Letters in High Energy Physics

LHEP-355, 2023

Direct Dark Matter Search with the Full Data Set of XMASS-I

K. Abe'-2 for the XMASS Collaboration
1Kamioka Observatory, Institute for Cosmic Ray Research, the University of Tokyo, Higashi-Mozumi, Kamioka, Hida, Gifu 506-1205, Japan
2Kavli Institute for the Physics and Mathematics of the Universe (WPI), the University of Tokyo, Kashiwa, Chiba 277-8582, Japan

Abstract

XMASS-], a unique experiment, carried out the long stable observation using a single-phase, large-volume
liquid xenon (LXe) detector between November 20, 2013, and February 1, 2019. The results of many rare-
event searches using parts of this XMASS-I data set had been reported, including WIMP dark matter (DM)
searches, dark photon, axion, axion-like particle, and double electron capture. With the 5-year-long full
data set of XMASS-I, we searched WIMP DM. The total livetime of the full data set is 1590.9 days for the
normal-threshold trigger (>1keVee) and 768.8 days for the low-threshold trigger (>0.5keV¢e) in the 832 kg
of LXe target volume. We carried out two search analyses: a fiducial volume analysis, in which we searched
for nuclear recoil in the detector’s fiducial volume (97 kg of LXe), and an annual modulation analysis,
in which searched signals in the total volumes (832kg of LXe). In addition to nuclear-recoil signals, we
searched for signals from the bremsstrahlung and the Migdal effect in the modulation analysis. Currently,
DM searches using various methods are more important than ever; therefore, search results from the full

XMASS-I data set are unique and very valuable.
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1. INTRODUCTION

Many cosmological and astrophysical observations can be ex-
plained by the existence of dark matter (DM), a hypothetical
particle [1, 2]. However, the particle properties of DM are un-
known. Weakly interacting massive particles (WIMPs) are ac-
cepted DM candidates [3]. A number of WIMP DM search ex-
periments have been carried out to observe the interaction of
DM with known particles, for example, the nuclei in target ma-
terials as nuclear-recoil signals [4, 5, 6,7, 8, 9, 10].

One of these experiments, XMASS-I [11], using a simple
geometry single-phase liquid xenon (LXe) detector, lasted for
more than 5 years. The minimum requirements for this type of
detector are the target and surrounding photo sensors. The sim-
plicity of this design has a large potential for upscaling low BG
with a minimum detector component and a low-energy thresh-
old with a large photo coverage.

XMASS covered a wide variety of physics targets including
WIMPs [12, 13, 14, 15, 16, 17, 18, 19], dark photons, axions and
axion-like-particles [20, 21, 22], double electron capture [23, 24],
neutrinos [25, 26], and gravitational waves [27].

By using the nuclear-recoil and electron-recoil channels, we
searched WIMP DM.

2. XMASS-I EXPERIMENT

The XMASS-I detector [11] was located underground at a depth
of 2,700 m water equivalent at the Kamioka Observatory. It con-
sisted of a water-Cherenkov outer detector (OD) and a single-
phase LXe inner detector (ID). The OD was a cylindrical 10m
diameter 11 m high water tank containing ultrapure water read
by 72 20-inch photomultiplier tubes (PMTs). It served as a
shield against fast neutrons and external -rays and as an ac-
tive muon veto.

The structural elements of the ID included a vacuum vessel,
an LXe containment vessel, and a PMT holder made of oxygen-
free high-conductivity copper. The photocathodes of the 642
low radioactivity Hamamatsu R10789 PMTs [28] covered 62.4%
of the ID’s inner pentakis-dodecahedral surface, which was lo-
cated ~40cm from its center. The average quantum efficiency
of the PMTs at the LXe scintillation wavelength (~175nm [17])
was 30%. The LXe, contained in the active volume bounded by
the copper and the photocathodes had a total mass of 832 kg.

The ID triggers had two thresholds. Throughout the entire
data collection period, the normal-threshold trigger required
four or more PMT hits in the ID. In addition, a low-threshold
trigger requiring three PMT hits in the ID was introduced on
December 8, 2015. The condition of the normal-threshold trig-
ger was unchanged.

3. FULL XMASS-1 DATA SET

The data used in this analysis were collected between Novem-
ber 20, 2013, and February 1, 2019. The accumulated livetimes
for the normal- and low-threshold trigger data are shown in
Figure 1. The data collection was interrupted on two occasions
for a few weeks due to the temporary extraction of the LXe to
remove any dissolved nonvolatile impurities. The first purifi-
cation took place from March to April 2016 by vaporizing the
LXe. The second purification took place from January to Febru-
ary 2017 by distillation. Otherwise, the data were collected con-
tinuously under stable detector conditions, including various
calibrations. The total live time was 1590.9 days for the normal-
threshold trigger data and 768.8 days for the low-threshold
trigger data.

