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The XMASS project aims to search for dark matter, low-enes@gr neutrino signals, and neutri-
noless double-beta decay. The first prototype detector, 88\ successfully provided sensitive
searches of various types: low-mass weakly interactingivagparticles, dark matter searches by
means of annual modulation, double-electron captureastiel scattering of?°Xe, and bosonic
superWIMPs. To increase the sensitivity, we are planningtwstruct larger detectors using im-
proved photosensors. With the expected background otk tkeV-1day ! caused bypp so-

lar neutrinos, a sensitivity to the WIMP-nucleon cross secsimaller than 10*cn? is expected.
This enables us to search for WIMPs in the parameter regiatiqtegl by supersymmetric the-
ories. It will also be highly sensitive to other candidatesch as bosonic superWIMPs giving
traces as electron-recoil events.
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1. Single-phase liquid xenon detector: XMASS proj ect

The XMASS project was proposed to use single-phase liquid-xenontdetéc observe rare
events such as elastic scattering of nuclei by dark matter particles, nelessmdouble beta de-
cay, and elastic scattering of electrons caused b{Bepsolar neutrinos. The advantages of liquid
xenon are its large atomic numbet € 54), high density (3 g/cc), high light yield as a scintil-
lator, absence of long-life radioisotopes, availability of purification methods saalability. As
shown in Fig. 1 (left), the large atomic number and high density are usefshiefding against
radiations coming outside the target volume and realizing a low backgrounel enitral part. On
the contrary, dark matter candidates, such as weakly-interacting massiiges (WIMPS), uni-
formly interact over the sensitive volume, and a sensitive dark matterrseancbe conducted by
extracting events happening deep inside the detector as shown in Fig.tL (Adhgh light yield
is essential for realizing this approach, and it enables us to reconstertt vertices based on, for
example, information from photomultipliers (PMTs) surrounding the detector’sttamume.

The availability of purification methods is important for reducing backgrounuces such as
krypton and radon in the liquid xenon target. Finally, the scalability is an impoie¢aiire of the
single-phase liquid xenon detector for future extensions to realize morgsedstectors.
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Figure 1. Self shielding of external radiation by liquid xenon itsg@dfft). Because of its high atomic number
(Z = 54) and density (3 g/cc), strong absorption of radiatiomxipected. This causes a low background
toward the center part of the sensitive volume. In contrdatk matter particles uniformly interact over
the sensitive volume (right). A sensitive search for darkteracan be conducted if the event vertex can be
reconstructed based on information from the photomudtiglibes. Three rectangular boxes show a part of
the PMTs.

2. XMASS-| detector

As the first phase of the XMASS project, a detector with 835 kg of liquid xendts sBensitive
volume was constructed. The sensitive volume has a spherical shape&@dthm diameter and
is surrounded by 642 2-inch PMTs. Most of the PMTs have photocath{guantum efficiency
~ 30%) of hexagonal shape that cover more than 62% of the inner surzet@ acquisition is
triggered if hits (>0.2 p.e.) in four (ten) or more PMTs occur within a 200-ns timimglow after
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the year 2013 (during the years 2010-2012). The waveform fraim BB T is recorded by 10-bit
FADC (1 GsIs).
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Figure 2: Distribution of the total number of photoelectrons witA’€o-source at the center of the detector
(left). Peaks are due to 122-keV gamma rays, 136-keV gamysa aad 60-keV fluorescence X-rays from

a tungsten wire inside. Reconstructed vertex distribuéibwarious positions inside the detector along its
Z-axis (right). Real data are reproduced by Monte Carlo shtiarh.

By introducing a calibration source in the needle shape along the verticalfdhis gensitive
volume, calibration data can be taken regularly. With’@o source, almost 14 photoelectrons
(p.e.s)/keV can be obtained at the center of the sensitive volume (Figt)2 Tleis high light yield
is a prominent feature of the single-phase liquid xenon detector wherertbigsevolume can be
surrounded by PMTs. Figure 2 (right) shows the reconstructed veigeibution of the data with
the®’Co thin source at various points in the detector.

