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B01: Direct Search for Dark Matter with      
High-Sensitivity Large-Scale Detectors

The goals of this program, proposed five years ago:
1. Demonstrate the experimental sensitivity of XENONnT to be      

2x10-48cm2 with a 20 tyr exposure by introducing the SK-Gd 
technology.

2. Support physics analyses in the XMASS-I experiment.
3. Develop low-background photosensors, etc. for future DM exps.    

è talk by Yamashita-san.
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XMASS: proposal in 2000
• XMASS was designed to observe low-energy solar ns, such      

as pp and 7Be ns, in 2000 to compensate for Super-K solar n
physics.

• Constraints for dark matter were relatively weak at that time, 
and we aimed to detect dark matter first and observe pp-solar 
ns as the second step. 0nbb, SI/SD by Isotope separation?
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Low Energy Solar Neutrino Detection by using Liquid Xenon
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(for the Xenon Collaboration [1])

Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo, Higashi-Mozumi,

Kamioka, Gifu 506-1205, Japan

(Talk presented at LowNu workshop, June-15-2000, Sudbury, Canada)

Abstract

Possibility to use ultra pure liquid Xenon as a low energy solar neutrino
detector by means of ν+e scatterings is evaluated. A possible detector with
10 tons of fiducial volume will give ∼14 events for pp-neutrinos and ∼6 events

for 7Be neutrinos with the energy threshold at 50 keV. The detector can be
built with known and established technologies. High density of the liquid- Xe
would provide self-shields against the incoming backgrounds originating from

the container and outer environments. Internal backgrounds can be reduced
by distillation and other techniques. Purification of the liquid Xe can be

done continuously throughout the experiment. The spallation backgrounds
are estimated to be small though an experimental determination is neccessary.
The liquid-Xe detector can also provide a significantly better sensitivity for

the double beta decay and a dark matter search. However the 2ν double
beta decay of 136Xe would be most background. It could be overcome if the
2ν lifetime is longer than 1022yr. However, an isotope separation of 136Xe is

inevitable for a shorter lifetime.
The isotope separations would, intoroduce a new opportunity to defini-

tively identify dark matter. The interesting feature in addition to the solar
neutrino measurements will also be discussed.
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If the lifetime of the double beta decay is longer(say 100 times of 8× 1021 yr), then the
solar neutrino signal may extracted and the double beta decay would not be a problem. It is
necessary to determine the lifetime of the 2ν ββ-decay. The current experimental lower limit
is 0.5×1021yr. Of course the 10 ton Xenon (0.87 tons of 136Xe) has a potential sensitivity for
0ν double beta decay. If the lifetime of the double beta decay is shorter, then the isotope
separation of 136Xe is inevitable. The isotope separation will be essential and improve the
situation significantly, which will be discussed in the next section IV.

IV. ISOTOPE SEPARATION AND DETECTION OF SOLAR NEUTRINOS,
DOUBLE BETA DECAY AND DARK MATTER.

The isotope separation (enrichment or depletion) would be essential for this experiment,
since it is very difficult to anticipate the lifetime of the 2ν double beta decay to be 100 times
longer than the current theoretical estimate of 2∼8×1021yr.

But, once we accept the necessity of the isotope separation, then we will obtain other
possible and interesting applications than the solar neutrino detection: One should note
that it will open up an new possiblity of a positive identification of the dark matter detec-
tion. The isotope distribution of Xenon is, 124Xe(0.096%), 126Xe(0.089%), 128Xe(1.919%),
129Xe(26.4%), 130Xe(4.07%), 131Xe(21.18%), 132Xe(26.89%), 134Xe(10.44%), 136Xe(8.87%). If
we are able to split between 131 and 132, we can separate Xe into two sub-sets which consist
of mostly odd nucleus (129(26.4%) and 131(21.2%)) and mostly even nucleus (132(26.9%),
134(10.44%) and 136(8.87%)). Of course it is not possible to make a clear separation, but
anyway we are able to measure the dark matter interaction separately with the mostly-odd
nuclei and with the mosly-even nuclei to extract the information of spin independent and
spin dependent interactions. Futhermore, for example, by exchanging the detector contain-
ers of two sub-sets, we can set the background environment to be common for the two sub
samples which is very important.

Therfore the experiment can be configured dynamical way: the solar neutrinos detec-
tion can be done by odd enriched sample and the double beta decay experiment can be
done by even enriched sample and dark matter can be measured in both samples. The
isotope separation really gives a new experimental approach and opportunities for a variety
of physics.

In addition to the increased physics opportunities, the purity of liquid Xenon can be
significantly improved by the isotopr separation.

V. CONCLUSIONS

The 10ton liquid Xenon solar neutrino detector by which we expect to detect ∼14pp and
∼6 7Be neutrinos per day can be built by known technologies. The impurity level of the
liquid Xe should be reduced down to 10−16g/g, 10−15g/g and 10−11g/g for U/Th, 85Kr and
42Ar, respectively. Alpha decay may further be identified and be separated from the electron
events. The required purity level can be accomplished by bubbling, distillation, filtering,
and so on. The detector is shielded by the outer 30cm layer of Xe against the incoming

10
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XMASS: technical breakthrough
• Liquid xenon was NOT so attractive in 2000 since it contains   

radioactive 85Kr, which was released from reactor processes.
– ~1 Bq/kg à XMASS established the reduction method in 2004, <10 µBq/kg

• Water Cherenkov muon veto
– Based on Super-K experience, we graduated from a passive lead and copper 

shield and established the active water Cherenkov shield. Good for neutrons.

• Development of the world-best low-background PMTs

They opened up large-scale low-BG LXe detectors for rare event searches.
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XMASS-I: working principle

• BG reduction by fiducial volume cut
– Very large photoelectron yield
~ 14.7 p.e./keV ó Super-K ~6 hits/MeV

– Event reconstruction based on 
observed hit pattern ~ a few keV.

– 832 kg in total, 97 kg in r < 20 cm FV.
– Target of a WIMP search ~ 2x10-45cm2.
– Good to search for e/g events as well.
– e/g particle identification

• Larger det. has better performance.
– T info useful (scintil. const. 30-40 ns)
– Better self-shielding for e/g/n
– Attenuation >10 m for scintillation light

5

80cm

Self shielding for g injection (XMASS-I)



History of XMASS-I and physics achievements
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Const-
ruction Data taking

Commis-
sioning

data taking

Detector
refurbish

ment

Dec. May Nov.

• Light WIMPs
• Solar axion
• WIMP-129Xe inelastic scattering
• Bosonic super-WIMPs
• 124Xe 2n double electron capture

• Annual modulation 1 yr & 2.7 yrs
• Solar Kaluza-Klein axion
• 124Xe 2n double electron capture II
• WIMPs search by fiducialization
• Hidden photons/ALPs DM
• WIMP-129Xe inelastic scattering II
• Sub-GeV WIMP by annual modulation
• Exotic n-e interactions of solar n
• Search for event burst assosci. with GW 
• 0n4b decay of 136Xe 

Mar.

Data
analysis

1 proposal
11 technical papers
17 physics results
+1 latest physics 

result published!DM physics
Astroparticle phys.

Nuclear physics.

Full 
paper

https://www-sk.icrr.u-
tokyo.ac.jp/xmass/dispatches
/publications/index.html



Physics highlights of XMASS
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Fig. 4. Limits on gaee . The thick solid line shows the limit obtained in this study.
The other solid lines are limits obtained by laboratory experiments: Ge [25],
Si(Li), 169Tm, reactors, o-Ps, and beam-dump experiments (see [26] and references
therein). The dash-dotted lines show astrophysical limits from red giant stars [4]
and the solar neutrino flux [37]. The dashed lines are theoretical predictions for the
DFSZ (cos2 β = 1) and KSVZ (E/N = 8/3) models. This study gives a stronger con-
straint by a factor of two over previous direct experimental limits for axion mass
!1 keV, and the best constraint absolute between 10 and 40 keV.

obtained by the procedure above. Fig. 4 shows the summary of the
bounds of gaee . For small axion masses, a gaee value of 5.4 × 10−11

is obtained. This is the best direct experimental limit to date and
is close to that derived from astrophysical considerations based on
measured solar neutrino fluxes: gaee = 2.8 × 10−11 [37]. For axion
masses >10 keV the energetics in the Sun are no longer sufficient
to effectively produce such axions. A systematic uncertainty in-
herent to our method of comparing bin contents arises from the
specific choice of binning. This and systematic uncertainties for
energy scale including energy threshold, Cherenkov cut efficiency,
and energy resolution are evaluated to be 2%, 1%, 2%, and 1%, re-
spectively. The total systematic error, 3%, is obtained by summing
these contributions in quadrature, and the limit in Fig. 4 (90% C.L.)
takes this error into account.

