
material (Zr-V-Fe getter, 400°C) with hydrogen removal unit 

‣ SAES PS4-MT50-R (O2, H2O, CO, CO2, H2, N2, CH4: ~ppb) 

‣ Total flow rate of 54 slpm driven by up to 3 pumps.

ticles. Knowledge of the ratio between the two
scintillation yields, called relative scintillation efficiency
!Leff", is important for the determination of the sensitiv-
ity of LXe-based detectors to dark matter weakly inter-
acting massive particles !WIMPs", which we discuss in
Sec. IV.B. The Xe nuclear recoils which result from
WIMPs !or neutrons" scattering off Xe nuclei have en-
ergies in the range of a few keV up to several tens of
keV. Several measurements of Leff have been carried out
!Arneodo et al., 2000; Bernabei et al., 2001; Akimov et
al., 2002; Aprile et al., 2005; Chepel et al., 2006" with the
most recent one extending down to 5 keVr nuclear re-
coil energy !Aprile et al., 2009". The relative scintillation
efficiency for recoils of this energy is 14%, constant
around this value up to 10 keVr. For higher energy re-
coils, the value is on average about 19%. Figure 24 sum-
marizes all the measurements to date. A fit through the
data and the predicted curve by Hitachi et al. !2005" are
also shown as solid and dotted lines, respectively.

Compared to the scintillation yield of electron or al-
pha particle excitation, the scintillation yield of nuclear
recoil excitation is significantly reduced due to nuclear
quenching !Lindhard, 1963". Hitachi estimated the addi-
tional loss in scintillation yield that results from the
higher excitation density of nuclear recoils. Rapid re-
combination in LXe under high LET excitation !Hitachi
et al., 1983, 1992" provides a mechanism for reducing the
scintillation yield of nuclear recoils in addition to that of
nuclear quenching treated by Lindhard !1963". In order
to estimate the total scintillation yield, Hitachi et al.
!1992, 2005" considered biexcitonic collisions, or colli-
sions between two “free” excitons that emit an electron
with a kinetic energy close to the difference between
twice the excitation energy Eex and the band-gap energy
Eg !i.e., 2Eex−Eg":

Xe* + Xe* → Xe + Xe+ + e−. !15"

The electron then loses its kinetic energy very rapidly
before recombination. This process reduces the number
of excitons available for vuv photons since it requires
two excitons to eventually produce one photon. Hitachi

therefore considered this to be the main mechanism re-
sponsible for the reduction of the total scintillation yield
in LXe under irradiation by nuclear recoils. The Hitachi
model !Hitachi et al., 1992, 2005", however, does not
hold at energies below 10 keVr.

5. Absorption length and Rayleigh scattering

Impurities dissolved in LXe may absorb the vuv pho-
tons, reducing the observed scintillation light yield.
Light attenuation can be described by

I!x" = I!0"exp!− x/!att" , !16"

where !att is the photon attenuation length, which con-
sists of two separate components, the absorption length
!abs, describing true absorption and loss of photons by
impurities, and the scattering length !sca, representing
elastic scattering of photons without any loss. The latter
is dominated by Rayleigh scattering. The two are related
by

1/!att = 1/!abs + 1/!sca. !17 "

The attenuation length can be measured after removing
the contribution from Rayleigh scattering. The Rayleigh
scattering length is theoretically estimated to be about
30 cm !Seidel, Lanou, and Yao, 2002; Baldini et al., 2005"
which roughly agrees with the !sca experimentally ob-
tained !Braem et al., 1992; Chepel et al., 1994; Ishida et
al., 1997 ; Solovov et al., 2004".

The wavelength of scintillation light from liquid argon
or krypton doped with xenon is different from that from
pure liquid argon or krypton. Accordingly, the measure-
ment of the attenuation length in liquid argon or kryp-
ton doped with xenon should show the wavelength de-
pendency of the attenuation length due to Rayleigh
scattering. The attenuation length due to Rayleigh scat-
tering calculated for liquid Ar+Xe !3%" and liquid Kr
+Xe !3%" roughly agreed with the results obtained ex-
perimentally !Ishida et al., 1997 ".

The most serious impurity for the vuv light of LXe is
water vapor, which is largely contributed by the outgas-
sing of the liquid containment vessel and other detector
materials placed inside the liquid. Figure 25 shows the
absorption coefficient for vuv photons in 1 ppm water
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FIG. 24. !Color online" Relative scintillation efficiency of
nuclear recoils in LXe !Aprile et al., 2009, and references
therein".

FIG. 25. !Color online" Absorption coefficient for vuv photons
in 1 ppm water vapor and oxygen and superimposed Xe emis-
sion spectrum !Ozone, 2005".

2066 E. Aprile and T. Doke: Liquid xenon detectors for particle physics …

Rev. Mod. Phys., Vol. 82, No. 3, July–September 2010

1 ppm  

1 ppm  

Ozone, 2005 S1光の吸収 

http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
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FIG. 9: Electron lifetime evolution during the two science runs measured from 83mKr (black), 222Rn (red) and 218Po (green)
decays. Decreases are caused by releases of impurities due to changes in detector operation parameters like the detector’s cooling
power and the gas flow in the purification system. The temporal fine structure is modeled based on the ↵ measurements (grey
line) while the absolute scale of the electron lifetime is determined from the 83mKr measurement.

FIG. 10: Spatial dependence of the relative light collection e�ciency Lc on z (left) and � (right) for di↵erent radial bins (color
code). Data points are connected by straight lines to guide the eye.

In order to correct for the spatial dependence of S1
signals, a three-dimensional correction map is derived
from the 32.1 keV signals in 83mKr calibration data. The
mean of the S1 distribution is evaluated in discrete (R,
�)-regions and in slices of z, and is normalized to its
average hS1i across the TPC in order to obtain the
relative light collection e�ciency Lc that removes the
spatial dependencies:

LY (R,�, z, ", F )

Lc(R,�, z)
= hLY (", F )i

= h✏Li · hPY (", F (R,�, z, t))i · ✏QE · ✏CE.

(3)

The number of bins of the correction map was
optimized in each dimension by limiting the maximum
variation to be about 2.5% between two adjacent
bins. The correction not only averages out the spatial

dependence of ✏L but also accounts for the spatially
dependent PY introduced by field inhomogenities.

83mKr decay energies lie beyond the region of interest
for WIMP searches and lower energetic events are less
sensitive to changes in the field. Hence, a small bias of
⇠ 2% [40] is introduced when applying Lc to the WIMP
search region and Lc varies in time by up to 6% due
to evolving field inhomogenities (Sec. IVB). To remove
this bias, the spatial distribution of the CY from the
41.5 keV 83mKr signal is used to map out local and timely
field variations and decouple those from both, the Lc and
electron lifetime corrections. Since the CY is correlated
with the electron lifetime, this procedure is repeated
iteratively until convergence is observed resulting in a
time stability of Lc within 1.2%.
Fig. 10 shows Lc measured as a function of z (left) and

‣ Solution: continuous gas circulation at high flow through heated 
getter material (Zirconium) 

‣ SAES PS4-MT50-R (O2, H2O, CO, CO2, H2, N2, CH4: ~ppb) 

‣ Total flow rate of 54 slpm driven by up to 3 pumps. 

‣ 650us of e-lifetime ̶> oxygen equivalent impurity concentration 
of ~ 0.5ppb. 

‣ XENON1T TPC length ~ 650us drift time

18

independent approach is employed [78] which allows ex-
tracting PMT parameters such as gain and occupancy with-
out making assumptions on the underlying SPE distribu-
tion. The average gain is 2.6 ⇥ 107 when the additional
⇥10 amplification stage is taken into account. The gains
are distributed between (2.0-5.0)⇥ 107; the distribution has
a rather wide standard deviation of 1.5⇥107. All gains were
stable in time within 2%, reflecting the uncertainty of the
calibration method.

After installation in XENON1T, the PMT’s average dark
count rate decreased from ⇠40 Hz measured during the
characterization campaign in gaseous N2 at �100�C [30] to
⇠12 Hz and ⇠24 Hz for the top and bottom PMT arrays, re-
spectively. The difference between the arrays is explained
by the contribution of a larger fraction of LXe scintillation
events to the dark count rate, which cannot be distinguished
from “real” PMT dark counts. The overall reduction, likely
thanks to the lower environmental radioactivity, is impor-
tant to minimize the probability of accidental coincidences
of uncorrelated dark count pulses, mimicking a low-energy
S1 signal.

Even though PMTs indicating a loss of vacuum by the
presence of lines from xenon ions (Xe+, Xe++) in their af-
terpulse spectra [30, 31] were not installed in the XENON1T
PMT arrays, some tubes have developed new leaks during
the operation in the cryogenic environment. The afterpulse
spectra are thus investigated regularly to identify such tubes
and to monitor the leak’s evolution with time. The PMTs re-
main fully operational if the loss of vacuum is not too large.
28 PMTs showed a Xe-induced afterpulse rate of rXe > 1%.
Reducing their bias voltage helps to improve their perfor-
mance, however, once their afterpulse rate becomes too large
they have to be turned off. The PMTs with rXe . 1% were
operated normally without a negative impact on the data
analysis. Tubes with an identified leak showed a slight in-
crease of the afterpulse rate of DrXe < 0.1%/month.

During science run 0, a total of 27 R11410 PMTs (11 on
the top and 16 on the bottom array) were switched off, corre-
sponding to a loss of 11% of the channels. While the issues
with 6 of the tubes are related to cabling and bad connec-
tions, the majority of the non-operational PMTs shows leak-
related problems. The observed symptoms are PMT trips at
rather low bias voltages, a high signal rate at the SPE level
and a “flashing behavior”. The latter is characterized by a
sudden increase of the PMT’s trigger rate which lasts for a
few minutes. The affected PMTs showed a high afterpulse
rate, a clear indication for a leak, and seem to emit light dur-
ing these periods as the rate of neighboring channels and
of channels in the opposing array also increased. In many
cases, these flashes appear to be triggered by high-energy
depositions (e.g., from muons). Thanks to the large number
of PMTs installed inside the XENON1T TPC, the impact of
the missing channels on fiducialization is minor.