The detector is located at the center of a cylindrical water tank that haslat loéigl m and
diameter of 10 m. It is useful as a passive shield and has 72 20-inch,RMdrsthat it can be used
as a muon veto as well. This is the first case of a dark matter experiment edjuipea water
Cherenkov muon veto.

3. Resultsfrom XMASS-|

The XMASS-I detector has following features: the large photoelectrod yiet p.e./keV),
large mass, and low background. The following physics searchesbegveconducted based on
these features. In particular, we achieved unprecedented sensitititg 40 to 120 keV energy
range by exploiting the low background at a level of 4ky~—tkeV—1day* in the fiducial volume.

3.1 Low-massWIM Ps

The nature of dark matter is still unknown. Theories beyond the standatdlipedict some
candidates for dark matter. Among the most plausible, the supersymmetric pantictes anost
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Figure 3: Simulated WIMP energy spectra in the XMASS detector assumimgximum cross section that
provides a signal rate no larger than the observation in angliiove 0.3 keVee where we have almost full
efficiency (left). Limits and favored regions of the spird@pendent elastic WIMP-nucleon cross section as
a function of the WIMP mass (right) [1].

popular. In general, they are expected to have a mass of the order @e\jOhowever, some
experiments indicate a possible WIMP signal with a lighter mass of 10 GeV and veiffina
independent cross section of the order of ¥0cn?. The XMASS detector is sensitive to the
low-energy deposition caused by these low mass WIMPs because of the higkidiighof the
detector. Figure 3 (left) shows the comparison between the observed epecirum (5,591 kg
day) and expected energy spectrum assuming the maximum cross sectiprothdgs a signal
rate no longer than the observation in any bin above 0.3 keVee [1]. Thiepagle! shows the limit
of the cross section as a function of WIMP mass. XMASS excludes part qfatemeter space
favored by other experiments.

3.2 Annual modulation

A search for dark matter was conducted by looking for an annual modulagjoal slue to the
Earth’s rotation around the Sun. The data used for this analysis is takar8&® live daysx 832
kg of exposure [2], which is comparable to the experiment that providediéiye signature of the
modulation signal, as performed by the DAMA group [3].

Two types of analysis were conducted. One was a model-independensianahjch made
no assumptions about the energy spectra caused by dark matter partickesrdio for any mod-
ulated signal in our observed data, an observed amplitude and limits for eady éain were
evaluated. Figure 4 shows the observed amplitude of annual modulation in eagh leime No
significant modulated signal was observed in the data. The maximum amplitud@.6fx 102
events/day/kg/keVee between 2.5 and 3.0 keVee was obtained by DAMA MMIRSS obtained
an upper limit of 17 x 102 events/day/kg/keVee. It is important to emphasize that the result also
covered possible contributions caused by electron recoil that may expfitAB result because
they did not discriminate between nuclear and electron recoil in their analysis
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Figure 4: Modulation amplitude as a function of energy and limits facle energy bin [2]. Two independent
methods were applied and gave consistent results. Soéd tiepresent 90% positive/negative upper limits
on the amplitude. The colored bands show the expected amiplit the case of no signal.
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Figure 5: Limits on the spin-independent elastic WIMP-nucleon cresgisn as a function of WIMP mass

(2].

The other analysis was based on the assumption that the modulation was causeteay n
recoil from collisions with light-mass WIMPs. In this analysis, observed ewsate assumed to
comprise of constant background plus a sinusoidal variation caused MyP8VIThe amplitude of
the sinusoidal variation can be interpreted as the cross section of a WIMRItte®n. The energy
dependence of the sinusoidal variation was evaluated by Monte Carlo simditativtiMPs of var-
ious masses. To extract the amplitude from the data, event rates subdividesdrdonensional
bins (energy vs. observed period) were fitted by the function abovea result, the fitted am-
plitudes for various masses of WIMPs were consistent with zero and tter lippt of the cross
section is shown in Fig. 5. The region allowed by the DAMA experiment is almastéed by our
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data. This is the first extensive search probing this region with an esosmparable to theirs.