The calculated limit depends on the interaction processes con-
sidered in our detector as well as the processes considered for
solar axion production in the Sun. Processes such as the inverse
Primakoff effect and nuclear absorption on the detection side, and
the Primakoff effect and nuclear deexcitation on the production
side can be neglected because the constraints on ggγ γ and gaN N
are tight. A possible additional contribution caused by gaee on the
detection side is the inverse Compton effect. This can be neglected
because of its small cross section [38]. On the production side,
there are other known contributions such as electron–electron
bremsstrahlung [39] and the axio-recombination effect [40]. How-
ever, the expected fluxes for these processes are only known in
the limit of massless axions. For this reason and in order to di-
rectly compare our results with the most relevant previously pub-
lished ones we restrict the production processes we consider to the
electron–nuclei bremsstrahlung and the Compton effect. As omit-
ting production mechanisms lowers the flux estimate, all the limits
thus derived will have to be considered conservative.

The nature of the events surviving the analysis cuts is also of
interest. According to our study on these events, most of them
originate on the inner surface of the detector [41]. These events
are attributed to radioactive contamination in the aluminum seal

of the PMT entrance windows, 14C decays in the GORE-TEX® sheets
between the PMTs and the copper support structure, and light
leaking from gaps in between the triangular elements of this sup-
port structure.

5. Conclusion

In summary, solar axions produced through axion–electron cou-
pling were searched for in XMASS, a large liquid-xenon detector.
The energy threshold is low (0.3 keV) because of our excep-
tional photoelectron yield, which is the largest among current low-
background detectors. As our observed spectrum does not show
any indications of axion signals, we derive constraints on the gaee
coupling. Our limit on gaee for axions with mass much smaller
than 1 keV is 5.4 × 10−11. The bounds on the axion masses for the
DFSZ and KSVZ axion models are 1.9 and 250 eV, respectively. For
axion masses between 10 and 40 keV, our new limits are the most
stringent that are currently available.
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Fig. 4. Best fit NPEcor distributions. The upper scale is translated into the corre-
sponding γ -ray energies. The black dots represent the data. The stacked histograms 
show the BG MC for RIs in/on the detector components (green), RIs in the liquid 
xenon (red), and xenon isotopes activated by neutrons (light blue). The dark hatched 
blue area shows the estimated contribution from dead PMTs. The magenta part of 
the histogram shows the best fit HP signal for a HP mass of mH P = 85 keV/c2.
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where Ri
obs, R

i
BGtot , and Ri

H P are the event rate in the i-th bin for 
data, BG MC, and HP MC, respectively, and the δRi

obs , δRi
BGtot , and 

δRi
H P are their respective statistical errors. R BGtot is the sum of the 

different BG MC event rates, i.e.:

R BGtot =
∑

j:RI types

p j R j-th BG, (7)

where the summation is taken for all the RIs of the three BG cate-
gories described in Sec. 3.3. The R j-th BG is the expected event rate 
from the j-th RI and p j is its scale parameter whose initial value 
is unity. The χ2

sys is a penalty term to handle systematic uncertain-
ties. It is defined as:

χ2
sys =

j $=14C,39 Ar∑

j:RI types

(
1 − p j

δp j

)2

+
5∑

m=1

(
%Cm

δCm

)2

, (8)

where the δp j are the 1σ uncertainties of the BG estimates de-
scribed in Sec. 3.3. The first summation on the right side constrains 
the parameters p j around ±1σ from unity during the fit. Because 
the amounts of 14C and 39Ar in xenon are obtained directly from 
the fit to the data, these RIs are not included in this summation 
while they are included in the summation in Eq. (7). The second 
summation is a penalty term related to the five special MC correc-
tions C1–C5 described in Sec. 3.4. The m-th correction factor Cm

listed in Table 1 is modified by %Cm in the fit, and its uncertainty 
δCm constrains this modification. R j-th BG and R H P are functions of 
the %Cm , the model function type fmodel described in Sec. 3.4, and 
a global energy scale εE :

R j-th BG = R j-th BG (εE ,%C1, ...,%C5; fmodel) , (9)

R H P = R H P (mH P , g Ae;εE ,%C1, ...,%C5; fmodel) . (10)

The χ2
f it was minimized separately for every 2.5 keV/c2 step in 

HP mass between 40 and 120 keV/c2 and for each step of α′/α in 

Fig. 5. Constraints on g Ae of the ALPs (top) and α′/α of the HP (bottom). The red 
line shows the 90%CL constraint presented in this paper. The black line shows our 
previous result [5]. The blue, magenta, green, and orange lines are limits reported by 
the XENON100 [18], the Majorana Demonstrator [19], the LUX [20], and the PandaX-
II [21]. The dotted, dashed, and dash-dotted lines in light blue color are constraints 
from indirect searches derived from red giant stars (RG), diffuse γ -ray flux, and 
horizontal branch stars (HB), respectively [6].

the α′/α > 0 region, by fitting the p j , %Cm , εE , and fmodel . The 
optimization of these parameters except for fmodel was done using 
ROOT TMinuit [16]. As for fmodel , each fmodel was tested separately, 
and the one giving the smallest χ2

f it was chosen for each mass 
and each α′/α. This method corresponds to handling the model 
function shape as one of the fitting parameters [17]. The sensitivity 
obtained with this method is conservative compared to sticking 
with one model. We thus obtained the χ2

f it profile as a function 
of α′/α for each mass. The minimum of the profile is the most 
probable α′/α parameter for that mass.

4. Result

The best fit result for HP with mH P = 85 keV/c2 is shown 
in Fig. 4, where the minimum χ2

f it /NDF = 131/122 with α′/α =
1.1 × 10−26. No significant signal was found at any HP mass. The 
difference between the minimum χ2

f it and the χ2
f it with no sig-

nal was at most 1.62. We thus set the 90% confidence level (CL) 
constraint on α′/α from the relation:

∫ a90
0 exp

(
−χ2

f it/2
)

da
∫ ∞

0 exp
(
−χ2

f it/2
)

da
= 0.9, (11)

where a and a90 denote α′/α and its constraint, respectively. The 
constraint for each mass is shown in Fig. 5. Compared to our pre-
vious work, the constraints improved by a factor of 10–50. The 
constraints from other direct and indirect searches are also shown 
in the figure. Our result gives the most stringent limit in the mass 
range from 40 to 120 keV/c2. The indirect limits for HP around 
90 keV/c2 are α′/α < O (10−24), relatively weak compared to the 
higher and lower mass regions (α′/α < O (10−27) for mH P ≥ 200
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Figure 9 shows a comparison of the experimental 90% CL exclusion limits on the 124Xe 2ν2K
half-life overlaid with the theoretical calculations [21,28–32] for comparison. The present result
gives a lower limit stronger by a factor of 4.5 over our previous result, and gives the most stringent
experimental constraint reported to date. For the theoretical predictions, the reported 2νECEC half-
lives are converted to 2ν2K half-lives, divided by the branching ratio for the two electrons being
captured from the K-shell, P2K = 0.767 [55]. The lower and upper edges of the bands correspond
to gA = 1.26 and gA = 1, respectively.

Note that the predicted half-lives will be longer if quenching of gA is larger. These experimental
results rule out part of the relevant range of the reported half-life predictions, and future experiments
with multi-ton LXe targets will have improved sensitivity to further explore this parameter space.

8. Conclusion
We have conducted an improved search for 2ν2K on 124Xe and 126Xe using 800.0 days of data from
XMASS-I. For this search, a novel method to discriminate γ -ray/X-ray or 2ν2K signals from β-ray
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Fig. 5. The energy distribution of the data, the best fit signal + BG and the 90% CL 
signal limit from 2 to 200 keV for the neutrino magnetic moment analysis (top) 
and the dark photon analysis (middle: dark photon mass M A′ = 1 × 10−3 MeV/c2, 
bottom M A′ = 10 MeV/c2). The black points show the data. The blue histogram 
shows the signal + BG MC for the best fit with 1 σ errors shown by the green 
histograms. The red-dotted histogram shows the 90% CL upper limit for the signal. 
The peak near 160 keV stems from the decay of 131mXe.

Fig. 6. 90% CL exclusion limits and allowed region on the coupling constant gB−L as 
a function of the dark photon mass M A′ . The black-solid line shows the exclusion 
limit of our analysis (XMASS). The 2σ -allowed-region band from the muon (g − 2)

experiment is shown as “(g − 2) DP” as the red-meshed region. The blue and ma-
genta regions are excluded by laboratory experiments ((g − 2)µ , (g − 2)e , atomic 
phys., fixed target, B-factory [21] and NA48/2 [35]), respectively. The cyan and or-
ange regions are excluded by cosmological and astrophysical constraints (Globular 
clusters, BBN [21]), respectively. BBN: the constraints of Big Bang nucleosynthe-
sis on the mass of a light vector boson and its coupling constant to neutrinos in 
the B−L scenario. In this case, Dirac neutrinos νR are assumed [36]. The range 
of region follows as [21]. The dotted lines are the estimated limit curves from 
neutrino-scattering experiments (GEMMA (ν̄e), Borexino (solar ν), TEXONO-CsI (ν̄e ) 
and CHARM II (ν̄µ)) from [21].

rived in [21] from other experiments’ publications already exclude 
an area larger than the one excluded by our analysis, our analysis 
is a dedicated one, incorporating our full knowledge of the detec-
tor response and our validated background models. Also most of 
the parameter space for the (g − 2) dark photon prediction [21]
was excluded by our analysis.