3.4 Target Purification

The loss of ionization electrons is caused by their attach-
ment to electronegative impurities in the LXe target (H2O,
O2, etc.) and it is described by the finite electron lifetime te,
which thus serves as a measurement of the target purity. An
initial charge signal of size S20 is exponentially reduced de-
pending on the drift time t between the interaction point and
the liquid-gas interface:

S2(t) = S20 exp(�t/te). (1)

This drift-time dependent effect is the most important charge
signal correction and is applied to every event. To compen-
sate for outgassing from materials and to maximize te, the
LXe target is constantly purified (see Sect. 2.1.5). The elec-
tron lifetime te is regularly measured by characterizing the
signal loss of mono-energetic charge signals (e.g., full ab-
sorption peaks) across the TPC. Figure 18 shows such a
measurement using the mono-energetic conversion electron
line at 32.1 keV from metastable 83mKr, which is very well
described by an exponential function.

Figure 19 shows the electron lifetime evolution over
a period of approximately two months, during science
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Fig. 18 The loss of electrons due to the presence of electronegative im-
purities in the LXe is measured via the drift time-dependent decrease
of the charge signal size, e.g., from the mono-energetic 32.1 keV line
from 83mKr. The example shown here corresponds to an electron life-
time te = (467±5) µs, derived from the exponential fit (red line).
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Fig. 19 Evolution of the electron lifetime over science run 0, which
is indicated by the vertical lines. The two step-like decreases are well-
understood and related to detector operation (e.g., online 222Rn distil-
lation which started on December 19). The model (red line) describes
the data well.

Fit with exp(-Δt/τ)

http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
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2.2.2 Detector Construction Materials

In order to reduce ER and NR background events, that arise
from radioactive decays in the detector materials, all mate-
rials of the TPC, the cryostat and the support structure were
selected for a low content of radioactive isotopes. Monte
Carlo simulations were used to define the acceptable lev-
els. The radioactivity measurements were performed us-
ing low-background high-purity germanium spectrometers
of the XENON collaboration [46–48]. The most sensitive
spectrometers, located at the LNGS underground laboratory,
can reach sensitivities down to the µBq/kg level. In addi-
tion, standard analytical mass spectroscopy methods (ICP-
MS, GD-MS) were employed at LNGS and at external com-
panies. The measured radioactivity levels of the PMTs are
summarized in [33]; that of all other materials and compo-
nents in [37].

Most materials in contact with the liquid or gaseous
xenon during standard operation were additionally selected
for a low 222Rn emanation rate. This includes most compo-
nents of the TPC, the inner cryostat and its connection pipes,
the cryogenic system with its heat exchangers and the pu-
rification system. The LXe storage vessel and the cryogenic
distillation column are irrelevant sources of Rn-emanation
as they are not continuously connected to the TPC. Thus all
222Rn originating from these systems will rapidly decay to a
negligible level. Even though the emanation rate is usually
related to the 226Ra content of a material, which is obtained
by g spectrometry, it must be measured independently since
in most cases emanation is dominated by surface impurities.
The measurements were performed according to the proce-
dure described in [49] using the 222Rn emanation facility at
MPIK Heidelberg [50] and a similar one at LNGS. The re-
sults are summarized in [51].

To remove radioactive isotopes from surfaces, all TPC
components were cleaned after production according to the
following procedures: after degreasing, all copper pieces
were pickled in a solution of 1% H2SO4 and 3% H2O2
and passivated in a 1% citric acid (C6H8O7) solution. Af-
terwards the pieces were rinsed with de-ionized water and
ethanol. The large stainless-steel pieces (diving bell, TPC
electrode frames) were electropolished and cleaned with
acetone, de-ionized water and ethanol. All small stainless-
steel components (screws, rods, etc.) were degreased, pick-
led in a solution of both 20% HNO3 and 2% HF, and finally
passivated in a 15% HNO3 solution before rinsing with de-
ionized water and ethanol. The degreased PTFE components
were immersed in a 5% HNO3 solution and rinsed with de-
ionized water and ethanol. Care was taken to not touch the
reflecting TPC surfaces during cleaning, and all PTFE parts
were stored under vacuum after the cleaning procedure. In
cases of size limitations, the HNO3-step was omitted and the
sample was instead immersed in ethanol for a few hours.

The TPC was assembled above ground at LNGS, inside
a custom-designed ISO 5 class cleanroom with a measured
particle concentration just above the ISO 4 specification, us-
ing a movable installation and transport frame. The double-
bagged TPC (aluminized mylar), fixed to the transportation
frame, was moved to the underground laboratory by truck
and attached to the top flange of the inner cryostat. A mobile
class ISO 6 softwall cleanroom (4.5⇥ 4.5 m2) was erected
around the cryostat for this purpose.

2.2.3 Krypton Removal by Cryogenic Distillation

Natural krypton, which contains the b -decaying isotope
85Kr (T1/2 = 10.76 y) at the 2⇥ 10�11 level, is removed by
cryogenic distillation, exploiting the 10.8 times larger vapor
pressure of Kr compared to Xe at �96�C. In a cryogenic
distillation column, the more volatile Kr will hence be col-
lected at the top while Kr-depleted Xe will be collected at
the bottom. Given a natKr/Xe concentration of <0.02 ppm in
commercial high-purity Xe gas, a Kr reduction factor around
105 is required to reach the design goal of natKr/Xe<0.2 ppt.
To achieve this goal, a distillation column using 2.8 m of
structured stainless-steel package material (Sulzer, type EX)
was built following ultra-high vacuum standards. The total
height of the XENON1T distillation system is 5.5 m (see
figure 11). The system is described in [52] and can be op-
erated stably at Xe gas flows up to 18 slpm, corresponding
to 6.5 kg/h.

The Kr particle flux inside the column and the separa-
tion efficiency can be monitored using the short-lived iso-
tope 83mKr as a tracer [53, 54]. After installation at LNGS,
a separation factor of (6.4+1.9

�1.4)⇥ 105 was measured [52,
55], reaching a concentration natKr/Xe< 0.026 ppt and

Package tube

Input condenser

Reboiler

Top condenser

Heat exchanger

Gas inlet

Gas outlet
(low Kr)

Off-gas
(high Kr)

5.5m

Fig. 11 The custom-designed XENON1T cryogenic distillation col-
umn. The outer vessels for vacuum insulation and most of the column
package material were omitted for clarity.

higher T

lower T

Liquid

Gas

purified Xe

higher Kr/Ar
▸ Commercial Xe: 1 ppm - 10 ppb natKr,  

▸ 85Kr is unstable (T1/2 = 10.8 y, β-decay with Q-value = 687 keV) 

▸ Solution: 5.5 m cryogenic distillation column 

▸ Utilizes different vapor pressure: 

- Kr: 20900 mbar@178K, Xe: 2010 mbar@178K 

▸ Feeding flow rate: 8.3 SLPM (3kg/h) 

- Thermodynamically stable up to 18 SLPM (6.5 kg/h) 

▸  Measured separation: 6.4×105 @8.3 SLPM,  < 48 ppq (RGMS)

Kr (and Ar) Distillation

85Kr dominated 222Rn dominated
~1000 ppt

~ 0.66ppt

5.5m



Energy Reconstruction



14Energy Reconstruction with LXe TPC

S1
S2

/ nph
<latexit sha1_base64="I+WtHbz3tmGrDshBRDeMZK46pMs=">AAAB9XicdVBNSwMxEJ31s9avqkcvwSJ4KrtVcb0VvXisYD+gXUs2zbah2WxIskpZ+j+8eFDEq//Fm//GtF1BRR8MPN6bYWZeKDnTxnU/nIXFpeWV1cJacX1jc2u7tLPb1EmqCG2QhCeqHWJNORO0YZjhtC0VxXHIaSscXU791h1VmiXixowlDWI8ECxiBBsr3XalSqRJkOhlcjjplcpuxZ0BWXLu+37VEs+vnro+8nKrDDnqvdJ7t5+QNKbCEI617niuNEGGlWGE00mxm2oqMRnhAe1YKnBMdZDNrp6gQ6v0UZQoW8Kgmfp9IsOx1uM4tJ0xNkP925uKf3md1ER+kDEhU0MFmS+KUo7sn9MIUJ8pSgwfW4KJYvZWRIZYYWJsUEUbwten6H/SrFa840r1+qRcu8jjKMA+HMAReHAGNbiCOjSAgIIHeIJn5955dF6c13nrgpPP7MEPOG+fPk2TAg==</latexit>

/ ne
<latexit sha1_base64="798E/ml8/AhDrg4V6USVIu0t2/Q=">AAAB9HicdVBNSwMxEJ31s9avqkcvwSJ4KrtVcb0VvXisYD+gXUo2zbah2WRNsoWy9Hd48aCIV3+MN/+NabuCij4YeLw3w8y8MOFMG9f9cJaWV1bX1gsbxc2t7Z3d0t5+U8tUEdogkkvVDrGmnAnaMMxw2k4UxXHIaSscXc/81pgqzaS4M5OEBjEeCBYxgo2Vgm6iZGIkEr2MTnulsltx50CWXPq+X7XE86vnro+83CpDjnqv9N7tS5LGVBjCsdYdz01MkGFlGOF0WuymmiaYjPCAdiwVOKY6yOZHT9GxVfooksqWMGiufp/IcKz1JA5tZ4zNUP/2ZuJfXic1kR9kTCSpoYIsFkUpR/bNWQKozxQlhk8swUQxeysiQ6wwMTanog3h61P0P2lWK95ppXp7Vq5d5XEU4BCO4AQ8uIAa3EAdGkDgHh7gCZ6dsfPovDivi9YlJ585gB9w3j4BZauShQ==</latexit>

E = (Nph +Ne) ·W = (
S1

g1
+

S2

g2
) ·W

<latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit>

where W = 13.7 eV/quanta

g1 and g2: detector-specific gain constants 
extract g1/g2 from calibration data, use it to 
reconstruct energy of each event

S1, S2はPMTで測定される量!