The time evolution of the event rate after each reduction
step, referred to as the standard cut, before proceeding with
the physics analysis is shown in Figure 2. The standard cut re-
quired that no OD trigger was associated with an event, the
time elapsed since the previous ID event (dTpre) was at least
10ms, and the standard deviation of the distribution of the ID
hit timing for the event was less than 100ns. The last two re-
quirements removed events caused by after-pulses in the PMTs
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FIGURE 1: Accumulated data livetimes for the normal- (blue)
and low-threshold trigger data (red). The dashed black vertical
line indicates the start of the low-threshold data collection. The
cyan bands indicate periods of xenon purification work. The
magenta bands represent 10-day periods after detector calibra-
tion with a 22Cf source.

following bright events. To remove events due to Cherenkov
light emission by B-rays mainly from *°K in the PMT photo-
cathode, events in which more than 60% of the PMT hits ar-
rived in the first 20 ns were discarded.
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FIGURE 2: Time evolution of the event rate after each reduction
step of the standard cut. From top to bottom, the event rate
history after applying the requirement of having no OD trigger
associated with an event (black), the time from the previous ID
event (d Tpre) (red), the standard deviation of the ID hit timing
distribution (blue), and the Cherenkov event rejection (green).

4. DETECTOR STABILITY

4.1. Pressure and Temperature

The stability of the detector temperature, measured in the
LXe, and the pressure above the liquid are shown in Fig-
ure 3. The nominal temperature and pressure of the detector
were —100.1°C and 0.1624 MPa, respectively. Several drops and

peaks in the measurement occurred due to power outages, in-
ner source calibrations, etc. However, even for the largest tem-
perature drop (about 0.2K in June 2014) due to a change of the
reference temperature sensor for the feedback loop controlling
the detector temperature, no impact on the PE yield was ob-
served, as shown in the top panel of Figure 4.
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FIGURE 3: Time evolution of the detector temperature mea-
sured in the LXe and the pressure above the liquid. The tem-
perature drop in June 2014 was due to a change of the reference
temperature sensor for the refrigerator.

4.2. Light Yield and Xe Parameter

The LXe parameters, shown in Figure 4, were evaluated us-
ing calibration data taken periodically by > Co inside the de-
tector and ®°Co outside. Events that led to abrupt changes
were caused by a power failure in August 2014, switching to
the other cold finger, and subsequent impurity removal work
from December 2014 to March 2015. The absorption length for
the scintillation light and the relative scintillation light yield
(Ryield) were evaluated with the help of the detector MC simu-
lation from the %”Co calibration data.

The Ry;e1q was close to constant, only varying by 1-2%. The
scattering length also remained stable at around 52 cm. Varia-
tions in PE yield were explained by changes in the LXe absorp-
tion length.

4.3. PMT Status

The gain of each PMT was monitored by measuring a single
PE with a blue LED embedded in the inner surface of the de-
tector. The LED was flashed once per second, and the gain of
each PMT was calculated based on the weekly averaged LED
data. Figure 5 shows the time evolution of the single PE gain
relative to that in the first week for each PMT. A gradual de-
crease in the PMT gains over the entire data-taking period was
observed, and this gain evolution for each PMT was corrected
when converting from the detected charge to the number of
PEs.

The single rate of each PMT was also monitored by count-
ing the number of hits in the 1 us window before the LED flash.
Figure 6 shows the time evolution of the single rate averaged
over all the PMTs, the 98% coverage, and the maximum rate.
The initial average single rate for each PMT was approximately



Letters in High Energy Physics

LHEP-355, 2023

N HA
N 3
o 16/~ f%ﬂfm,ﬂ‘“ﬁ"""“"“"
TR T T & :
o [ :
[« " H
8 15l
8 5l
o L - H
l_ C %‘\’ H L L L I
2014-01 2015-01 2016-01 2017-01 2018-01 2019-01
—~ 30r N
~ C O.E' o .« o ®
2 20 P o -t
< r Sl .
E - : .
10 f/"“.‘a ? :
[y o H
2014-01 2015-01 2016-01 2017-01 2018-01 2019-01
E l.lj
> |
o s
1M’-.M'\-“~.:a-dm."'..- oo .
09k, ‘ L ‘ ‘ ,
2014-01 2015-01 2016-01 2017-01 2018-01 2019-01

FIGURE 4: The PE yield (top panel) was monitored by 122 keV
gamma rays from a 57Co source (black marks), and 1177 keV
and 1333keV gamma rays from ®°Co were used for redun-
dant monitoring (red marks). The middle panel shows the ab-
sorption length for the scintillation light, and the bottom panel
shows the relative scintillation light yield.
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FIGURE 5: Time evolution of the single PE gain relative to that
in the first week for each PMT. The black points represent the
relative gain averaged over all the PMTs. This observed gain
evolution for each PMT was corrected when converting from
the detected charge to the number of PEs.