5. Conclusions

We conducted searches for exotic neutrino-electron interactions 
from solar neutrinos using 711 days of data in a 97 kg fiducial vol-
ume of the XMASS-I detector. We observed no significant signal. 
In the neutrino millicharge search, we set a neutrino millicharge 
upper limit of 5.4 × 10−12e at 90% CL assuming all three species 
of neutrino have common millicharge. This is comparable to limits 
from previous experiments using antineutrinos. It is however three 
orders of magnitude better than the best previous limit for neutri-
nos [13]. We set upper limits for individual flavors at 7.3 × 10−12e
for νe , 1.1 × 10−11e for νµ , and 1.1 × 10−11e for ντ . Our upper 
limit for a neutrino magnetic moment is 1.8 ×10−10µB . Our result 
on dark photons in the U (1)B−L model imposes severe new restric-
tions on the coupling constant with neutrino from M A′ = 1 × 10−3

to 1 × 103 MeV/c2. In particular we almost exclude the area in 
which the U (1)B−L model can solve the g − 2 anomaly.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

We thank Masahiro Ibe and Tsutomu Kakizaki for useful dis-
cussion about theoretical framework. Also we thank Yusuke Koshio 
for survival probability calculation for solar neutrino. We gratefully 
acknowledge the cooperation of the Kamioka Mining and Smelt-
ing Company. This work was supported by the Japanese Ministry 
of Education, Culture, Sports, Science and Technology, the joint re-
search program of the Institute for Cosmic Ray Research (ICRR), the 
University of Tokyo, Institute for Basic Science (IBS-R017-G1-2020-
a00), Grant-in-Aid for Scientific Research, JSPS KAKENHI Grant No. 
19GS0204, 26104004, and 19H05805 and partially by the National 
Research Foundation of Korea Grant funded by the Korean Govern-
ment (NRF-2011-220-C00006).

References

[1] D.S. Akerib, et al., Phys. Rev. Lett. 118 (2016) 021303.
[2] X. Cui, et al., Phys. Rev. Lett. 119 (2017) 181302.
[3] E. Aprile, et al., Phys. Rev. Lett. 121 (2018) 111302.
[4] K. Abe, et al., Phys. Lett. B 789 (2019) 45.
[5] Y. Suzuki, arXiv:hep -ph /0008296.
[6] A.N. Serenelli, W.C. Haxton, C. Pena-Garay, Acad. Publ. J. 743 (2011) 1.
[7] K. Kouzakov, A. Studenikin, Phys. Rev. D 95 (2017) 055013.
[8] C. Giunti, A. Studenikin, Rev. Mod. Phys. 87 (2015) 531–591.
[9] C. Giunti, et al., Ann. Phys. 528 (2016) 198.

[10] C. Caprini, et al., J. Cosmol. Astropart. Phys. 02 (2005) 006.
[11] A. Studenikin, Europhys. Lett. 107 (2014) 39901.
[12] J. Chen, et al., Phys. Rev. D 90 (2014) 011301.
[13] F. Della Valle, et al., Eur. Phys. J. C 76 (2016) 24.
[14] K. Fujikawa, R.E. Shrock, Phys. Rev. Lett. 45 (1980) 963.
[15] M.B. Voloshin, et al., J. Exp. Theor. Phys. 64 (1986) 446.
[16] M. Agostini, et al., Phys. Rev. D 96 (2017) 091103.
[17] A.G. Beda, et al., Phys. Part. Nucl. Lett. 10 (2013) 139–143.
[18] L.B. Okun, Zh. Eksp. Teor. Fiz. 83 (1982) 892.
[19] B. Holdom, Phys. Lett. B 166 (1986) 196.
[20] R. Harnik, et al., J. Cosmol. Astropart. Phys. 07 (2012) 026.
[21] S. Bilmis, et al., Phys. Rev. D 92 (2015) 033009.
[22] M. Tanabashi, et al., Phys. Rev. D 98 (2018) 030001.
[23] K. Abe, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 716 (2013) 78.
[24] M. Kobayashi, et al., Phys. Lett. B 795 (2019) 308.
[25] P. Vogel, J. Engel, Phys. Rev. D 39 (1989) 3378.
[26] V. Kopeikin, et al., Phys. At. Nucl. 60 (1997) 1859.
[27] C. Hsieh, et al., Phys. Rev. D 100 (2019) 073001.
[28] J-W. Chen, et al., Phys. Lett. B 774 (2017) 656.
[29] S. Agostinelli, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 506 (2003) 250;

J. Allison, et al., IEEE Trans. Nucl. Sci. 53 (1) (2006) 270;
J. Allison, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 835 (2016) 186.

XMASS Collaboration / Physics Letters B 809 (2020) 135741 5

χ2 =
∑

i

(Di − Bi − α · Si)
2

Di + σ 2(Bstat)i + α2 · σ 2(Sstat)i
+ χ2

pull, (4)

where Di , Bi , and Si are the numbers of events in the data, the 
BG estimate, and the signal MC of the exotic neutrino interactions, 
respectively. The index i denotes the i-th energy bin. The value 
of α scales the signal-MC contribution. The quantity Bi contains 
various kinds of BG sources. The terms Bi and Si can be written 
as

Bi =
∑

j

p j(Bij +
∑

k

qk · σ (Bsys)i jk), (5)

Si = S0
i +

∑

l

rl · σ (Ssys)il, (6)

χ2
pull =

∑

j

(1 − p j)
2

σ 2(B R I ) j
+

∑

k

q2
k +

∑

l

r2
l (7)

where j is the index of the BG components, and k, and l are indices 
for systematic uncertainties in the BG and signal, respectively. We 
write the uncertainty in the amount of RI activity, systematic un-
certainty in the BG and signal as σ (B R I ) j , σ (Bsys)i jk and σ (Ssys)il , 
respectively. We scaled the RIs activities and the fraction of sys-
tematic errors by p j , qk and rl , respectively, while constraining 
them with a pull term (χ2

pull). The fitting range is 2-15 keV in the 
neutrino millicharge search, and is 2-200 keV in the dark photon 
and neutrino magnetic moment searches. We note that the con-
straints due to the RI activity from 14C, 39Ar, 131mXe and 133 Xe 
are not applied in the dark photon or neutrino magnetic moment 
searches because the expected signals are distributed at energies 
above 30 keV where spectrum fitting was performed to determine 
the RI activities in [31].

4.2. Search for neutrino millicharge

We found no significant signal excess, which would have been 
expected around 5 keV, and accordingly we set an upper limit for 
neutrino millicharge of 5.4 × 10−12e at the 90% confidence level 
(CL), assuming all three species of neutrino have common mil-
licharge. The best fit χ2 is obtained at zero millicharge. Fig. 3
shows the data and the best-fit signal + BG MC with the signal MC 
at the 90% CL upper limit. This limit is for neutrinos, not antineu-
trinos, and for neutrinos it is more stringent than the previous 
limit by more than three orders of magnitude [13]. Though the 
originally emitted solar neutrinos are νe , the neutrinos arriving at 
Earth consist of all three flavors, which are produced by neutrino 
oscillations: At Earth 54 ± 2% are νe , 23 ± 1% are νµ , and 23 ± 1% 
are ντ [22,34]. Using this, we set upper limits for each flavor to 
be 7.3 × 10−12e for νe , 1.1 × 10−11e for νµ , and 1.1 × 10−11e for 
ντ . These limits assume that only the neutrino flavor for which 
the limit is quoted carries a millicharge and thus contributes to 
the expected signal. Fig. 4 compares our result with those of other 
experiments.

4.3. Search for neutrino magnetic moment

We also searched for a signal excess due to a neutrino mag-
netic moment, but again found no significant excess. The top part 
of Fig. 5 shows the energy distribution of the data and the best-
fit signal + BG. The contribution a neutrino magnetic moment at 
our 90% CL signal limit would have made is also shown again. The 
best fit neutrino magnetic moment was µν = 1.3 × 10−10µB , with 
a χ2/d.o. f = 85.9/98, while µν = 0 yielded χ2/d.o. f = 88.2/98. 
The 90% CL upper limit for the neutrino magnetic moment is 
estimated from the χ2 probability density function to be µν =
1.8 × 10−10µB .

Fig. 3. (Top) The energy distribution after applying all cuts. The black points show 
the data. The blue histograms show the best-fit signal + BG MC simulation with 1 σ
errors shown by the green histograms. The red-dotted histograms show the 90% CL 
upper limit for the neutrino-millicharge signal. (Bottom) The signal efficiency curve 
for the millicharge analysis. See text for detail.