15Energy Reconstruction with LXe TPC

E = (Nph +Ne) ·W = (
S1

g1
+

S2

g2
) ·W

<latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit>

where W = 13.7 eV/quanta

g1 and g2: detector-specific gain constants 
extract g1/g2 from calibration data, use it to 
reconstruct energy of each event

2D analysis in s1-s2 space 1D energy spectrum

220Rn calibration data
E = W

✓
S1

g1
+

S2

g2

◆

<latexit sha1_base64="R/1AE251QmRnw0/RhTrqHxWgkrc="></latexit>

220Rn calibration data



Signal Models



17Data Selection & Efficiency

Science Run 1 

(SR1)
Feb. 2017 Feb. 2018

Energy region of interest:                   
1 - 210 keVee

226.9 days 

• Fiducial volume 1042 kg

• Single-scatter events, standard data 
quality cuts

• Higher S2 threshold (> 500 pe) to 
remove instrumental BGs

Efficiency for ~2 keVee is ~ 70%

• Detection efficiency is dominated by 
3-fold PMT coincidence for S1 
detecetion



18Solar-Axion: Production

ABC

Primako!:

Fe-57 nuclear transition:

(Atomic recombination and 
deexcitation, Bremsstrahlung 
and Compton)

XENON1T sensitive to all 3 channels via  
coupling to electrons  gae 

(electronic recoils via axio-electric effect).

Three components of solar axion flux

axion-electron interactions
dominated by Bremsstrahlung and Compton

mono energetic 14.4 keV M1 transition
effective axion-nucleon coupling

axion-photon coupling
axions produced from photon conversion 
induced by the electric field of ions and 
electrons in the Sun.

Emerge with keV-scale energies 
In principle, axions from all 3 couplings can 

be present at the same time.

e
e

a
gae

<latexit sha1_base64="IX9cE8LYzUnKEJBcdKKQl9h5f6E=">AAAB7XicdVDLSgNBEJz1GeMr6tHLYBA8LbMxmM0t6MVjBPOAZAmzk04yZnZnmZkVwpJ/8OJBEa/+jzf/xslDUNGChqKqm+6uMBFcG0I+nJXVtfWNzdxWfntnd2+/cHDY1DJVDBpMCqnaIdUgeAwNw42AdqKARqGAVji+mvmte1Cay/jWTBIIIjqM+YAzaqzUHPYyCtNeoUjcykWpWvUwcf0yIcS3pEp8v+xjzyVzFNES9V7hvduXLI0gNkxQrTseSUyQUWU4EzDNd1MNCWVjOoSOpTGNQAfZ/NopPrVKHw+kshUbPFe/T2Q00noShbYzomakf3sz8S+vk5qBH2Q8TlIDMVssGqQCG4lnr+M+V8CMmFhCmeL2VsxGVFFmbEB5G8LXp/h/0iy53rlbuikXa5fLOHLoGJ2gM+ShCqqha1RHDcTQHXpAT+jZkc6j8+K8LlpXnOXMEfoB5+0TREOPmQ==</latexit>
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β (Ea): velocity (energy) of axion



19Solar-Axion: Detection

•  For Primakoff and 57Fe, can only deduce product of 2 couplings. 
•  All the three flux components are considered completely independent of each other                
̶> Model-independent search: parameters of interest =  

• XENON1T is more sensitive to DFSZ model, where axions couple to electrons at tree level 
compared to KSVZ model (couples to electrons at loop level)

Expected rate in xenon convolved with detector effects (resolution, efficiency) and σpe   

σpe

Eff.

Res.

5keV

>70%@2keV

~10%@low-E

Atom. Data Nucl. Data 
Tables, vol. 5, no. 1, pp. 
51-111, 1973



20Axion-like Particle / Dark Photon
Assuming ALPs/dark photons are non-relativistic and make up all of the local dark matter, the 
expected signal is a mono-energetic peak at the rest mass of the particle

For ALPs For dark photons



Background Models



22Background Model
214Pb: main ER BG

検出器の表面に付着してい
て、絶えず湧き出してくる

Predicted energy spectra based on detailed modeling of each background component 
Rates constrained by measurements and/or time dependence



23Background Model

Predicted energy spectra based on detailed modeling of each background component 
Rates constrained by measurements and/or time dependence



24

55.8 days 171.2 days

Divided into two datasets, fit simultaneously.  
• SR1a: <50 days from neutron calibration, 

includes more activated backgrounds 
• SR1b: the rest, less activated backgrounds 
• background model denoted B0

Background Model

Time-evolution and model of 131mXe (generated by neutron activation)

SR1a
SR1b



Fit to Data

Unbinned Profile Likelihood  Analysis 

Combining the likelihoods of the 2 partitions

Profile over the nuisance parameters

SR1a SR1b



26Fit

Decent matching across the whole energy range 
in 1-210 keV 

(76 +/- 2) events/(t·y·keV) in [1, 30] keV 

Lowest background rate ever achieved in this 
energy range!



27Excess in 1-7 keV

Excess between 1-7 keV 
285 events observed 

vs. 
232 events expected (from BG-only best-fit) 

Would be a 3.3σ Poissonian fluctuation  



Are We Missing Something?



29Event Location / Time-dependence

• Uniform in 3D-space and cS1/cS2b plane 
• consistent with constant time (but with low statistics)

7% peak-to-peak rate modulation from L(sun, earth)



30Efficiency / Reconstruction

220Rn calibration reconstructs as 
expected

Fit to 220Rn (212Pb) 
calibration data using 
same analysis framework

Validates efficiency and 
energy reconstruction 

g.o.f p=0.58

Again, unbinned fit is performed here.

β-decay of Pb212 is used 
to calibrate detector’s 
response to ER 
background



31214Pb Spectrum Model
Atomic screening and exchange effects 
can increase rate at low energies. 

~6% uncertainty on the shape 

~50% needed to account for excess

Calculated by X. Mougeot

• IAEA model: No screening/exchange effects 

• GEANT4 model: only screening effect 

• This work: both screening/exchange effects

Good agreement between measurements 
and calculation for 241Pu (Qβ=20.8 keV) 
and 63Ni (Qβ=67 keV) 

| 31

241Pu

Mean energy of the 
spectrum decreased 

by 4 %

Analytic:  𝐸 = 5.24 keV
With screening:  𝐸 = 5.18 keV
With screening and exchange:  𝐸 = 5.03 keV

Calculated as allowed

Experimental spectrum

M. Loidl et al., App. Radiat. 
Isot. 68, 1454 (2010)

TU Dresden 2017 | X. Mougeot – Beta spectrometry

241Pu (Qβ=20.8 keV) 

App. Radiat. Isot. 68, 1454 (2010)



Tritium?

Low-energy (Q value 18.6 keV)

Long half life (12.3 years)

1. Cosmogenic production?

2. Atmospherically abundant?



33Testing Tritium Hypothesis

Tritium favored over 
background-only at 3.2σ

fewer than 3 tritium atoms 
per kg of xenon!

3H half-life 12.3 years (too long to observe in SR1)

Best-fit tritium rate: 

159± 51 events/(t · y · keV)
<latexit sha1_base64="lHUFcGQmaWarBmnvrJrLjDz+8rM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6qTPVou6KblxWsK3QKSWT3mpoMjMkd4Qy1F9x46+4caGoK8GPMX0Iaj0QcnLuI/eeIJbCoOt+ODOzc/MLi5ml7PLK6tp6bmOzbqJEc6jxSEb6KmAGpAihhgIlXMUamAokNILe2TDeuAVtRBReYj+GlmLXoegKztBK7dyJVz6hfqxo2bvzFcMbrVK4hRDNYP/7XUCfdyKkfTq+e1DfG9B2Lu8W3RHoNPEmJE8mqLZzb34n4omyzblkxjQ9N8ZWyjQKLmGQ9RMDMeM9dg1NS0OmwLTS0YoDumuVDu1G2p4Q6Uj9WZEyZUxfBTZzOLX5GxuK/8WaCXaPW6kI4wQh5OOPuomkGNGhX7QjNHCUfUsY18LOSvkN04yjdTVrTfD+rjxN6qWid1AsXRzmK6cTOzJkm+yQAvHIEamQc1IlNcLJPXkkz+TFeXCenFfnfZw640xqtsgvOJ9f9PmjUw==</latexit>

6.2± 2.0⇥ 10�25 mol/mol
<latexit sha1_base64="z/agMrUFvletRlZfEaWopBwFzAU=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40HFmfC6LblxWsA/ojCWTZtrQZDIkGaEM9SPc+CtuXCjiVnDn35g+Ftp64MLhnHu5954wYVRpx/m2cnPzC4tL+eXCyura+kZxc6umRCoxqWLBhGyESBFGY1LVVDPSSCRBPGSkHvauhn79nkhFRXyr+wkJOOrENKIYaSO1igdntgf9hEPPdqCvKScKus5dduidDh58jnRX8owLdmRq0CqWHNsZAc4Sd0JKYIJKq/jltwVOOYk1ZkippuskOsiQ1BQzMij4qSIJwj3UIU1DY2TWB9noqwHcM0obRkKaijUcqb8nMsSV6vPQdA7vVNPeUPzPa6Y6uggyGiepJjEeL4pSBrWAw4hgm0qCNesbgrCk5laIu0girE2QBROCO/3yLKl5tntsezcnpfLlJI482AG7YB+44ByUwTWogCrA4BE8g1fwZj1ZL9a79TFuzVmTmW3wB9bnD18unSk=</latexit>

3H:Xe concentration:

Eff. Res.



341. Cosmic Activation of Xenon

(note: tritium from activation
While underground is negligible.)

Cosmogenic activation 
of xenon: ~32 tritium 
atoms/kg/day (Zhang, 

2016)

HTO prediction
SR1 best-fit tritium 

1 ppm water in bottles  
implies tritium forms 
predominately HTO.

From purification and handling, this 
component seems unlikely.