15 Hz, but this decreased to approximately 5 Hz during the op-
eration. The single rate for about 10 PMTs was between several
tens and several hundred Hz, and the rate for some PMTs” was
unstable and occasionally increased up to a few kHz.

During the data-taking period, the number of nonopera-
tional PMTs, referred to as dead PMTs, in the ID rose from 7 to
18, as shown in Figure 7. They were turned off mostly because
the DAQ could not withstand their increased hit rate.
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FIGURE 6: Time evolution of the single rate averaged over all
the PMTs (points), the 98% coverage (dashed), and the maxi-
mum rate (dotted).
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FIGURE 7: Time evolution of the number of dead PMTs in the
ID.

5. ANALYSIS AND PRELIMINARY
RESULTS

5.1. Modulation Analysis

The Earth’s velocity relative to the distribution of DM in the
galaxy changes as the Earth moves around the sun. This ve-
locity change causes changes in the DM signal rate observed
by terrestrial detectors. The size of this annual signal rate
modulation, with a maximum in June, is a few percent [29].
We reported results of this modulation signal search with the
XMASS-I detector, the searches for DM mass in 4-20 GeV us-
ing the nuclear recoil signal [14, 17] as well as with mass in
the sub-GeV region, 0.32-1 GeV by using the bremsstrahlung
effect [18].

We used all the XMASS-I observed data to search for
the WIMP DM using the annual modulation, including the
searches for nuclear-recoil signals, Migdal and bremsstrahlung
effect signals, and Model-independent modulation.
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5.2. Nuclear-Recoil Signal Search

The dataset for the normal-threshold trigger was divided into
125 time bins (fpins), with about 15 live days in each bin.
The data in each time bin were further divided into energy
bins (Epins), with a bin width of 0.5 keVee. The data were fitted
within an energy range from 0.5 to 20 keVe.

Data for energy less than 1.0 keV¢e were analyzed using nu-
clear recoils as low as 2.3 PE (~2.3keVyy and ~0.5keVee) with
the low-threshold trigger data. This selection of energy data im-
proved the signal efficiency for 4 GeV and 8 GeV DM from 5%
and 10% to 10% and 15%, respectively, at the lowest energy bin
(2.34.8 kevyy).

For the modulation analysis, the WIMP signal was searched
using previously written X2 minimization [14, 17, 18]. The ob-
served event rate at each energy bin and time bin was com-
pared with the expected signal using statistical and systematic
errors.
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FIGURE 8: Preliminary limits on the spin-independent elastic
WIMP-nucleon cross section as a function of the WIMP mass.
The solid red line shows the XMASS 90% confidence-level ex-
clusion from the annual modulation analysis. The solid black
line shows the 2018 XMASS result [17]. The 10 and +2¢
bands represent the expected exclusion regions. Limits, as well
as allowed regions from other searches based on event count-
ing, are also shown [7, 5, 32, 33, 34, 35].

We found no significant signal; therefore, a 90% confidence
level (CL) upper limit for the WIMP-nucleon cross section was
set for each WIMP mass. The preliminary results are shown
in Figure 8. To evaluate the sensitivity of the WIMP-nucleon
cross section, we carried out a statistical test by applying the
same analysis to 1,000 dummy samples using the same statisti-
cal and systematic errors as the data but without any modula-
tion, following the procedure in [14]. The +1¢ and +2¢ bands
in Figure 8 outline the expected 90% CL upper limit band for
the no-modulation hypothesis using dummy samples.

5.3. Search for the Bremsstrahlung Effect and Migdal
Effect Signals

Conventional xenon detectors should be sensitive to DM with
a sub-GeV mass due to the irreducible contribution of the
bremsstrahlung effect [30] and the Migdal effect [31] accompa-
nying nuclear recoils.
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FIGURE 9: Expected signal from the Migdal (top) and
bremsstrahlung effects (bottom) caused by each DM mass, with

a cross section of 10732 em?.

The bremsstrahlung effect can occur when DM collides
with a nucleus, causing it to recoil and accelerate. In the case
where the mass of the DM particle is 1GeV, the energy de-
posited by the bremsstrahlung photon is at most 3keV. This
energy is considerably more than that deposited by elastic nu-
clear recoil (~0.1keV).

The Migdal effect at the inelastic recoil of the DM and nu-
clei leads to the emission of an electron from the atomic shell,
which causes subsequent radiation. Although the cross sec-
tions for the bremsstrahlung (~10~% at 1GeV) and Migdal ef-
fects (~107° at 1GeV) are smaller than that of the elastic nu-
clear recoil, because these inelastic effects lead to larger energy
depositions than the elastic nuclear recoil, it is assumed that it
would be possible to detect sub-GeV DM using these effects.