Fig. 4. 90% CL upper limits for neutrino millicharge for each flavor in ours and other 
experiments [11–13]. The limit from F. Della Valle et al. [13] depends on neutrino 
mass. It is for neutrino masses less than 10 meV.

4.4. Search for neutrino interactions due to dark photons

We also searched for a signal excess due to a dark photon with 
M A′ in the range from 1 × 10−3 MeV/c2 to 1 × 103 MeV/c2. Again 
we found no significant excess. The middle and bottom parts of 
Fig. 5 show the energy distributions of the data and the best-fit 
signal + BG. The contribution dark photons would have made at 
our 90% CL limit is also shown in the figure. The value of gB−L
from the best fit is 1.1 × 10−6 with a χ2/d.o. f = 85.3/98 for 
M A′ = 1 × 10−3 MeV/c2 and is null with χ2/d.o. f = 88.2/98 for 
10 MeV/c2. The upper limits for gB−L for M A′ = 1 × 10−3 MeV/c2

and 10 MeV/c2 are 1.3 × 10−6 and 8.8 × 10−5 at 90% CL, re-
spectively. The 90% CL upper limit on the coupling constant as a 
function of the dark photon mass is shown in Fig. 6, together with 
the limits and allowed region from other experimental and astro-
physical analyses [21]. Like the other neutrino and anti-neutrino 
scattering experiments we exclude a wide area in this parameter 
space, and for neutrinos our limit on gB−L is more stringent than 
Borexino’s for M A′ < 0.1 MeV/c2. While the exclusion areas de-

Millicharged n, UB-L(1) 2020



The final results with XMASS-I full data set

• XMASS is a unique single-phase liquid 
xenon detector. It has a very long exposure 
of 1590.9 days.

1. Search for WIMP signal in 97 kg (fiducial).
2. Annual modulation in 832 kg (full vol.)
utilizing the Migdal & bremsstrahlung effects.
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Various WIMP dark matter searches using the full data set of XMASS-I, a single-phase liquid
xenon detector, are reported in this paper. Stable XMASS-I data taking accumulated a total live
time of 1590.9 days between November 20, 2013 and February 1, 2019 with an analysis threshold
of 1.0 keVee. In the latter half of data taking a lower analysis threshold of 0.5 keVee was also
available through a new low threshold trigger. Searching for a WIMP signal in the detector’s 97 kg
fiducial volume yielded a limit on the WIMP-nucleon scattering cross section of 1.4⇥ 10�44 cm2

for a 60GeV/c2 WIMP at the 90% confidence level. We also searched for WIMP induced annual
modulation signatures in the detector’s whole target volume, containing 832 kg of liquid xenon.
For nuclear recoils of a 8GeV/c2 WIMP this analysis yielded a 90% CL cross section limit of
2.3⇥ 10�42 cm2. At a WIMP mass of 0.5GeV/c2 the Migdal e↵ect and Bremsstrahlung signatures
were evaluated and lead to 90% CL cross section limits of 1.4⇥ 10�35 cm2 and 1.1⇥ 10�33 cm2

respectively.

I. INTRODUCTION

Cosmological and astrophysical observations require
the existence of dark matter (DM), and hypothetical
DM particles provide a compelling explanation for the
observed phenomena [1, 2]. However, the properties of
these hypothetical DM particles are unknown, and none
of the particles in our standard model of particle physics
is a valid candidate.

One well-motivated DM particle candidate that might
be detectable in direct detection experiments is the
weakly interacting massive particle (WIMP) [3]. As
WIMPs are postulated to share some weak force other
than gravity with normal matter, this force would me-
diate interactions with materials that could be used as

⇤ xmass.publications19@km.icrr.u-tokyo.ac.jp

targets in a detector. These interactions could result in
the detectable recoil of individual target nuclei from such
WIMP interactions [4]. Many experiments are looking for
various WIMP interaction signatures [5–10].

The XMASS-I was one of these experiments, and the
primary goal of this XMASS-I experiment was to de-
tect directly a DM particle interacting with normal mat-
ter [11]. The XMASS collaboration previously published
WIMP search results [12–19] from its unique large vol-
ume, single-phase design for liquid xenon (LXe) detector
using only scintillation signals in its 832 kg liquid xenon
target mass. Beyond this primary goal, versatility has
also allowed detectors like XMASS-I to address a much
wider range of physics topics, making it possible for the
XMASS collaboration to publish results on dark photons,
axions, and axion-like particles [20–22], double electron
capture [23, 24], neutrinos [25, 26], and coincidences with
gravitational waves [27].

This paper is based on data from a full XMASS-I ex-
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an RMS of 0.43 keV [18].
The electron-equivalent energy scale used in this paper

was constructed using the results of electron simulations
based on the relative scintillation e�ciency, as discussed
above.

IV. THE DATA SET

A. Data-taking overview

The data used in this analysis were collected between
November 20, 2013 and February 1, 2019. Normal data
taking was organized in 24 hour ”runs” for bookkeeping
and data management unless there was a specific reason
to terminate a run earlier. Figure 6 shows the XMASS-I
livetime accumulation over time. Data taking was inter-
rupted twice for a few weeks (cyan colored bands in the
figure): the first time, all LXe were removed from the
detector so that they could be passed through a getter
(SA-MT15, SAES) upon re-insertion, which removed im-
purities inadvertently released from a warming cold head.
The second interruption allowed a distillation campaign
to remove argon (Details are given in Sec. VA). We twice
used a 252Cf neutron source and had to wait for the neu-
tron activation in the detector to abate, shown in the
figure as magenta colored bands. 252Cf calibration data
was used for the study of the NR scintillation decay time
in LXe [34]. Regular ID calibrations were another source
of dead time.

After accounting for dead time and analysis specific
run selection (see below) the total collected XMASS-I
livetime was 1590.9 days. Additional low threshold data
taking started on December 8, 2015 with its own run se-
lection criteria, resulting in 768.8 days of XMASS-I live-
time with low threshold data.

B. Run selection

Runs were considered for the physics analyses pre-
sented here if they lasted at least one hour and had no
DAQ problems. Figure 7 shows the stability of the LXe
temperature in the ID and the pressure above the ID’s
liquid surface throughout all of XMASS-I data taking.
The nominal temperature and pressure of the detector
were 173.0 K and 0.163 MPa, respectively. Data runs
were analyzed only if their temperature and pressure were
within ±0.05 K and ±0.5 kPa of those of their respec-
tive ID calibration runs. This ensured that changes in
scintillation light yield were < 0.1 %, which was verified
in a study where LXe temperature and pressure were
changed and their impact on PE yield checked In this
study, 57Co source calibration was performed under dif-
ferent liquid xenon pressures in the XMASS detector. A
6.6±0.4 % change in light intensity was observed for a
pressure change from 0.129 to 0.231 MPa with a tem-
perature change of about 12 K. The largest temperature
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FIG. 6. Livetime accumulation for normal- (blue) and low-
threshold (red) data. The black dashed vertical line indicates
the start of low-threshold data taking. The magenta bands
represent 10-day periods after detector calibration with the
252Cf source. The cyan bands show periods of xenon purifi-
cation work.

drop of about 0.2 K happened on Jun. 23, 2014, when
the sensor providing the reference temperature for the
ID temperature control loop was changed; no impact on
the PE yield is evident in the top panel of Fig. 4.
Next the ID and OD trigger rates in each run were

averaged over 10 minute intervals: a run would remain in
the data set if none of the 10 minute averages were more
than 5 sigma from the run average. We also eliminated
runs in which more than 20 triggers for ID and 5 triggers
for OD are issued in any one second as DAQ problems
may occur beyond these limits. To avoid e↵ects from
neutron activation in the detector, runs within 10 days
after a 252Cf calibration were also excluded from the data
sets.

C. Standard cuts applied to all ID events

A basic ID event selection, referred to as the stan-
dard cut, precedes all XMASS-I physics analyses. In the
following a threshold crossing in a PMT, which for the
ID PMTs leads to a readout of its waveform digitizer if
it belongs to a triggered event, will be referred to as a
hit, registered on the respective PMT at the time of the
threshold crossing.
First, we require that the ID event under scrutiny is

not associated with an OD event, that no concurrent OD
event (triggered by 8 hits in the OD within 200 ns win-
dow) exists.
Figure 8 shows the number of hit distributions for the

OD in two 24 hours runs, one at near the beginning (Jan.
2014) and the other at the end (Jan. 2019) of the data-
taking period. The peak at the threshold, around ten,
is mainly due to external radiation and electronic noise.

31 collaborators

Light mass WIMPS

Large mass WIMPS



9

15

dR

dERdvDM
'

X

EF
ec

1

2

⇢DM

mDM

1

µ2
N

�̃N (qA)

⇥ |ZFI(qe)|2 ⇥
f̃(vDM )

vDM
, (11)

where

�̃N (qA) =
1

16⇡

|FA(q2A)|2|M(q2A)|2

(mA +mDM )2
, (12)

with ⇢DM denoting the local DM density and f̃(vDM )
the DM particle velocity distribution integrated over all
directions.