Efficient removal (99.99%) 
in purification system 

(SAES getter with hydrogen 
removal unit)

Tritiated water (HTO)

Expected concentration more than 
100x smaller than measured 



352. Atmospheric Abundance in Materials
What about T emanating from materials in equilibrium with removal?

HTO:H2O concentration*  5�10⇥ 10�18 mol/mol
<latexit sha1_base64="mG4x1FgX0WCdtIyyYrv8Fm9zEmk=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhuGpOq2GXRjcsK9gFNLJPptB06k4SZiVBC/Ao3/oobF4q41Z1/46SNoK0HLhzOuZd77/EjRqWy7S9jYXFpeWW1sFZc39jc2jZ3dpsyjAUmDRyyULR9JAmjAWkoqhhpR4Ig7jPS8keXmd+6I0LSMLhR44h4HA0C2qcYKS11TevM5UgNBU/KqWNDV1FOJHTs26TsVNP7H5OH7FhX2jVLtmVPAOeJk5MSyFHvmp9uL8QxJ4HCDEnZcexIeQkSimJG0qIbSxIhPEID0tE0QHq9l0z+SuGhVnqwHwpdgYIT9fdEgriUY+7rzuxOOetl4n9eJ1b9qpfQIIoVCfB0UT9mUIUwCwn2qCBYsbEmCAuqb4V4iATCSkdZ1CE4sy/Pk2bFck6syvVpqXaRx1EA++AAHAEHnIMauAJ10AAYPIAn8AJejUfj2Xgz3qetC0Y+swf+wPj4BgjEn0A=</latexit>

Required (H2O + H2):Xe 
concentration to explain  

60—120 ppb

*Hydrology measurements from IAEA nuclear database

Tritiated molecules can emanate into LXe target from water and hydrogen in 
detector materials in the form of HTO and tritiated hydrogen (HT).   
emanation in equilibrium with removal.  

 But…
O2 in XENON1T: <1ppb, otherwise 
can not drift electrons

H2 ~100 ppb? -> ~100x higher than 
O2 possible?

H2O in XENON1T: O(1) ppb, 
otherwise can not detect light

H2O
H2

HT:H2 concentration  Assuming same concentration as for H20 



36Summary of Tritium Hypothesis

We can neither confirm nor exclude the presence of tritium.

Many unknowns about tritium in a cryogenic LXe environment

• Radiochemistry, particularly isotopic exchange (formation of other molecules?) 
• Diffusion properties of tritiated molecules 
• Desorption and emanation 
• For HT, no direct measure of either abundance or H2 concentration.

柿内さんのトーク！



Ar37? (時間があれば)
1. In-situ production?

2. Atmospherically abundant?

3. Air leak?



38Ar37 
37Ar K-electron capture to the ground state of 37Cl (37Ar -> 37Cl + νe) 

• Half-lifetime of 35 days & 2.8 keV energy in X-rays & Auger e- s 
• Calibration with 37Ar performed in XENON1T at the end of SR2 
̶> good understanding of the detector at those energies

Possible 37Ar contributions:  
1. Its presence in the xenon gas before filling,  
2. A possible air leak that could provide a constant source of argon.  
3.  In-situ production: neutron reactions with 36Ar or 40Ca 

Physics of Atomic Nuclei volume 70, pages 300–310(2007)

https://link.springer.com/journal/11450
https://link.springer.com/journal/11450


39Ar37 Distillation

1. Its presence in the xenon gas before filling 

2. A possible air leak that could provide a constant source of argon.  
   

3. In-situ production: neutron reactions with 36Ar or 40Ca 
̶> Negligible

̶> ruled out by natKr measurement (RGMS, < 1ppt increase/yr = ~1L/year air leak)

̶> Argon is strongly reduced by 90 days of distillation & decay: 
combined time constant ~ 1.8 days, >10 times faster than decay

Possible 37Ar contributions: 

̶> ~ 3 L/day air leak 



Signal Interpretation?



41Solar-Axion Results

• Significance determined using toy-MC methods

Axion favored over background-only at 3.5σ

•  All the three flux components are considered completely independent of each other 
•  Parameters of interest in the Profile Likelihood = 



42Solar-Axion + Tritium

Axion + 3H  favored over  3H hypothesis at 2.1σ

When both axion and tritium are included in the fit, the 
best-fit of tritium is zero — in favor of axions.



43Solar-Axion Results

In tension with astrophysical constraints from stellar cooling bounds from the horizontal 
branch stars and red giants  

Parameters of interest in the profile likelihood

ABC and Primakoff components are both low-energy signals, the favored region is anti-correlated 
in this space  
̶> suggests either a non-zero ABC component or non-zero Primakoff component.  

Best-fit

g_ae: 3.1e-12

g_an: 7.6e-7
g_ag: 8.1e-11



44Inverse Primakoff Process?

Considering inverse Primakoff process can 
weaken the tension with stellar cooling constraint
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FIG. 2. The event rate distributions for inverse Primako↵
scattering in LXe for a ton-year exposure from Primako↵-
produced, ABC-produced, and 57Fe-produced axions are
shown for select choices of axion couplings, and added to the
“B0” background model.

sis performed by XENON1T (see also [34, 48–50]). Also,
it is possible that axions undergo inverse Compton scat-
tering o↵ electrons at rest in LXe, ae� ! �e� [13], but
this is a subdominant process (/ Z) in comparison to
axioelectric scattering (/ Z5). If both axion-photon and
axion-electron couplings are present, there are interfer-
ence terms present in the total matrix element of the
combined processes, which are also subdominant, but we
include them as a matter of completeness.

To predict the event spectra from axions produced
through ABC, Primako↵, and 57Fe, we convolve the
fluxes in each case with the total cross-sections, for in-
verse Primako↵ scattering or axioelectric absorption, and
multiply by the detector e�ciency [8]. In addition, we
approximate the detector response for the energy reso-
lution by convolving the simulated di↵erential event dis-
tribution with an energy-dependent Gaussian smearing
function [8, 51, 52]. The event distribution for Primako↵-
produced axions that undergo inverse Primako↵ scatter-
ing in the LXe fiducial volume over a ton-year exposure
is shown in Figure 2.

We perform a likelihood analysis given the data and
“B0” background hypothesis taken in [8] and our axion
signal hypotheses using the Bayesian inference package
MultiNest [53–55]. A binned log-gaussian likelihood is
constructed over bins i, with signal event rates {µi} and
observed events {ni} ranging from 1 to 29 keV, taken
with errors �i reported by XENON1T.

We wish to investigate several scenarios of signal and
background models in the context of the excess, enu-
merated as follows: (I) Primako↵-produced axions de-
tected through solely inverse Primako↵ scattering, (II)
Primako↵-produced and scattered axions with an ad-
ditional 3H component, (III) the 3H component alone,
repeating the methods used in the XENON1T analy-
sis, (IV) all production mechanisms (ABC, Primako↵,

57Fe) and all scattering channels (Primako↵, axioelec-
tric, Compton) allowed in the detector, and finally, (V)
all flux components and scattering channels along with
an unconstrained 3H component. Fits (I) and (II) aim
to test the robustness of the Primako↵-only (pure-ga�)
fit after introducing a 3H background component, while
(III) validates the 3H-only fit. Fits (IV) and (V) aim
to test the same robustness when all axion production
and detection mechanisms are allowed. For each of these
cases we will assume flat priors over appropriately large
intervals on the free parameters (gae, ga� , and ge↵

an ) in
the likelihood scan. We keep the axion mass fixed below
100 eV, since the production and scattering rates remain
unchanged in this limit, and keep ga� and gae su�ciently
small as to avoid a ! �� decays that would be ruled out
several constraints.

We will also consider alternative scenarios where the
low energy excess either disappears with more exposure
at third-generation xenon experiments, or that the
background model becomes more well-understood and
shows no excess. We can simulate these possibilities to
forecast future exclusions in parameter space. Future
limits and the five cases that we consider for the analysis
of the excess are discussed in the next section.

Fit Results- After checking all five cases described in
the previous section with the likelihood-ratio test statis-
tic, we find that the 3H unconstrained model rejects the
background-only hypothesis at a 2.3� level, in agreement
with the XENON1T result. When Primako↵ production
and detection mechanisms are added to the signal model
that includes the unconstrained 3H component, we find
a significance of 2.6�, while if we remove the 3H compo-
nent and just include Primako↵ production and detec-
tion, we reject the background-only hypothesis at 3.1�,
slightly less significant than the XENON1T result which
omitted the inverse Primako↵ detection component. This
may be intuitively understood by the shape di↵erence be-
tween the Primako↵ flux with inverse Primako↵ response,
shown as the red dotted curve in Fig. 2, and the response
from the ABC-produced axioelectric absorption which is
peaked at lower energies more than the inverse Primako↵
response. Finally, if we allow for all fluxes and detection
channels that we considered to be present in the likeli-
hood scan, we find a rejection of the background at a level
of 3.7�, mildly higher than the XENON1T result, while
if we also include an unconstrained 3H, the significance
is reduced to 2.95�.

For the purely Primako↵-driven production and detec-
tion scenario, in Fig. 3 we display our best fit region in
the ga� �ma parameter space for the XENON1T excess,
as well as the current limits from the CAST helioscope
and astrophysical bounds. The CAST limits [56] provide
a bound of ga� < 0.66 ⇥ 10�10 GeV�1(95% C.L.) for
ma < 0.02 eV, and ga� < 2 ⇥ 10�10 GeV�1 (95% C.L.)
for ma < 0.7 eV. The excess explanation evades the
CAST constraint for ma > 0.03 eV. Not pictured are
the other constraints of ga� < 4.1 · 10�10 GeV�1, from
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FIG. 3. The 2� credible band for Primako↵-produced so-
lar axions undergoing solely inverse-Primako↵ scattering in
XENON1T (blue band) is compared against the 2� limit when
3H is included as a background as well as the signal hypothesis
(hatched band). We also show the 2� bound from the Pri-
mako↵ signal hypothesis tested against the B0 background,
simulating a no-excess scenario. We discuss the existing con-
straints in the text.

a combined global analysis of helioseismology and solar
neutrino arguments [57], and ga� . 6 · 10�10 GeV�1 for
0.8 . ma . 1.0 eV, from SUMICO [58], both of which are
evaded by the XENON1T fit for all masses considered.