3.3 Double-electron capture
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Figure 6: Observed energy spectrum and upper limit of the signal byltheble-electron capture &f*Xe.
The solid black line, red dashed line, and filled blue histogg show energy spectra for each step of the
reduction. The green open histogram shows the expecteditmaoid caused b§**Pb and the magenta open
histogram shows the upper limit of the signal.

Double-electron capture (DEC) is a rare nuclear decay proces®intteio orbital electrons
are simultaneously captured. This process is allowed in the standard mauketticfe physics,
but only a few positive experimental results exist so far. Any measureafehe half-life of the
two-neutrino mode would provide a new reference for the calculation of auoatrix elements.
In particular,1®*Xe is a candidate nucleus for providing information about the matrix element
from the proton-rich side of the mass parabola of even-even isobdms.sifinal of!**Xe DEC
is expected to form a peak in an energy distribution at 63 keV, which is theosiwo K-shell
X-ray energies. A search was performed using data collected oved di&$s. Figure 6 shows the
energy spectrum after each reduction step. The blue hatched histdgoars the final sample in
the 15-cm radius fiducial volume. The green open histogram shows pleetexi background due
to 214Pb. Its amount was determined by Bi-Po consecutive decay. As can ténste figure,
no significant excess above the background was observed. Thataagen histogram shows the
upper limit of the signal and the corresponding lower limit on the half-life Ts410?! yr at a 90%
confidence level. This stringent limit excludes some theoretical expectafidns.demonstrates
that the XMASS detector has the potential to provide useful information fdeauphysics.

3.4 Inelastic scattering on 12°Xe

The experimental signature of WIMP detection through elastic scattering isserme of
featureless exponential rise towards the energy-threshold of a defBtci® sometimes introduces
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Figure 7: The thick red line and dots represents our limit [5] usindedént form factors fof2°Xe. Our
limit (90% confidence level) is the first derived exclusivelym data on inelastic scattering.

difficulty in distinguishing the signal from the background near the threshaksuming that a
target nucleus has low-lying nuclear states, inelastic scattering on theiauwabeld yield a readily
identifiable signature; de-excitation after the inelastic scattering can causakarpan energy
spectrum corresponding to the excitation energy of the nucleus.

Among the xenon isotope¥°Xe has a state at 39.58 keV with a natural abundance of 26.4%.
The expected signal was estimated by Monte Carlo simulation including the edepggition
caused by associated nuclear recoil. We used the data set to sedtehdouble-electron capture
events and optimized the selection criteria for this particular search. As i, mssignificant
excess at the expected energy range was observed and an upper tmitntomber of inelastic
scattering events was derived. Figure 7 shows the correspondieglipjis to the spin-dependent
WIMP-nucleon cross section. Since there are theoretical uncertainties forth factor, which is
necessary for calculating the WIMP-nucleus cross section from the Witieon cross section,
two independent form factors were used and the resultant upper limighaven in Fig. 7. Our
own limit is the first derived exclusively from data for inelastic scattering.

3.5 Bosonic superWIM Ps

The cold dark matter (CDM) paradigm has been quite success at expl#ieicgsmological
properties of the universe, such as the primordial cosmic microwavegtmaokd and large-scale
structure formation of the universe. However, simulations based on this Giekbeo expect
richer structure on galactic scales than those observed. Lighter paitidles keV-to-MeV re-
gion may soften the problem and have been proposed in the literature. Anmemngttie bosonic
super-weakly-interacting massive particles (superWIMPSs) are gautidates and have not been
experimentally constrained. Interestingly, these superWIMPs behave |gsweaghotons and are
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Figure 8: Limits on the coupling constant between electrons and pssmadiar (axion-like) superWIMPs,
Oaee (top), and on the analog of the fine structure-constant fotoreboson superWIMPs’ (bottom) [6].
The latter excludes’, which explains dark matter density by thermal productiothis mass range. This is
the first experimental search for vector bosonic superWIMRBis mass range.

absorbed by atoms, which then release energy equivalent to the diypesi&/rest mass. Thus, we
can expect a monochromatic peak that can be easily discriminated from t#uggrdnacd.