The energy spectrum for Migdal emission from an ini-
tial orbit (n,l) then becomes

dR

dERdEedvDM
' dR0

dERdvDM
⇥ 1

2⇡

X

n,l

d

dEe
pcqe(nl ! Ee),

(13)

with

dR0

dERdvDM
' 1

2

⇢DM

mDM

1

µ2
N

�̃N (qA)⇥
f̃(vDM )

vDM
, (14)

if pcqe is the ionization probability. When calculating the
expected signal in the XMASS detector the energy de-
pendent scintillation light yield is calculated separately
for electron emission from the inner shell and the subse-
quent de-excitation emission.
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FIG. 20. Limits on the spin-independent elastic WIMP-
nucleon cross section as a function of WIMP mass. The solid
red line shows the XMASS 90% CL exclusion from the an-
nual modulation analysis. The solid black line shows the 2018
XMASS result [17]. The ±1� and ±2� bands represent the
expected 90% exclusion regions. Limits, as well as allowed
regions from other searches based on event counting, are also
shown [5, 7, 43–45, 51].
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FIG. 21. Expected energy spectra from Migdal e↵ect and
bremsstrahlung caused by 0.4GeV/c2 WIMPs (magenta for
Migdal and cyan for bremsstrahlung) and 1.0GeV/c2 WIMPs
(red for Migdal, blue for Bremasstrahlung) with a cross sec-
tion of 10�35 cm2. The dotted line shows the respective spec-
tra in June and December, while the solid one represents the
annual average spectrum. No detector e↵ects are considered
yet in these spectra.

The annual modulation of the bremsstrahlung signal is
evaluated in the same way as in [18]. The corresponding
di↵erential event rate is:

dR

d!
= NT

⇢DM

mDM

Z

v�vmin

d3vvfv(v + vE)
d�

d!
, (15)

where NT is the number of target nuclei per unit mass
in the detector, vE is the velocity of the Earth relative
to the galactic rest frame, and fv(v) is the DM velocity
distribution in the galactic frame. The minimum velocity
was vmin =

p
2!/µN [40]. We used the same parameters

as in our prior multi-GeV analysis in Sec. VIA 3.
Figure 21 shows the expected Migdal and

bremsstrahlung spectra for 0.4GeV/c2 DM interactions
in June and December corresponding to the maximum
and minimum relative velocity vE , respectively, as well
as the average spectrum. The resulting expected annual
modulation amplitude was about 30% of the average
event rate at 1 keV before considering detector e↵ects
such as energy non-linearity and resolution.
Since in this energy region the signal from NR alone is

negligibly small compared to that from the Migdal e↵ect
and bremsstrahlung, a NR contribution was not consid-
ered in these analyses.

2. Results and discussion

For the sub-GeV DM analysis almost the same fitting
procedure as discussed in Sec. VIA 3 was applied. Di↵er-
ences stem from the fundamental ER nature of these sig-
nals. The expected signal rates were estimated for both

Modulation (NR)

16

Migdal e↵ect and bremsstrahlung, with the uncertainties
in the relevant scintillation decay constants and scintilla-
tion e�ciency for ER signals properly considered. These
uncertainties introduce correlations between energy bins
in the signal spectrum. For the scintillation decay time
constants, two components, referred to as the fast and
the slow component, were used, based on our XMASS-I
�-ray calibrations [52]. These were 2.2 ns and 27.8+1.5

�1.0 ns,
respectively, with the fast component’s fractional contri-
bution at 0.145+0.022

�0.020.
Signal spectra were calculated for DM masses from

0.32 to 1GeV/c2 for bremsstrahlung and from 0.35 to
4GeV/c2 for Migdal mediated signals. The lower lim-
its of these mass ranges were determined by the require-
ment to deposit more than 1 keVee in the detector. Below
that energy, the expected number of events which deposit
more than 1 keVee decrease sharply. The higher limit
of 1GeV/c2 for bremsstrahlung is same as used in [18],
and is based on the same assumptions as made for the
signal calculation in [49]. The upper limit of 4GeV/c2

seems reasonable as beyond this energy the sensitivity of
the conventional NR analysis becomes much higher than
that of the bremsstrahlung and Migdal analyses.
The best fit cross section from our data was

(�2.8+1.5
�2.0) ⇥ 10�35 cm2 at 0.5GeV/c2 for the Migdal

analysis with a �2/ndf of 4739/4670, and the pull pa-
rameter ↵ becoming 0.67. The result of the DM searches
via Migdal and bremsstrahlung e↵ects in the sub-GeV
WIMP mass region is shown in Fig. 22. The expected
sensitivity for the null-amplitude case was again calcu-
lated using toy MC samples. The 90% CL sensitivity for
DM at 0.5GeV/c2 was (2.7+1.3

�0.9)⇥ 10�35 cm2 (the range
containing 68% of the toy MC samples), and our upper
limit was 1.38 ⇥10�35 cm2 with a p-value of 0.09.

C. Model-independent analysis

For the model-independent analysis, our �2 was de-
fined, as shown below.

�2 =
EbinsX

i

tbinsX

j

 
(Rdata

i,j �Rex
i,j)

2

�(stat)2i,j + �(sys)2i,j

!
+ ↵2, (16)

with the expected event rate being

Rex
i,j =

Z tj+ 1
2�tj

tj� 1
2�tj

✓
✏si,jA

s
i cos 2⇡

(t� �)

T

+✏bi,j(↵)(B
b
i t+ Cb

i )
�
dt, (17)

where Cb
i and As

i are free parameters for the unmodu-
lated event rate and the modulation amplitude without
absolute e�ciency correction, respectively. In the fit-
ting procedure, the energy range 1–20 keVee was used,
the modulation period T was fixed to one year (=
365.24 days), and the phase � was fixed to 152.5 days

]2WIMP Mass [GeV/c
1

]2
Sp

in
-in

de
pe

nd
en

t W
IM

P-
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

[c
m

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-3510

-3410

-3310

-3210

-3110

-3010

-2910

-2810

CDEX Brems

CDEX Migdal

LUX S1+S2 brems
LUX S1+S2 migdal

LUX S2 migdal

XENON1t S1+S2 Brems
XENON1t S1+S2 Migdal
XENON1t S2 Brems
XENON1t S2 Migdal

90% Bremsstrahlung
90% Migdal
1 sigma sensitivity
2 sigma sensitivity

FIG. 22. Summary of the search results. The red solid line
is the result of the Migdal analysis for 0.35-4GeV/c2 WIMP
mass, the red dotted line is the result of the bremsstrahlung
analysis for 0.32-1GeV/c2. Limits from other experiments
obtained via Migdal and Bremsstrahlung e↵ect are also shown
for comparison [6, 53–55].

(⇠2nd of June), the time when the Earth’s velocity rela-
tive to the DM distribution is expected to be maximal.
The best-fit in the energy region between 1 and

20 keVee for our modulation hypothesis, with the fixed
phase and period as detailed above, yielded �2

1/ndf =
4693/4635 with ↵ = 0.74 ± 0.04. The result for the null
hypothesis (fixing As

i = 0) was �2
0/ndf = 4741/4673 with

↵ = 0.74± 0.08. Figure 23 shows the best-fit amplitudes
as a function of energy after correcting for e�ciency us-
ing the curve showed at bottom right in the same figure.
The ±1� and ±2� bands in Fig. 23 represent our ex-
pected amplitude coverage derived again from the same
dummy sample procedure as in the analyses above. A
hypothesis test was also done with these dummy sam-
ples, using their �2 di↵erence �2

0��2
1 to obtain a p-value

of 0.14 (1.5�) for this best-fit result.
Not to limit the models that can be checked against

our data we evaluated the constraints on the positive
and negative amplitudes separately in Fig. 23. The up-
per limits on the amplitudes in each energy bin were
calculated considering separately the regions of posi-
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FIG. 23. Modulation amplitude as a function of energy for
the model-independent analysis using the pull method (black
cross). Solid lines represent the 90% positive (negative) upper
limits on the amplitude. The ±1� and ±2� bands represent
the expected amplitude fluctuation ranges for a null result (for
details, see text). The small figure at bottom right shows the
signal e�ciency used in the model-independent analysis, the
overall e�ciency for a uniformly distributed electron signal af-
ter applying all selection criteria. The latest DAMA/LIBRA
result (square) is shown for reference [56].

tive or negative amplitudes by integrating Gaussian dis-
tributions based on the mean and sigma of the data
(=G(a)) from zero. The positive or negative upper lim-
its were derived with 0.9 for

R aup

0 G(a)da/
R1
0 G(a)da orR 0

aup
G(a)da/

R 0
�1 G(a)da, where a and aup are the am-

plitude and its 90% CL upper limit, respectively. This
method obtained a positive (negative) upper limit of
0.62 (�2.1)⇥10�2 events/day/kg/keVee between 1.0 and
1.5 keVee with the limits becoming stricter at higher
energy. The energy resolution (�/E) at 1.0(5.0) keVee

was estimated to be 36% (19%), comparing our gamma
ray calibration data to our MC simulation. A mod-
ulation amplitude of ⇠ 2 ⇥ 10�2 events/day/kg/keVee

was obtained by DAMA/LIBRA between 1.0 and 3.5
keVee [56].