Bounds from the R-parameter - the ratio between the
number of horizontal branch (HB) stars and red giant
branch (RGB) stars in older stellar clusters [59, 60] - also
sets a very stringent bound of ga� < 0.6 ⇥ 10�10GeV�1

(95% C.L.) for gae=0 (for ga� ⇠ 10�11GeV�1, the 95%
C.L. region extends to gae ⇠ 2.6 ⇥ 10�13, as seen for
example, in the analysis of [61]) but extends to higher
axion masses than the CAST bound. However, since HB
and RGB stars have much higher density (by two to four
orders of magnitude) and higher core temperatures (by a
factor of seven) compared to the sun, mechanisms exist
in the context of specific particle physics models which
could allow the evasion of the bounds emerging from the
null observation of axions associated with these astro-
physical objects, e.g. [20–26, 62–64].

The evasion could involve additional scalar degrees of
freedom around the HB star temperature by invoking a
phase transition [25], or the axion as a chameleon-type
field with its mass depending on the environmental mat-
ter density ⇢ [21, 26]. In addition, the possibility that the
axion is a composite particle with a form factor has been
explored [22–24], leading to a suppression of the produc-
tion in the HB stars, as well as models with a paraphoton
where the axion-like particles are trapped in the HB star
interior thus evading the stellar bounds.

Another possibility considers a population of axions
gravitationally bound to the Sun. In [65], it is shown
that stellar emission of non-relativistic axions into grav-
itationally bound orbits can significantly increase the

FIG. 4. Top: 2� credible contours are shown for fits to the
XENON1T excess for all axion flux components with only
axioelectric scattering (red) and with both inverse-Primako↵
and axioelectric scattering (blue). 1� contours are also shown
with dark shading. Here we consider ma = 0.7 eV, however,
the plot does not change for any ma < 100 eV and the CAST
constraints are evaded for ma > 0.03 eV. Bottom: Projec-
tions of the 2� future exclusions (gray) set by G3 Xe over
a 1 kton·year exposure given background-only observations.
The exclusion line for 1 kton·year without inverse Primako↵
(I.P.) scattering is shown for comparison (dotted red). We
also show the IAXO+ projection (blue) which begins to lose
sensitivity for ma & 0.01 eV.

flux of axions on Earth. This additional flux reduces
the coupling required to explain the XENON1T excess
(gae ⇠ 10�13) and thus reduces tension with the astro-
physical constraints. Further work is required to deter-
mine if this scenario can indeed provide a robust expla-
nation of the XENON1T excess.

In Fig. 4 (top), we plot ga� vs. gae where contributions
from both axion-electron and axion-photon couplings are
included. The red shaded regions show the XENON1T
excess fit without considering inverse Primako↵ while

2006.15118

XENON1T has a good sensitivity also for g_aγ!



45Axion-like Particle / Dark Photon
Fitting a mono-energetic peak to the 
excess: 2.3 +/- 0.2 keV

Best fit: ~60 events/tonne/year 
 4.0 σ local significance 
3.0 σ (global, considering                      
look-elsewhere effect).

4.0 σ local
3.0 σglobal
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Neutrino magnetic 
moment (see backup 

slides) favored over 
background-only at 

3.2σ

Tritium  
favored over 

background-only at 

3.2σ

Solar axion  
favored over 

background-only at 
3.5σ

Axion + 3H  favored 
over  3H hypothesis at 

2.1σ

Monoenergetic peak at 2.3 +/- 0.2 keV 
favored over background-only at 3.0σ 

(global)

g_ae: 3.1e-12

g_an: 7.6e-7
g_ag: 8.1e-11

 μ_ν: 2.3e-11
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48Statistical Fluctuation?

statistical fluctuation? (see 17 keV dip)

Note: we use an unbinned profile likelihood analysis 
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Fig. 7 The cryogenic system of XENON1T: cooling is provided by means of three redundant cold heads (two pulse-tube refrigerators (PTR),
1 LN2), installed on individual cooling towers located outside of the water shield. The liquefied xenon runs back to the main cryostat in a 6 m long
vacuum-insulated cryogenic pipe, through which all connections to the TPC are made with the exception of the cathode bias voltage which is not
shown in the figure. The connections to the systems for xenon purification and storage (ReStoX) are also shown. Figure not to scale.

tive PTR cold finger using resistive heaters. A proportional-
integral-derivative (PID) controller (Lakeshore 340) reads
the temperature at the cold finger and controls the power
supplied to the heaters.

In case of a sudden pressure increase beyond a defined
set point due to, e.g., a power loss, a PTR failure, or a partial
loss of insulation vacuum, an additional backup liquid nitro-
gen (LN2) cooling system maintains the pressure at a safe
level. Its cold finger is cooled with a LN2 flow and the cool-
ing power is controlled by adjusting the nitrogen evaporation
rate. The LN2 is supplied by the same 10 m3 tank as used by
the xenon storage system ReStoX (see section 2.1.5). Only
⇠100 l/d are required to provide sufficient cooling power for
XENON1T without PTRs. In normal operation, the backup
LN2 cooling system cold finger is kept a few degrees above
the xenon liquefaction temperature. To ensure operation dur-
ing a prolonged power loss, all safety-critical sensors and
controllers for the emergency cooling system are powered
by a uninterruptible power supply.

The cryogenic system interfaces with the cryostat
through the vacuum-insulated cryogenic pipe. Xenon gas

from the inner cryostat vessel streams to the cryogenic sys-
tem, is liquefied by the PTR, collected in a funnel and flows
back to the cryostat vessel, driven by gravity, in a pipe that
runs inside the cryogenic tube. Another pipe carries LXe out
of the cryostat, evaporates it in a heat exchanger, and feeds it
to the xenon purification system (see section 2.1.5). The pu-
rified xenon gas is liquefied in the same heat exchanger and
flows back to the cryostat. The pipe that carries the purified
LXe back to the cryostat is also used during the cryostat fill-
ing operation. Figure 7 shows a schematic of the different
components of the XENON1T cryogenic system and its in-
terfaces to other systems.

2.1.5 Xenon Purification and Storage

While the TPC encloses a LXe target of 2.0 t, a total of 3.2 t
is required to operate the detector. The additional xenon lead
is contained in the 60 mm layer between the cathode elec-
trode and the bottom PMTs, in the 58 mm layer between the
TPC field-shaping electrodes and the cryostat wall, in be-
tween and below the bottom PMTs, in the gas phase and in
the gas purification and storage systems described below.
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Fig. 8 Piping and instrumentation diagram (P&ID) of the XENON1T purification system. The system also serves as the main interface to the other
components of the gas-handling system (see figure 9) and allows the insertion of short-lived isotopes for calibration. Some instrumentation such
as temperature and pressure sensors, as well as several access ports are omitted for clarity. The path of the xenon gas during standard purification
is indicated in blue.

Fig. 9 The gas-handling system of XENON1T consists of the cryogenic system (cooling), the purification system (online removal of electronega-
tive impurities), the cryogenic distillation column (natKr removal), ReStoX (LXe storage, filling and recovery), the gas bottle rack (injection of gas
into the system) and gas analytics station (gas chromatograph). The cryostat inside the water shield accomodates the TPC.

The total xenon inventory from various suppliers com-
prises research-grade gas with a low concentration of im-
purities, especially natKr. The impurity level was measured
in sets of four gas bottles by gas chromatography (custom-
optimized Trace GC Ultra from Thermo Fisher) [39]. In case
a higher level than specified was detected, the bottles were

purified using the distillation system (section 2.2.3) before
adding the gas to the storage system.

Xenon Purification Electronegative impurities, such as wa-
ter or oxygen, absorb scintillation light and reduce the num-
ber of ionization electrons by capture in an electron drift-
time dependent fashion. These impurities are constantly out-
gassing into the xenon from all detector components. There-



51Ar37

Two possible 37Ar contributions:  
1. Its presence in the xenon gas before filling,  
2. A possible air leak that could provide a constant source of argon.  

• Removal time in distillation is ~1.8 day, directly demonstrated at 1T using a dedicated 37Ar source

1. Its presence in the xenon gas before filling,  

• We had ~90 days of the online 85Kr distillation before SR1 (22 orders of magnitude reduction)

• The isotopic abundance of 37Ar is ~ 10-20  

Even if there were 1 ppm of nat Ar in the xenon originally, the 37Ar concentration 
would have been reduced to a negligible level (~10-48 mol/mol) 



52Ar37
2. A possible air leak that could provide a constant source of argon.  

(sea-level) Ar37 activation rate of 51 atoms/(kgAr · day)  

Require: ~ 10-4 kg of argon per day, corresponding to a total air leak of ~ 3 L/day. 

̶> Ruled about by the nat Kr concentration, which increased by < 1 ppt/year during SR1 as 
informed by RGMS measurements  

1-ppt/year increase in natKr would correspond to an air leak of ~ 1L/year in XENON1T. 
Also TPC would not work in such a leaky condition because of O2... 

2.3 +/- 0.2 keV 

Best-fit mass is 2.3 +/- 0.2 keV, so far 
from 2.8 keV



53Xe127

2

I. INTRODUCTION

The LUX dark matter search experiment [1] is a 250 kg
active mass dual-phase (liquid/gas) xenon time projec-
tion chamber located at the 1480 m level of the Sanford
Underground Research Facility in Lead, South Dakota,
USA. LUX detects both scintillation and ionization sig-
nals produced by incident or internally emitted particles
interacting with xenon atoms in the active region via ei-
ther electronic recoil (ER) or nuclear recoil (NR).

The recoil interaction initially produces excitons (Xe⇤)
and electron-ion (e�Xe+) pairs at the interaction site.
The excitons collide with neutral neighbours to form Xe⇤2
excited dimers which decay on a timescale of tens of
nanoseconds and produce the primary scintillation light,
denoted as S1. A fraction of the electrons also re-combine
with ions and produce additional scintillation light con-
tributing to S1 on a similar timescale. The remaining
electrons which survive recombination are drifted up-
wards by the applied vertical electric field in the liquid
xenon (LXe) active volume. An electric field with a mean
and range in the fiducial volume of 180± 20 V/cm [2] is
applied during WS2013. The mean electron drift velocity
is 1.51±0.01 mm/µs [3]. The electrons are then extracted
from the liquid to the gas phase with an extraction ef-
ficiency of 0.49±0.03 [4]. The extracted electrons sub-
sequently undergo electroluminescence in the gas phase;
this proportional scintillation light is known as S2. Each
extracted electron induces a mean of 24.66±0.02 detected
photons (phd) and a 1� width of 5.95 ± 0.02 phd [4–6]
across all photomultiplier tube (PMT) photocathodes.
The event (x, y) position is reconstructed from the S2
light distribution in the top PMT array [7], while the z
position is determined based on the time delay between
the S1 and S2 signals.