The data-set for searching for the superWIMPs was the same as #thiruthe analyses
above. Since the background below 40 keV increases because aidkground at the wall and
theoretical calculation is limited up te 100 keV, superWIMPs with rest masses in the range of 40
to 120 keV were searched for. We observed no signal but did obtaicotigraint shown in Fig.

8. For the vector boson superWIMPs, the limit rejected the coupling to elsdinahexplains dark
matter density by the thermal production of superWIMPs in this mass range.

4. Futureof XMASS

The XMASS-I successfully provided sensitive searches for vargpess of dark matter. We
are planning to construct a larger detector, XMASS-1.5, with 5 tons of ligeitbx and 1ton of
fiducial mass. To achieve a higher sensitivity, we need to solve problentsdétethe background
events happening at the inner surface of the XMASS-I detector. PMA® insXMASS-I have
flat photocathodes, as shown in Fig. 9 (left). In this case, scintillation pedtom the events
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Figure 9: Advantage of PMTs with a photocathode of a convex shape.tiffatiion lights originating on
the inner wall of the detector were not efficiently detectgdalflat photocathode used in XMASS-I (left).
This caused an increase of the background inside a fidudiaineodue to misconstruction. On the contrary,
PMTs with a photocathode of a convex shape detected digdtslfrom the event vertex in an efficient way.
This enabled us to reduce misconstruction down to a neggidgvel.
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Figure 10: Estimated sensitivity of the XMASS-1.5 for WIMPs (left) arat SuperWIMPs (right). See text
for details.

happening on the surface were not directly detected by PMTs close tettexvThis caused the
events sometimes to be unrecognizable as surface events and incredseakgreund in the fidu-
cial volume. However, PMTs with convex-shaped photocathodes (Figyht) are more efficient
for detecting surface events. In fact, our simulation shows that three Piiiceiading the event
vertices detected 40%-50% of photoelectrons. With this improvement, weuigrexploit the
self-shielding effect and reduce background down to the’k@ ‘keV-1day*, which is limited

by the pp solar neutrino signal. Figure 10 (left) shows the sensitivity of the XMAZS(4-ton
total and 1-ton fiducial) and XMASS-II (25-ton total and 10-ton fiduciaks)a With these future
detectors, a sensitive search for WIMPs could be conducted. Fiurthssvements would be done
by discriminating nuclear recoil fromp solar neutrino signals utilizing pulse-shape information.
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Figure 10 (right) shows the estimated sensitivity for the superWIMPs. eLemprovements of
background enable us to expand the mass range of the search andditigitseof the coupling
of superWIMPs to electrons. It is also possible to explore the paramedee $pr non-thermal
production of the vector superWIMPs.

5. Summary

The XMASS project aims to search for dark matter, low-energy solar ineusignals, and
neutrinoless double beta decay. The XMASS-I successfully providedus types of sensitive
searches, including those for low-mass WIMPs, double-electron egphelastic scattering on
129%e, and bosonic superWIMPs, and a dark matter search by annual miodulBo increase the
sensitivity, we are planning to construct larger detectors with improvetbpbnsors. With the
expected background 18kg—tkeV-lday ! caused bypp solar neutrinos, a sensitivity better than
10~Scn? to the WIMP-nucleon cross section is expected. This enables us to seakthivIPs in
the parameter region predicted by the supersymmetric theories. It is aldp &égisitive to other
candidates such as bosonic superWIMPs giving traces as electmheneents.
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