VII. CONCLUSIONS

XMASS-I was a unique single-phase LXe detector,
which took data almost continuously over 5 full years.
Over this long period of stable observation it accumu-
lated 1590.9 live days of data with an analysis threshold
of 1 keVee. A subset of 768.8 days therein allows for an
even lower analysis threshold of 0.5 keVee.

Extending the FV search with a target mass of 97 kg
to the full 1590.9 days allowed us to improve our earlier
world-best single phase LXe limit on spin-independent
high mass WIMP interactions by a factor of 1.6 down to
1.4⇥ 10�44 cm2 for a 60GeV/c2 WIMP at the 90% CL.
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FIG. 24. Limits obtained from the various analyses presented
in this paper. Solid lines are the new results, using the full
XMASS-I data sets, presented in this paper, in particular the
fiducial volume analysis, the muliti-GeV modulation analysis
via NR and the sub-GeV modulation analysis via Migdal ef-
fect and bremsstrahlung. Dotted lines show our earlier results
published in [16–18]

.

Updated searches for an annual modulation signature
expected for true galactic DM halo particle interactions
in terrestrial detectors, now also extended to the full
XMASS-I data set and using XMASS-I’s full active tar-
get mass of 832 kg, improved on our own old limits for
NR by a factor of 1.3 to reach 2.3⇥ 10�42 cm2 for a
8GeV/c2 WIMP. Also updated was our bremsstrahlung
result, which for a 0.5GeV/c2 WIMP now reached a
cross section limit of 1.1⇥ 10�33 cm2, an improvement
of a factor 1.5. The newly added analysis exploiting the
Migdal e↵ect for low mass WIMP searches closed the
WIMP mass gap that previously existed in our anal-
yses between the lower WIMP mass end of the NR
modulation analysis and the upper WIMP mass end of
our bremsstrahlung based modulation analysis, reaching
down to 1.4⇥ 10�35 cm2 for 0.5GeV/c2 WIMPs.

Altogether, as summarized in Fig. 24, XMASS-I
WIMP searches cover the whole mass range from 0.32
to 104 GeV/c2 with our cross section limits in a single

Large mass range 
(0.4 GeV-10 TeV) 

is covered by
a single 

Experiment!

Summary of constraints from XMASS-I
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FIG. 23. Modulation amplitude as a function of energy for
the model-independent analysis using the pull method (black
cross). Solid lines represent the 90% positive (negative) upper
limits on the amplitude. The ±1� and ±2� bands represent
the expected amplitude fluctuation ranges for a null result (for
details, see text). The small figure at bottom right shows the
signal e�ciency used in the model-independent analysis, the
overall e�ciency for a uniformly distributed electron signal af-
ter applying all selection criteria. The latest DAMA/LIBRA
result (square) is shown for reference [56].

tive or negative amplitudes by integrating Gaussian dis-
tributions based on the mean and sigma of the data
(=G(a)) from zero. The positive or negative upper lim-
its were derived with 0.9 for

R aup

0 G(a)da/
R1
0 G(a)da orR 0

aup
G(a)da/

R 0
�1 G(a)da, where a and aup are the am-

plitude and its 90% CL upper limit, respectively. This
method obtained a positive (negative) upper limit of
0.62 (�2.1)⇥10�2 events/day/kg/keVee between 1.0 and
1.5 keVee with the limits becoming stricter at higher
energy. The energy resolution (�/E) at 1.0(5.0) keVee

was estimated to be 36% (19%), comparing our gamma
ray calibration data to our MC simulation. A mod-
ulation amplitude of ⇠ 2 ⇥ 10�2 events/day/kg/keVee

was obtained by DAMA/LIBRA between 1.0 and 3.5
keVee [56].

VII. CONCLUSIONS

XMASS-I was a unique single-phase LXe detector,
which took data almost continuously over 5 full years.
Over this long period of stable observation it accumu-
lated 1590.9 live days of data with an analysis threshold
of 1 keVee. A subset of 768.8 days therein allows for an
even lower analysis threshold of 0.5 keVee.
Extending the FV search with a target mass of 97 kg

to the full 1590.9 days allowed us to improve our earlier
world-best single phase LXe limit on spin-independent
high mass WIMP interactions by a factor of 1.6 down to
1.4⇥ 10�44 cm2 for a 60GeV/c2 WIMP at the 90% CL.
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FIG. 24. Limits obtained from the various analyses presented
in this paper. Solid lines are the new results, using the full
XMASS-I data sets, presented in this paper, in particular the
fiducial volume analysis, the muliti-GeV modulation analysis
via NR and the sub-GeV modulation analysis via Migdal ef-
fect and bremsstrahlung. Dotted lines show our earlier results
published in [16–18]

.

Updated searches for an annual modulation signature
expected for true galactic DM halo particle interactions
in terrestrial detectors, now also extended to the full
XMASS-I data set and using XMASS-I’s full active tar-
get mass of 832 kg, improved on our own old limits for
NR by a factor of 1.3 to reach 2.3⇥ 10�42 cm2 for a
8GeV/c2 WIMP. Also updated was our bremsstrahlung
result, which for a 0.5GeV/c2 WIMP now reached a
cross section limit of 1.1⇥ 10�33 cm2, an improvement
of a factor 1.5. The newly added analysis exploiting the
Migdal e↵ect for low mass WIMP searches closed the
WIMP mass gap that previously existed in our anal-
yses between the lower WIMP mass end of the NR
modulation analysis and the upper WIMP mass end of
our bremsstrahlung based modulation analysis, reaching
down to 1.4⇥ 10�35 cm2 for 0.5GeV/c2 WIMPs.

Altogether, as summarized in Fig. 24, XMASS-I
WIMP searches cover the whole mass range from 0.32
to 104 GeV/c2 with our cross section limits in a single

Model independent

Search for WIMPs in 97 kg FV: <1.4x10-44cm2
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the total at the limiting cross-section. The red dotted
line in this figure corresponds to the signal contribution
at that 90% CL upper limit for 60GeV/c2 WIMPs.
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FIG. 13. Data spectra with the statistical error shown in
filled dots, and the BG estimate shown in a thick line with
the 1� error from the best fit shown as a shaded band with
an energy region between 2 keVee and 30 keVee (top). The
WIMP MC expectation for 60GeV/c2 is also shown in a dot-
ted line with energy region between 2 keVee and 15 keVee. The
bottom shows the signal e�ciency after applying same event
selections.

Such fits of the respective simulated detector response
to a WIMP interaction plus the dead PMT corrected
BG-MC were done for all simulated WIMP masses, and
the resulting 90% CL upper limits for di↵erent WIMP
masses are plotted in Fig. 14. Our lowest limit is
1.4⇥ 10�44 cm2, attained at a WIMP mass of 60GeV/c2

from the fit shown in Fig. 13. This is the most stringent
limit among results from single-phase LXe detectors.

VI. ANNUAL MODULATION WIMP SEARCH

The velocity of the earth relative to the galactic DM
halo changes as the Earth moves around the sun. This is
because the Earth’s velocity in its orbit around the Sun
e↵ectively adds to or subtracts from the Sun’s velocity
through a stationary halo. This causes a corresponding
change in the expected DM signal rate of terrestrial de-
tectors, with this relative velocity modulation a↵ecting
signal rates at a few percent levels [46]. Searches using
this tell-tale signal rate modulation were already con-
ducted with parts of the XMASS-I data for NRs from
multi-GeV WIMPs [14, 17], as well as for the sub-GeV
mass region where bremsstrahlung is expected to boost
the signal [18]. Here we updated these results using our
final five-year data set and full three years of low thresh-
old data, as shown in Table II. A new search exploiting
the Migdal e↵ect [47] in the sub-GeV WIMP mass region
was added to this paper.
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FIG. 14. The spin-independent WIMP-nucleon cross section
limit as a function of the WIMP mass at the 90% CL for
this work is shown as a solid thick line. Limits [5, 7–10, 12,
16, 17, 41, 42] as well as allowed regions [43–45] from other
experimental results are also shown.

TABLE II. Annual modulation data sets and their thresholds

threshold date PE keVee keVnr

low Dec.8.2015 - Feb.1.2019 2.3 0.5 2.3

normal Nov.20.2013 - Feb.1.2019 6.0 1.0 4.8

For these analyses, data were binned in live time inter-
vals of roughly 15 live days per bin, resulting in 125 bins
for the normal and 67 bins for the low threshold data.
Both normal and low-threshold triggered events ranging
in energy from 0.5 to 20 keVee (2.3 to 99.6 keVnr) were
used for the NR analysis. The energy range for both the
bremsstrahlung and Migdal analyses was 1 to 20 keVee,
using only normal threshold data. The 1 keVee energy
threshold was set as the uncertainty in the scintillation
e�ciency for electrons and gamma rays increases consid-
erably below that energy. Though the response below 1
keVee was implemented in the XMASS MC, the signal
below 1 keVee was not considered.
All modulation analyses including NR analysis were

done with keVee unit.