For NR events, in addition to excitons and electron-ion
pairs, part of the deposited energy is lost to atomic mo-
tion and eventually converted into heat. The energy lost
by the projectile particle to atoms in the medium is well
described by the Lindhard model [8, 9] down to ⇠keV en-
ergies, and has been experimentally measured by LUX for
nuclear recoils in LXe over the range 0.7� 74 keVnr [5].
The ER and NR events are typically discriminated by
the logarithmic charge to light ratio, i.e. log10(S2/S1),
thanks to the di↵erent ionization/excitation ratios for
ER and NR interactions [10, 11]. We expect WIMPs
to interact with LXe via nuclear recoil, depositing up
to O(100) keV in a single scatter. LUX has reported
world-leading dark matter search results on both spin-
independent and spin-dependent WIMP-nucleon scatter-
ing in [2, 3, 12, 13].

In the context of a WIMP search experiment using a
LXe target, it is important to understand LXe scintilla-
tion and ionization yield responses over the WIMP search
energy range for both ER and NR because of their non-
linear energy dependence [14, 15]. Many e↵orts have been
devoted to understanding the scintillation and ionization
response in LXe in the past few years using various tech-

niques [16–20]. LUX has independently developed and
deployed a number of novel in situ internal and external
sources to calibrate detector ER and NR response in the
energy region that is relevant to WIMP searches. Two
such sources are tritiated methane (CH3T) for ER cali-
bration [21] and deuterium-deuterium (D-D) neutrons for
NR calibration [5]. While tritium is an ideal source to
calibrate detector ER response in the low energy region,
its application is limited by it being a continuum-energy
source which a↵ects the sensitivities at low energies, and
the detector light collection e�ciency. As a result, the
tritium calibration currently reaches a lowest-energy cal-
ibration point of 1.3 keV [21]. A source that is capable
of studying calibrations in the sub-keV energy range in
LXe is desirable. For example, this small signal regime is
directly relevant to the signal and backgrounds for low-
mass WIMP searches and for coherent neutrino-nucleus
scattering (CNNS) [22, 23].

II. XENON-127 IN LUX DETECTOR

LUX background measurements with WS2013 data re-
vealed an initial 127Xe activity of 490±95 µBq/kg in the
active region [24]. From this, we infer approximately
0.8 million 127Xe decay events during the WS2013 3-
month run period, given the 36.4 day half-life of the
isotope. The 127Xe radioisotope is present in the LXe
target due to cosmogenic activation of the Xe during its
time on the surface before being brought one mile un-
derground. The surface production rate is modeled and
estimated using ACTIVIA and described in [24]. The de-
cay characteristics of 127Xe make it an appealing mono-
energetic source for LUX ER energy calibration. This
calibration covers the entire signal region relevant to the
WIMP search, reaching all the way down to the obser-
vation of 186 eV energy deposition. This represents the
lowest-energy ER in situ measurements that have been
explored in LXe to date.
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FIG. 1. Decay scheme of 127Xe [25] with units of keV. The
127Xe decays via electron capture to 127I. The percentage
above the transition arrow is the gamma-ray intensity as frac-
tion of parent (127Xe) decay.
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The 127Xe decays via electron capture (EC), in which
its nucleus absorbs one of the atomic electrons. Follow-
ing this EC, the possible initial states and subsequent
decays of the daughter nucleus, 127I, are shown in Fig. 1.
The 127I is left in its 375 keV or 203 keV excited state
with 47% and 53% probability, respectively. There is
a 17.3% probability of decay from the 375 keV state
to ground state by a single gamma-ray emission and a
43.9% [25] probability of decay from the 203 keV state
to ground state via a single gamma-ray emission. Nu-
clear de-excitation can also occur via internal conversion
(IC) electron emission; however, this process occurs with
a branching ratio of less than 10% relative to the gamma-
ray emission [26].

The electron capture can occur from either the K, L,
M, or N shell with 83.37%, 13.09%, 2.88% and 0.66%
probabilities (see Table I), respectively, resulting in an
atomic orbital vacancy [26]. The vacancy is subsequently
filled with an electron from a higher level via emission
of cascade X-rays or Auger electrons (Fig. 2), with to-
tal cascade energies of 32.2 keV, 5.2 keV, 1.1 keV, and
186 eV [27], respectively. Localized energy depositions
associated with these processes are clearly observed by
the LUX detector and are used for low and ultra-low en-
ergy ER calibration.

Our analysis focuses on the 127Xe decay events that in-
volve a single gamma-ray emission followed by an atomic
cascade. The two energy depositions are su�ciently spa-
tially separated to be individually identified in the LUX
detector. The IC electrons are not considered in this
work due to their short range in Xe, which causes the
nuclear and subsequent atomic de-excitation signals to
always spatially overlap [7]. The sub-dominant compo-
nent of decays with multiple gamma-ray emission are not
considered, as the complexity of their event energy recon-
struction leads to unnecessary systematic uncertainties in
the analysis.

Xe I

νe γ-ray

cascade X-ray 
/ Auger electron

127127

FIG. 2. A schematic illustrating atomic electron capture
(a K-shell electron in this case), for a 127Xe nucleus, which
is converted into 127I in an excited state. The excited 127I
nucleus can subsequently de-excite via emission of one or
more gamma rays (or IC electrons). The atomic structure
de-excites through X-ray (or Auger electron) cascade emis-
sions.

The nuclear and atomic de-excitations of 127I can be
treated as prompt (ns timescale [25]) and simultaneous
processes in the LUX detector, given the subsequent Xe
scintillation light (S1) emission with timescales charac-

terized by 10’s of ns and the data acquisition (DAQ) sys-
tem’s sampling interval of 10 ns [28]. The simultaneity
is confirmed by data which shows that the ER primary
S1 signals from both processes overlap with each other
in time. Therefore, for a given EC event, there are two
simultaneous ER processes in the active volume: one due
to the gamma ray and the other due to the X-ray. Events
of this type are known as double-scatter (or two-vertex)
events, distinguished from single-scatter events in which
there is only one particle interacting with LXe once, such
as WIMP-Xe interaction.
The mean free path (MFP) in the LXe for gamma rays

at 203 keV and 375 keV is 0.93 cm and 2.56 cm [29],
respectively. The EC X-ray, which has the maximum
possible energy of 32.2 keV, has a MFP of < 0.05 cm [29]
in LXe. In this analysis, the X-ray ER interaction site
can be considered to be at the same location as where the
initial nuclear EC occurs. The relative spatial location
of two ER interactions sites are therefore predominantly
defined by the gamma-ray travel direction and distance
in the LXe volume. Schematics of a typical 127Xe EC
event in the LUX detector are shown in Fig. 3.

Gas Xe Gas Xe Gas Xe

Liquid Xe Liquid Xe Liquid Xe

e drift direction

e drift direction

e drift direction

X-ray 
(EC site)

X-ray (EC site)

X-ray (EC site)

γ-ray γ-ray γ-ray

PMT PMT PMT

FIG. 3. Schematics (not to scale) of 127Xe decay events in the
LUX detector where both the X-ray and gamma ray have ER
interactions in the active volume. Due to the relatively short
MFP, the X-ray ER interaction site is considered the same
as where the initial nuclear EC happens. Depending on the
component of the gamma-ray travel in the vertical direction,
the subsequent drift-readout of the event in the S2 can appear
as two S2s merged with each other (left), as a small (X-ray
deposition) S2 followed by a large (gamma-ray deposition) S2
(middle), or a large S2 followed by a small S2 (right).

The X-ray and gamma ray independently produce both
scintillation (S1) and ionization (S2) signals at their ER
interaction sites. The two S1 signals originating from
these sites cannot be separately resolved in LUX data
(Fig. 4) as discussed above. As a result, low energy ER
scintillation yield (Ly) measurements using EC double-
scatter events are not possible. Both charge signals are
drifted vertically upwards to the liquid surface, and are
then both extracted into the gas phase to produce S2 sig-
nals. Depending on the relative depths in the LXe target
of the X-ray and gamma-ray ER components (Fig. 3), the
two S2 signals can be either well separated in drift time
(reflecting their separation in depth, the z-coordinate)
or sometimes merged into one pulse in the reconstructed
event waveform. In the case of two S2s overlapping in
drift time, the double-scatter event will be classified (in

127Xe can be produced from cosmogenic activation of Xe at sea level;  
Given the short half-life of 36.4 days and the fact that the xenon gas was underground for 
O(1) years before the operation of XENON1T  
̶> already decayed away

Phys. Rev. D 96, 112011 (2017)

Also we did not see high-energy γs that accompany X-rays  
(We are using inner volume for this search, so there is a O(1)cm between FV and the detector 
wall)
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56214Pb Spectrum Model

The electrons in bound states in the atom produce screening of the nuclear charge for the 
emitted beta particle. This change in electromagnetic field modifies the beta spectrum.

β electron is created in an atomic orbital of the daughter atom and the atomic electron which 
was present in the same orbital in the parent atom is ejected to the continuum.  
This process leads to the same final state as the direct decay, i.e. one electron in the 
continuum, and is possible because the nuclear charge changes in the decay.  