Figure 9 shows the expected signal from the Migdal and
bremsstrahlung effects.

The energy range for both the bremsstrahlung and Migdal
analyses was 1 to 20 keVe. The threshold was set at 1 keVee be-
cause of a considerable increase in the uncertainty of the scin-
tillation efficiency for electrons and gamma rays below that en-
ergy. Figure 10 shows the observed event rate with the best-
fit and expected time valuation for a 0.5GeV/c> WIMP sig-
nal caused by the Migdal effect at 1.0-1.5, 1.5-2.0, and 19.5-
20.0keVee.

The results of the DM search via the Migdal and
bremsstrahlung effects are shown in the sub-GeV region in Fig-
ure 11. The analysis was conducted for DM masses between
0.32 and 1GeV/c? for the bremsstrahlung effect and between
0.32 and 4 GeV /c? for the Migdal effect. The expected sensitiv-
ity for the null-amplitude case was calculated using statistical
samples.
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FIGURE 10: Preliminary best-fit results for data at 1.0-1.5, 1.5
2.0, and 19.5-20.0keV¢e. The black histogram shows the data
before correction, and the green histogram shows the data after
correction related to the change in the absorption length [14,
17, 18] and the number of dead PMT. The red line indicates
the best fit for the 0.5GeV/c? WIMP spectrum caused by the
Migdal effect.

5.4. Model-Independent Analysis

The model-independent analysis was also carried out with the
previously written x? minimization [14, 17].

We obtained the best-fit parameters in the energy region
between 1 and 20keVe. for the modulation hypothesis. Fig-
ure 12 shows the best-fit amplitudes as a function of energy.
The +10 and +2¢ bands in Figure 12 represent the expected
amplitude coverage derived from the dummy sample proce-
dure described in Section 5.2. In order to test any DM model,
we evaluated the positive and negative amplitude constraints
separately as shown in Figure 12. As a guideline, we make
direct comparisons with other experiments not by consider-
ing a specific DM model. A modulation amplitude of ~2 X
102 events/ day/kg/keVee between 1.0 and 3.5 keVee was ob-
tained by DAMA /LIBRA [39].

5.5. Fiducial Volume Analysis

As explained in [16], two different position reconstruction
methods were used for the fiducial volume (FV) analysis. R(T)
was calculated based on the hit timings [40], and R(PE) was
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FIGURE 11: Summary of the preliminary search results of the
Migdal effect analysis (solid line) and the bremsstrahlung ef-
fect analysis (dotted line) together with the limits from other
experiments [6, 36, 37, 38].
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FIGURE 12: Preliminary results for the modulation amplitude
as a function of energy for the model-independent analyses.
The solid lines represent the 90% positive (negative) upper lim-
its for the amplitude. The 10 and 20 bands represent the ex-
pected amplitude region. The DAMA /LIBRA result (squares)
is also shown [39].

based on the PE distribution [11]. Events within the FV, R(T) <
38cm and R(PE) < 20cm were selected. The FV mass was
97kg. The WIMP signal was searched for by fitting the ob-
served energy spectrum with the sum of the evaluated BG and
the signal [16].

The energy spectrum of the data and the estimated best-fit
BG are presented in Figure 13. All the remaining events were
consistent with our BG evaluation; therefore, a 90% CL upper
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limit for the WIMP-nucleon cross section was calculated for
each WIMP mass so that the integral of the probability den-
sity function exp(—Ax2/2) was 90% of the total. The 90% CL
upper limit for 60 GeV/ c2 WIMP is shown as the dotted line
in Figure 13. The 90% CL upper limits for the different WIMP
masses are plotted in Figure 14.
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6. SUMMARY

A unique, single-phase, large-volume LXe detector, XMASS-I,
completed almost 5 years of stable observation between Nov.
2013 and Feb. 2019. The total live time was 1590.9 days for

the normal-threshold trigger (>1keVee) and 768.8 days for the
low-threshold trigger (>0.5keVee) for an 832 kg target volume.

WIMPs DM searches were undertaken using the full data
set of XMASS-1. The preliminary results from the various anal-
yses are shown in Figure 15 as well as improved results from
our previous reports [16, 17, 18]. For the modulation analysis,
the nuclear-recoil and bremsstrahlung effect signals were up-
dated. The result of the Migdal effect signal search contributed
a new addition to the analysis. The FV analysis was also up-
dated, as a 1.5x factor improvement.
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FIGURE 15: Preliminary limits obtained from the explained
analyses. Solid lines are the new results, using the full XMASS-
I data sets, presented in this paper, in particular the fiducial
volume analysis, the multi-GeV modulation analysis via NR,
and the sub-GeV modulation analysis via Migdal effect and
bremsstrahlung. The dotted lines show our earlier results pub-
lished in [16, 17, 18].
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