A. Analysis and results of multi-GeV WIMPs

The spin-independent NR signal in the energy range
from 0.5 to 20 keVee (2.3 to 99.6 keVnr) was used to study
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the total at the limiting cross-section. The red dotted
line in this figure corresponds to the signal contribution
at that 90% CL upper limit for 60GeV/c2 WIMPs.
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FIG. 13. Data spectra with the statistical error shown in
filled dots, and the BG estimate shown in a thick line with
the 1� error from the best fit shown as a shaded band with
an energy region between 2 keVee and 30 keVee (top). The
WIMP MC expectation for 60GeV/c2 is also shown in a dot-
ted line with energy region between 2 keVee and 15 keVee. The
bottom shows the signal e�ciency after applying same event
selections.

Such fits of the respective simulated detector response
to a WIMP interaction plus the dead PMT corrected
BG-MC were done for all simulated WIMP masses, and
the resulting 90% CL upper limits for di↵erent WIMP
masses are plotted in Fig. 14. Our lowest limit is
1.4⇥ 10�44 cm2, attained at a WIMP mass of 60GeV/c2

from the fit shown in Fig. 13. This is the most stringent
limit among results from single-phase LXe detectors.

VI. ANNUAL MODULATION WIMP SEARCH

The velocity of the earth relative to the galactic DM
halo changes as the Earth moves around the sun. This is
because the Earth’s velocity in its orbit around the Sun
e↵ectively adds to or subtracts from the Sun’s velocity
through a stationary halo. This causes a corresponding
change in the expected DM signal rate of terrestrial de-
tectors, with this relative velocity modulation a↵ecting
signal rates at a few percent levels [46]. Searches using
this tell-tale signal rate modulation were already con-
ducted with parts of the XMASS-I data for NRs from
multi-GeV WIMPs [14, 17], as well as for the sub-GeV
mass region where bremsstrahlung is expected to boost
the signal [18]. Here we updated these results using our
final five-year data set and full three years of low thresh-
old data, as shown in Table II. A new search exploiting
the Migdal e↵ect [47] in the sub-GeV WIMP mass region
was added to this paper.
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FIG. 14. The spin-independent WIMP-nucleon cross section
limit as a function of the WIMP mass at the 90% CL for
this work is shown as a solid thick line. Limits [5, 7–10, 12,
16, 17, 41, 42] as well as allowed regions [43–45] from other
experimental results are also shown.

TABLE II. Annual modulation data sets and their thresholds

threshold date PE keVee keVnr

low Dec.8.2015 - Feb.1.2019 2.3 0.5 2.3

normal Nov.20.2013 - Feb.1.2019 6.0 1.0 4.8

For these analyses, data were binned in live time inter-
vals of roughly 15 live days per bin, resulting in 125 bins
for the normal and 67 bins for the low threshold data.
Both normal and low-threshold triggered events ranging
in energy from 0.5 to 20 keVee (2.3 to 99.6 keVnr) were
used for the NR analysis. The energy range for both the
bremsstrahlung and Migdal analyses was 1 to 20 keVee,
using only normal threshold data. The 1 keVee energy
threshold was set as the uncertainty in the scintillation
e�ciency for electrons and gamma rays increases consid-
erably below that energy. Though the response below 1
keVee was implemented in the XMASS MC, the signal
below 1 keVee was not considered.
All modulation analyses including NR analysis were

done with keVee unit.

A. Analysis and results of multi-GeV WIMPs

The spin-independent NR signal in the energy range
from 0.5 to 20 keVee (2.3 to 99.6 keVnr) was used to study

x10 BG than expected



Discussion in 2017
Activity towards a future direct DM search
• We planned to construct a larger detector, XMASS-1.5. However, we concluded 

that it was not competitive anymore.
– The primary reason was that the background due to e scattering by low E solar n is difficult 

to distinguish from a WIMP signal.
– Large dual phase detectors were already approved for construction.

• We aim for a future, more sensitive, third-generation detector (G3) and, in the 
meantime, to collaborate with a competitor building a multi-ton G2 detector.

• This plan was submitted to the future project committee in ICRR.
• The committee agreed that XMASS-1.5 was not competitive with other 

contemporary projects and accepted this change of our plan for the future. It 
also recognized participation in one of the G2 experiments, in particular the 
XENONnT experiment, as appropriate.

• Recommended to continue our efforts and realize a G3 experiment. 10



History of XENON detectors

11

5Outline: the XENON project @LNGS 5Outline: the XENON project @LNGS 5Outline: the XENON project @LNGS 5Outline: the XENON project @LNGS

XENON10           XENON100             XENON1T              XENONnT

15 kg                    161 kg                  3200 kg                   8400 kg
2005-2007           2008-2016             2012-2018                 2020-
<4.5x10-44cm2 <1.1x10-45cm2 <4.1x10-47cm2 ~1.4x10-48cm2

PRL 100, 021303 (2008) PRD 94, 122001 (2016) PRL 121, 111302 (2018)            JCAP11(2020)031

Factor ~30 improvements for every step!



XENONnT, toward discovery of WIMPs

12

One order of magnitude higher 
sensitivity by reducing BG with 
a large exposure:
20 t year (~ 4 ton x 5 yrs) (x 20) 
BG in unit exposure (~1/20) 
~1.4x10-48cm2 (~1/20) 

@ 50 GeV, 90% C.L.

Larger Exposure, lower BG, 
higher discovery potential!

~O(10) t of LXe target: 2nd generation of direct DM detection exp.

JCAP11(2020)031

https://doi.org/10.1103/PhysRevLett.129.161805


Upgrade from XENON1T to XENONnT

• LXe time projection chamber (enlarged)
– 5.9 t LXe active (3 x XENON1T)

• Liquid xenon purification (new)
– Faster purification (>> XENON1T)

• Neutron veto (new)
– Cherenkov neutron veto (68% eff. with pure 

water, 87% with planned Gd-loaded water)

• Radon distillation column (new)
– Reducing Rn-originated BG (<1/10 x XENON1T)
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First science run, SR0
• July 6 – Nov 10, 2021

• 97.1 days livetime

• ER and NR search

• blind analyses

• Fiducial volume

• (4.37 ± 0.14) ton for ER

• (4.18 ± 0.13) ton for NR

• Exposure after deadtime correction

• 1.16 ton-years for ER

• 1.1 ton-years for NR
14



ER and NR
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• Electronic recoil (ER)
– larger S2/S1
– Electrons, gammas, axions, neutrinos
– Calibration source

• 212Pb (220Rn) 
– flat beta spectrum

• 37Ar 
– 2.82 keV peak
– for the region close to the 

threshold energy
• Nuclear recoil (NR)

– smaller S2/S1
– neutrons, neutrinos, WIMPs
– calibration source  

• 241Am/Be
– 4.4 MeV gamma and neutron

ER
β, γ, axions, neutrinos

e–

Xe

NR
neutrons, WIMPs, CEvNS

212Pb
37Ar

Am/Be



SR0 Low ER results
• Data agree with the BG-only model
• Dominated by beta decays from 214Pb,  

a daughter of 222Rn
• No excess was found
–Most likely, the explanation of XENON1T 

excess is a small tritium contamination.

• Factor x5 improved background 
compared to XENON1T
– Unprecedented low ER BG rate
(15.8+/-1.3) events/(t·yr·keV)

16



• Stringent new limits 
– Solar axions
– Neutrino magnetic moment
– Axion-like particles
– Dark photons

17

SR0 Low ER results
https://doi.org/10.1103/PhysRevLett.129.161805



SR0 WIMP results
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Nominal Best Fit

ROI Signal-like

ER 134 135!""#"$ 0.92 ± 0.08
Neutrons 1.1!%.'#%.( 1.1 ± 0.4 0.42 ± 0.16
CEvNS 0.23 ± 0.06 0.23 ± 0.06 0.022 ± 0.006

AC 4.3 ± 0.9 4.4!%.)#%.* 0.32 ± 0.06
Surface 14 ± 3 12 ± 2 0.35 ± 0.07
Total 154 152 ± 12 2.03!%."+#%.",

WIMP - 2.6 1.3
Observed: - 152 3

• 152 events in ROI, 16 in blinded region

• Best fit indicates no significant excess

• n expectation is a factor 6 higher than prediction.