Calculated spectra by X. Mougeot

Exchange effect

Screening effect

(The atomic screening effect corresponds to the influence of the electron cloud surrounding the 
daughter nucleus on the β particle wave function) 



57241Pu / 63 Ni beta-spectrum
M. Loidl et al., App. Radiat. Isot. 68, 1454 (2010)

| 31

241Pu

Mean energy of the 
spectrum decreased 

by 4 %

Analytic:  𝐸 = 5.24 keV
With screening:  𝐸 = 5.18 keV
With screening and exchange:  𝐸 = 5.03 keV

Calculated as allowed

Experimental spectrum

M. Loidl et al., App. Radiat. 
Isot. 68, 1454 (2010)

TU Dresden 2017 | X. Mougeot – Beta spectrometry
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63Ni

Mean energy of the 
spectrum decreased 

by 1.8 %
C. Le-Bret, PhD thesis, 

Université Paris 11 (2012)

Allowed transition

Experimental spectrum

Analytic:  𝐸 = 17.45 keV
With screening:  𝐸 = 17.40 keV
With screening and exchange:  𝐸 = 17.14 keV

TU Dresden 2017 | X. Mougeot – Beta spectrometry

C. Le-Bret, PhD thesis, Université Paris 11 (2012)  

From X. Mougeot
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S2-only analysis 
allows for a lower 

energy threshold of 
200eV

consistent with this work 
for all 3 hypotheses

µ⌫ < 3.1⇥ 10�11 µB
<latexit sha1_base64="LSUULtWfe0NV92tuaVK062Ayp14="></latexit>

gae < 4.8⇥ 10�12
<latexit sha1_base64="lME4KwDSBlr7mwB8oGTOt8EfB6c="></latexit>

RH3 < 2256 events/t/y
<latexit sha1_base64="f+GwG/6cXr9cm3vTl/XzGD6WAV4="></latexit>

S2-only = No requirement on S1s, allowing for a ~200 eV threshold

larger upper limits, S2-only analysis is not 
sensitive to the excesss we found 



59Other Experiments: PandaX?
Exposure: 101 ton-days (XENON1T: 236 ton-days)
BG level: ~5 times higher BG than in XENON1T3

nent, named “flat ER” background in short. The resid-
ual background including 136Xe, accidental coincidence
of isolated S1s and S2s, surface and neutron events are
all taken from the dark matter analysis but with updated
fiducial volume cut.

The critical ingredient of this analysis is to have a ro-
bust estimate of the background spectra. At low energy, a
subtle instrumental nonlinearity arises from the baseline
suppression (BLS) threshold which introduces channel-
wise signal ine�ciency, particularly for PMTs operated
under low gains. As a result, both S1 and S2 are subject
to suppression factors [23], leading to a nonlinear com-
pression of the spectrum and apparent excess of events
towards the low end. A special calibration was carried
out to measure the two suppression factors directly at
di↵erent PMT gain settings [23], so the BLS e↵ects can
be properly corrected for the entire data set. This is par-
ticularly important in our understanding of the tritium
spectrum, as its shape could be distorted more acutely.
The validity of the BLS correction is demonstrated in
Fig. 1a), where a comparison is made on tritium energy
spectra in T1 and T2, corrected for their corresponding
BLS e↵ects. The two spectra agree with each other with
�2/NDF = 69.4/50. The measured spectra are also in
a good agreement with the tuned NEST2.0 model [26],
with parameters identical to that used in the dark matter
analysis [23].

The spectrum of 85Kr background is measured directly
using our commissioning data sets (Run 8), where a high
85Kr concentration is identified and contributes to more
than 98% of the low energy ER events [27]. The shape
of 85Kr is extracted by fitting the data with an exponen-
tial function, as shown in Fig. 1b). A recent theoretical
calculation [28] is compared with the data, where sizable
di↵erence is observed, indicating potential systematics
from both ends. In this analysis, the di↵erence is conser-
vatively taken as the shape uncertainty of 85Kr.

The shape of the “flat ER” background is studied with
the 220Rn injection data [29]. For comparison, using the
ER model in Ref. [23] with a flat input energy spectrum,
the resulting Erec is in good agreement with the data
(�2/NDF = 48.7/63), shown in Fig. 1c). Although the
shape of the ”flat ER” components can each have up to
a few percent theoretical uncertainty [18, 28], the e↵ect
is confirmed to be negligible in this analysis.

In total 2121 events survive after all cuts, with 646,
249, 387, and 839 events in Run 9 (20.0 ton-day), Run
10 (19.4 ton-day), Run 11-1 (24.2 ton-day), and Run 11-2
(37.1 ton-day). With tightened fiducial volume cut, we
omit the position dependence in this analysis and gener-
ate background and signal probability density functions
in two-dimensional space of S1 and S2.

An unbinned likelihood fit is performed to test the
background and signal hypotheses, where the construc-
tion of likelihood function is identical to that in Ref. [21].
In Run 10 and Run 11, to estimate the tritium contri-
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FIG. 2: Electron recoil energy distributions for Runs
10, 11-1, and 11-2 with background-only pre-fits.

Likelihood fits are performed in two-dimensional space.
The background due to 136Xe, neutron, and accidentals

is negligible, thus omitted in the figure.

bution, a background-only pre-fit is performed indepen-
dently for each run (span). The fit results are shown
in Fig. 2. The resulting tritium rates are 0.040 ± 0.012,
0.043 ± 0.013, and 0.032 ± 0.018 µBq/kg for Runs 10,
11-1, and 11-2, consistent with a constant tritium decay
rate. Another fit is performed with a common tritium
normalization in the runs. The best fit tritium rate is
0.037±0.013 (stat+sys) µBq/kg, translating into a con-
centration of (4.6± 1.6)⇥ 10�24 mol/mol in xenon.
Table I summarizes the background composition from

the background-only fit. The summed energy spectrum
from all runs is shown in Fig. 3, with best-fit background
contributions superposed. The data are consistent within
1� fluctuation of the background-only hypothesis in gen-
eral.

Events Run 9 Run 10 Run 11-1 Run 11-2
127Xe 80.7 3.7 0.0 0.0
tritium 0 45.9 55.6 85.3
85Kr 388.0 38.8 122.5 440.7

flat ER 173.0 167.7 205.6 315.4
accidental 1.6 0.9 0.8 1.3
neutron 0.6 0.4 0.5 0.8
136Xe 2.3 2.2 2.7 4.1
Total 646.3± 32.7 259.5± 19.8 387.7± 28.8 847.5± 48.4

Data 646 249 387 839

TABLE I: Summary of the best fit background values
and data from the background-only likelihood fit.

Based on the above, we perform tests on the axion and

PandaX XENON1T 

arxiv: 2008.06485

Note that PandaX experiment injected Tritiated Methane (CH3T) directly into the detector for 
low-E calibration, but they could not completely remove it with distillation. 

Resulting tritium concentration is ~0.04 uBg/kg (~5×10-24 mol/mol in xenon) 

Best-fit for tritium hypothesis in XENON1T: ~6×10-25 mol/mol (we did not inject CH3T!)
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FIG. 3: Electron recoil energy distribution for total
100.7 ton-day data. Simultaneous best fit background
contributions are overlaid, where tritium background is

treated as common in Run 10 and Run 11. The
expected axion signal with XENON1T best fit signal

strength is shown as dashed line.

neutrino magnetic momentum hypotheses with our data.
For the axion hypothesis, we consider the Atomic recom-
bination and deexcitation, Bremsstrahlung and Compton
(ABC) solar axion model [11]. The best fit axion signal is
21.9+71.7

�21.9, where the uncertainties combine the statistical
and systematic components. Assuming XENON1T best
fit signal strength [23] (gAe = 3.15⇥10�12), the expected
number of signals would be 20.6 events in PandaX-II.
Therefore, our data are compatible with XENON1T ex-
cess within 1�, but is also consistent with background
fluctuations.

To set the exclusion limit, we use the so-called CLs+b

method [30] based on profile likelihood ratio [31] to make
di↵erential comparison of our data with background-only
and background-plus-signal hypotheses. The best fit to
our data is compared to fits to pseudo-data sets produced
at individual signal strength, including statistical fluctu-
ations and spectral shape uncertainties discussed earlier.
Constraints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe is
at 4.6 ⇥ 10�12, corresponding to 94 signal events. The
neutrino magnetic moment hypothesis is tested similarly,
with a resulting upper limit of µ⌫ at 3.2⇥ 10�11µB , cor-
responding to 85 signal events, as shown in Fig. 5. They
represent one of the tightest experimental constraints on
the solar axion-electron coupling and neutrino magnetic
moment.

To summarize, we perform an analysis using the low
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FIG. 4: The 90% C.L. upper limits on the solar axion
coupling constant gAe, overlaid with that from LUX
2017 [32]. The best fit region (90%) from XENON1T
excess [18] for gA� < 10�10 GeV�1 is shown as shaded
grey region. The green and yellow bands represent the

±1� and 2� sensitivity bands and the dashed line
represents the median sensitivity. Derived upper bounds
from red-giant branch observation are also included[33].

energy ER data from the full data set of PandaX-II with
the total exposure of 100.7 ton-day. Tritium was in-
troduced into PandaX-II during a calibration campaign
in 2016 and after the end of physics data taking. The
residual of tritium in the physics data is fitted to be
0.037± 0.013 µBq/kg, with its shape tightly constrained
by calibration. The spectra of 85Kr and 220Rn are also
extracted from the data directly. With these data-driven
background spectra, a search for the solar axion and neu-
trino magnetic moment signals is carried out. The ex-
pected excess assuming the best fit signal strength from
XENON1T is compatible with our data within uncertain-
ties, but our data are also consistent with background-
only hypothesis. Upper limits at 90% C.L. on the solar
axion and neutrino magnetic moment hypotheses are re-
ported, with gAe < 4.6⇥ 10�12, or µ⌫ < 3.2⇥ 10�11µB .
The next generation of the PandaX, PandaX-4T [38], is
expected to lower the electron recoil background rate (per
unit target) by more than one order of magnitude, and
increase the fiducial volume by about ten times. To-
gether with the upcoming XENONnT [39] and LZ [40],
more definitive answer to the XENON1T excess can be
expected in the near future.

This project is supported in part by the Double
First Class Plan of the Shanghai Jiao Tong University,
grants from National Science Foundation of China (Nos.
11435008, 11455001, 11525522, 11775141 and 11755001),

Exposure: 101 ton-days (XENON1T: 236 ton-days)
BG level: ~5 times higher BG than in XENON1T
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FIG. 3: Electron recoil energy distribution for total
100.7 ton-day data. Simultaneous best fit background
contributions are overlaid, where tritium background is

treated as common in Run 10 and Run 11. The
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strength is shown as dashed line.

neutrino magnetic momentum hypotheses with our data.
For the axion hypothesis, we consider the Atomic recom-
bination and deexcitation, Bremsstrahlung and Compton
(ABC) solar axion model [11]. The best fit axion signal is
21.9+71.7

�21.9, where the uncertainties combine the statistical
and systematic components. Assuming XENON1T best
fit signal strength [23] (gAe = 3.15⇥10�12), the expected
number of signals would be 20.6 events in PandaX-II.
Therefore, our data are compatible with XENON1T ex-
cess within 1�, but is also consistent with background
fluctuations.

To set the exclusion limit, we use the so-called CLs+b

method [30] based on profile likelihood ratio [31] to make
di↵erential comparison of our data with background-only
and background-plus-signal hypotheses. The best fit to
our data is compared to fits to pseudo-data sets produced
at individual signal strength, including statistical fluctu-
ations and spectral shape uncertainties discussed earlier.
Constraints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe is
at 4.6 ⇥ 10�12, corresponding to 94 signal events. The
neutrino magnetic moment hypothesis is tested similarly,
with a resulting upper limit of µ⌫ at 3.2⇥ 10�11µB , cor-
responding to 85 signal events, as shown in Fig. 5. They
represent one of the tightest experimental constraints on
the solar axion-electron coupling and neutrino magnetic
moment.

To summarize, we perform an analysis using the low
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FIG. 4: The 90% C.L. upper limits on the solar axion
coupling constant gAe, overlaid with that from LUX
2017 [32]. The best fit region (90%) from XENON1T
excess [18] for gA� < 10�10 GeV�1 is shown as shaded
grey region. The green and yellow bands represent the

±1� and 2� sensitivity bands and the dashed line
represents the median sensitivity. Derived upper bounds
from red-giant branch observation are also included[33].

energy ER data from the full data set of PandaX-II with
the total exposure of 100.7 ton-day. Tritium was in-
troduced into PandaX-II during a calibration campaign
in 2016 and after the end of physics data taking. The
residual of tritium in the physics data is fitted to be
0.037± 0.013 µBq/kg, with its shape tightly constrained
by calibration. The spectra of 85Kr and 220Rn are also
extracted from the data directly. With these data-driven
background spectra, a search for the solar axion and neu-
trino magnetic moment signals is carried out. The ex-
pected excess assuming the best fit signal strength from
XENON1T is compatible with our data within uncertain-
ties, but our data are also consistent with background-
only hypothesis. Upper limits at 90% C.L. on the solar
axion and neutrino magnetic moment hypotheses are re-
ported, with gAe < 4.6⇥ 10�12, or µ⌫ < 3.2⇥ 10�11µB .
The next generation of the PandaX, PandaX-4T [38], is
expected to lower the electron recoil background rate (per
unit target) by more than one order of magnitude, and
increase the fiducial volume by about ten times. To-
gether with the upcoming XENONnT [39] and LZ [40],
more definitive answer to the XENON1T excess can be
expected in the near future.

This project is supported in part by the Double
First Class Plan of the Shanghai Jiao Tong University,
grants from National Science Foundation of China (Nos.
11435008, 11455001, 11525522, 11775141 and 11755001),

Expected excess assuming the best fit signal strength from XENON1T is compatible with 
their data within uncertainties, but their data are also consistent with background- only 
hypothesis  

̶> No conclusion because of lower statistics & higher BG

Other Experiments: PandaX? arxiv: 2008.06485



61PandaX / LUX? 

$#GXe background

• #!/Xe is produced from cosmogenic 
activation and has a short half-life of 
36.4 days

• Xenon gas used in XENON1T was 
underground for O(years)

53
LUX Collaboration, PRL 118, 261301

)!(Xe
L-shell

M-shell

low-z-origin γ rays (dark green),  

other γ rays (light green),  

85Kr or Rn-daughter contaminants in the liquid 
xenon undergoing β decay (orange) 

x rays due to 127Xe (purple).
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FIG. 1: Mean photon and charge yields of NR (upper panels) and ER (lower panels) in the XENON1T calibration data fit.
The blue solid line and shaded region represent the point estimation and 15%-85% credible region, respectively, of the posterior.
Data points for upper panels are from fixed-angle neutron scattering measurements [22–28]. Results of XENON100 [17] using
data-Monte Carlo (MC) matching on the 241AmBe calibration method are shown with the red solid line and shaded region.
The best fit from NEST v2.0 [21] is shown with the black solid line. The measurements from [19, 20, 29, 30] are shown along
with the best fit of NEST v2.0 [21] in lower panels. The vertical dashed blue lines indicates the energy threshold for XENON1T
NR and ER calibrations, below which the detection e�ciency drops to less than 10%.

progenies of 220Rn, is similar to the dominant ER
background, from �-decays of 214Pb originating from
222Rn emanation, in the low energy region (<10 keV).
However, the detector response model built for ERs in
XENON1T is, in principle, not applicable to �-induced
ERs that at su�ciently high energies may interact
with the inner-shell electrons. When this happens, the
vacancy in the inner shell results in either X-ray or Auger
electrons emission, both of which further ionize xenon
atoms. Consequently, �-induced ERs can have multiple
recoiling electrons instead of one as in �-induced ERs.
The binding energy for L-shell electron in xenon is about

4.8-5.5 keV. According to the NIST database [32], the
corresponding X-ray has mean free path of about 5 µm.
The e↵ect of the separation of electron clouds at this
spatial scale on the recombination is not yet understood.

B. Detector Reconstruction E↵ects

Besides the intrinsic response of LXe, detector
reconstruction e↵ects on the S1 and S2 signals are
modeled. More specifically, the spatial dependence of S1
and S2 signals, the single and double photoelectron (PE)

NR

ER

‣ 10% efficiency for S1&S2 analysis corresponds to energy deposit of ~1keV for ER and ~4 keV for NR 

‣ ER signals can significantly enhance the detection efficiency ̶> higher sensitivity for low-mass WIMPs. 

‣ Moreover, S2-only analysis can also decrease the threshold from 1 keVee to 0.186 keVee

New results!

For charge yield, there is a 
0.186 keVee (127Xe) 
measurement from LUX

Phys. Rev. D 96, 112011

arXiv: 1902.11297

1e- produces ~30 PEs. 
Photo-detection eff ~ 10%

Estimated using 220Rn (ER) 
and 241Ambe / Neutron 
Generator (NR) calibration 
data.

https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297
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DFSZ: two Higgs doublets model 
couplings to leptons at tree level

KSVZ: heavy quark model

couplings to leptons only at loop level 


quarks/electrons related by Beta photons/electrons related by E/N

• relative contributions from each component can allow to distinguish between models 
(Primakoff dominates in KSVZ models); can also constrain βDFSZ

• nuclear transition contribution always relatively small

Kim-Shifman-Vainshtein- Zhakharov (KSVZ)

axion-photon coupling 
same for both models

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)

the ABC flux is dominant in DFSZ models, while the Primakoff flux is dominant in KSVZ models. 
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DFSZ: two Higgs doublets model 
couplings to leptons at tree level

KSVZ: heavy quark model

couplings to leptons only at loop level 


quarks/electrons related by Beta photons/electrons related by E/N

• relative contributions from each component can allow to distinguish between models 
(Primakoff dominates in KSVZ models); can also constrain βDFSZ

• nuclear transition contribution always relatively small

Kim-Shifman-Vainshtein- Zhakharov (KSVZ)

axion-photon coupling 
same for both models

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
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k: momenta of axion, photon

ABC

Primako!:

Fe-57 nuclear transition:

(Atomic recombination and deexcitation, 
Bremsstrahlung and Compton)
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gae < 3.7⇥ 10�12

gaeg
eff
an < 4.6⇥ 10�18

gaega� < 7.6⇥ 10�22 GeV�1
<latexit sha1_base64="axhHK6wo1sJwVJ1gGAsvLW4rOrc="></latexit>

3D confidence volume (90% C.L.) 

Discrepancy with astrophysical constraints from 
stellar cooling

(arXiv:2003.01100)

Projected onto 2D regions
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3D confidence volume (90% C.L.) 

5
7

F
e

ABC

Discrepancy with astrophysical constraints from 
stellar cooling

(arXiv:2003.01100)

Poor fit for small ABC rate

gae < 3.7⇥ 10�12

gaeg
eff
an < 4.6⇥ 10�18

gaega� < 7.6⇥ 10�22 GeV�1
<latexit sha1_base64="axhHK6wo1sJwVJ1gGAsvLW4rOrc="></latexit>
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Primakoff and 57Fe components can be absent if 
the ABC component is present

No statistical significance for 
Primakoff  or 57Fe on their own

3D confidence 
volume (90% 
C.L.)  
Projected onto 
2D regions

Solar axion/ALP
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d�µ

dEr
= µ2

⌫↵

✓
1
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� 1
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◆

<latexit sha1_base64="H5Qs1wQ5K/8loynvCHbwllGQyI4="></latexit>

In the (extended) SM: 

µ⌫ ⇡ 3⇥ 10�19
⇣m⌫

eV

⌘
µB

<latexit sha1_base64="MYza2qo5NbFCH7bcvfCY768tof0="></latexit>

µ⌫ & 10�15 µB
<latexit sha1_base64="tFybRTB8kSOZb8XcxcUTDHWTTtE="></latexit>

Majorana 
fermion

A larger value would imply new physics, and 
possibly solve Dirac vs Majorana.
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Component Expected  
Events

Fitted  
Events

Constant in time?  
(shared across partitions)

214Pb (3450, 8530) 7480 +/- 160 YES

85Kr 890 +/- 50 773 +/- 80 NO

136Xe 2120 +/- 210 2150 +/- 120 YES

133Xe 3900 +/- 410 4009 +/- 85 NO

131Xe 23760 +/- 640 24270 +/- 150 NO

83mKr 2500 +/- 250 2671 +/- 53 NO

Materials 323 (fixed) 323 (fixed) YES

Solar neutrino 220.7 +/- 6.6 220.8 +/- 4.7 YES

124Xe

KK 125 +/- 50 113 +/- 24 YES

KL 38 +/- 15 34.0 +/- 7.3 YES

LL 2.8 +/- 1.1 2.56 +/- 0.55 YES

125I

K 79 +/- 33 67 +/- 12 NO

L 15.3 +/- 6.5 13.1 +/- 2.3 NO

M 3.4 +/- 1.5 2.94 +/- 0.50 NO

unconstrained in the fit
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slide credit: Jelle Aalbers