Signal-like region, containing 50% 
of a 200 GeV/c2 WIMP signal with 
highest signal-to-noise ratio

Component fraction of the best fit 
model including a 200 GeV/c2
WIMP evaluated at event position
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Comparison of upper limits

Figure A.4 compares this work to other recent results,
both with and without a power-constraint applied consis-
tent with the original PCL recommendation. In order to
not place limits on models for which an experiment has
low sensitivity, a set of recommendations adopted by LXe
dark matter experiments [36] recommends using a power-
constraint [40]. The set of recommendations erroneously
defines sensitivity in terms of discovery power, while it
should be in terms of “rejection power”; the probability
for a certain signal to be excluded given the no-signal hy-
pothesis. This rejection power corresponds to the quan-
tile of upper limits for that signal, as used to produce the
conventional sensitivity bands. The power-constrained
limit is defined by setting a signal size threshold corre-
sponding to a certain rejection power, and only placing
upper limits at or above this threshold. This aims both to
limit arbitrarily low limits being set by a systematic fluc-
tuations, and moderates the e↵ect on the upper limit of
mis-modelling, in particular overestimated backgrounds.
The choice of threshold rejection power is a fiducial one,
and previous publications and the community recommen-
dations (using discovery rather than rejection power) set
it to correspond to the �1� quantile of the limit distri-
bution. Given the need to amend the recommendations,
we choose a very conservative rejection power threshold
of 0.5 for this work, corresponding to the median uncon-

strained limit.

FIG. A.4. Upper limits on spin-independent WIMP-nucleon
cross section at 90% confidence level for this work (black
lines), LZ [5] (purple lines, preprint), PandaX-4T [4] (red
lines) and XENON1T [3] (blue lines). For PandaX and LZ,
dashed lines represent their published result, for XENON
results the dashed lines represent limits without a power-
constraint applied. Full lines for each experiment represent a
limit that is power-constrained to always lie at or above the
median un-constrained limit.

calibration data is used to construct a model for the signal in
cS1 and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data
are shown in Fig. 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodeling (p ¼ 0.63). At high cS1, ⪆50 PE, we
observe more events which are consistent with ER events
than our model or calibration data predict, in particular
between cS1s of 50 and 75 PE. Of the 16 former blinded
events, 13 are found in the upper right half of the horizontal
event distribution, with no correlation with the transverse
wires observed (see Fig. S3 in Supplemental Material [34]).
The 220Rn, 83mKr, and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X, Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no significant

excess (p ≥ 0.20, with the minimum for masses above
100 GeV=c2), and the resulting limits on spin-independent
interactions are shown in Fig. 4, with spin-dependent limits
included in Figs. S1(a) and S1(b) in Supplemental Material
[34]. To constrain large downward fluctuations, the limit is
subjected to a power constraint following Ref. [44]. We
choose a very conservative power threshold of 50%, higher
than that advocated in Ref. [40], as that paper mistakenly
defined the power constraint in terms of discovery power
when settling on a threshold of 15%. See the Supplemental

Material [34] for further discussion. For spin-independent
interactions, the lowest upper limit is 2.58 × 1047 cm2 at
28 GeV=c2 and 90% confidence level (CL). At masses
above 100 GeV=c2, the limit is 6.08 × 10−47 cm2×
ðMDM=ð100 GeV=c2ÞÞ. For spin-independent interactions,
the lowest upper limit is 2.58 × 1047 cm2 at 28 GeV=c2

and 90% CL. At masses above 100 GeV=c2, the limit
is 6.08 × 10−47 cm2 × ðMDM=ð100 GeV=c2ÞÞ.
In conclusion, a blind analysis of 95.1 d of science data

with a total exposure of ð1.09$ 0.03Þ ton yr has been
performed. The best fit to the data is compatible with the
background-only hypothesis. The experiment has achieved
an ER background level of ð15.8$ 1.3Þ events=ton yr keV,
5 times lower than XENON1T, with comparable detector
resolutions, and energy threshold. This results in a sensi-
tivity improvement with respect to XENON1T by a factor
of 1.7 at a WIMP mass of 100 GeV=c2.
Currently, XENONnT continues to take data, with a

further reduced 222Rn ER background, using the radon
distillation system with combined gaseous and liquid xenon
flow. Subsequent data taking is planned with the NV
operating as designed, withGd-sulphate-octahydrate loaded
into the water [45,46] to increase the neutron tagging
efficiency to 87%with a lower overall lifetime reduction [8].
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FIG. 4. Upper limit on spin-independent WIMP-nucleon cross
section at 90% confidence level (full black line) as a function of
the WIMP mass. A power constraint is applied to the limit to
restrict it at or above the median unconstrained upper limit. The
dashed lines show the upper limit without a power constraint
applied. The 1σ (green) and 2σ (yellow) sensitivity bands are
shown as shaded regions, with lighter colors indicating the range
of possible downward fluctuations. The result from XENON1T
[3] is shown in blue with the same power constraint applied. At
masses above 100 GeV=c2, the limit scales with mass as
indicated with the extrapolation formula.
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SR0 WIMP results
• Spin independent,  2.37x10-47cm2 @28GeV/c2

• Power constraint limit based on “rejection power”.
–median of sensitivity
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2.37 ⋅ 10!"# cm2

at 28 GeV/c2, 90% CL

no power 
constraint

no power constraint

https://doi.org/10.1103/PhysRevLett.131.041003



Neutron veto
• Contributes to maximize the discovery sensitivity
– Reduce neutron (n) background by Super-K Gd tech.

• Dangerous since it mimics the WIMP signal.
• SR0: pure water 2.2 MeV è Gd-loaded water total ~8 MeV
• Low radioactive Gd salt, purification of Gd-loaded water.

20Reflector sheets will contain the Cherenkov emission from the g conversions.  
120 PMTs will collect the light inside the reflector volume. 

LXe detector

Covered by 
reflector sheets

PMTs for n veto
PMTs for µ veto

Gd
loaded

cv

cv

cv

2.2 MeV

Pure
water

c
v



Neutron tagging efficiency
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• Am/Be source: 4.4 MeV g in ~50% of all emitted 
neutrons.

• 400 ns coincidence btw TPC and nveto.
• NR (single) scatter data is used.
• Neutron capture events in nveto
• Quality cuts remove wrongly reconstructed events.
• Time delay between p/Gd capture g and S1:

• (53+/-3)% tagging efficiency @250µsec window and 
5-fold PMT coincidence, and 5 pe threshold.

Calibration of NV tagging
• Use NR single-scatter data and search for neutron-

capture signals in NV

• Time delay between γ-ray/S1 determined by 
neutron-capture time

• Lifetime loss due to the veto of 1.6 % 

(53 ± 3) % tagging efficiency
@ 250 µs window and a 5-fold PMT 
coincidence, and 5 pe threshold

Daniel Wenz, L’ Aquila Joint Astroparticle Colloquia 2023 46

Side mark neutron detection efficiency:
Detected neutrons over emitted neutrons
(81 ± 1) % @ 600 µs Highest neutron-
detection efficiency ever measured in 
water Cherenkov detector!

Pure
water
SR0

Daniel Wenz, L’ Aquila Joint Astroparticle Colloquia 2023

Calibration of NR response
• 241Am(α, n)9Be emits coincident 4.4 MeV gamma in 

~60 % of all emitted neutrons

4.44 MeV 
gamma-ray

2.22 MeV 
n-capture

neutron veto AmBe
spectrum

Calibrate TPC and NV 
using tagged neutrons

40

Am/Be

4.4 MeV g

S1

S2
p/Gd

capture g



Gd loading to the 
XENONnT water tank
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2023.03.07 Kai @ nT-JP 5

Gd Loading RigGd Loading Rig

left: Marco Balata

right: Marco Selvi

2023.03.07 Kai @ nT-JP 6

Loading Gd-sulfateLoading Gd-sulfate
into Mixing Tankinto Mixing Tank

• Loading 0.05% weight of Gd sulfate octahydrate to the 700 t water tank. 
(~0.02% Gd in the Super-K convention)

• Concentration increased as expected.

1.5kg
2.5kg

12.5kg
32.5kg

152.5kg

352.5kg=0.05%
expectation

conductivity@
water system

ICPMS



n tag. eff. @0.005% & 0.05% GdSO concentration
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• Timing distributions, area distributions, and neutron 
tagging efficiencies for the data are under investigation.

• n tag. eff. @0.5% is expected to be achieved with full 
loading.

Current state



Summary

• XMASS established some technical bases of liquid xenon detectors 
for rare event searches and physics targets. The final WIMP results 
came with its full data set. < 1.4x10-44cm2@60GeV/c2

• XENON is one of the forefront experiments exploring new physics 
for dark matter detection and other exotics.
– The first result on the WIMP search: < 2.37x10-47cm2 @28GeV/c2

–More sensitive results will come from XENONnT with the technology 
developed for the neutrino physics experiment,  SK-Gd.
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XENON experiment

• s

25

XENON01 workshop
in 2001 @ Kashiwa ICRR

100 kg detector

XENON projected
in 2001 (23 yrs ago!)

LUX (2017)
XENON1T (2018)
PANDAX-4T (2021)

XENON achieved its goal in 20 yrs
Sensitivity at low mass regions significantly
improved thanks to photosensors. 

LZ

LZ

PandaX

XENON XENON

XENON

mSUGRA (M3<1 TeV) was
the target of the search.


