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1. Introdu
tion

The XMASS proje
t is designed to dete
t dark matter,

7

Be/pp solar neutrinos, and neutrino-

less double beta de
ay using highly-puri�ed liquid xenon s
intillator in an ultra-low radioa
tivity

environment [1℄. As the �rst stage of the XMASS proje
t, the XMASS-I dete
tor with approx-

imately 830 kg of liquid xenon was 
onstru
ted [2℄. It is a single-phase liquid-xenon s
intillator

dete
tor lo
ated underground (2700 m water equivalent) at the Kamioka Observatory in Japan. The

volume is viewed by 642 Hamamatsu R10789 photomultiplier tubes (PMTs) arranged on an 80 
m

diameter pentakis-dode
ahedron support stru
ture. A total photo
athode 
overage of more than

62% is a
hieved. In order to shield the liquid xenon dete
tor from external gammas, neutrons,

and muon-indu
ed ba
kgrounds, the 
opper vessel was pla
ed at the 
enter of a f10 m× 10.5 m


ylindri
al tank �lled with pure water. The water tank is equipped with 72 Hamamatsu R3600 20-

in
h PMTs to provide both an a
tive muon veto and passive shielding against these ba
kgrounds.

The XMASS-I dete
tor is being operated sin
e De
ember 2010. We have published results from

a sear
h for light weekly intera
ting massive parti
le (WIMP) dark matter using 6.7 live days of

data [3℄, and a sear
h for inelasti
 WIMP-nu
leon s
attering on

129

Xe using 165.9 live days of

data [4℄.

In this paper, re
ent results of dire
t dark matter sear
hes, a sear
h for bosoni
 super-WIMPs

and a sear
h for annual modulation, are presented. We also dis
uss a measurement of s
intilla-

tion time pro�le for low energy gamma-ray indu
ed events and future prospe
t for pulse shape

dis
rimination.

2. Sear
h for bosoni
 super-WIMPs [5℄

Although aWIMP dark matter is a well-motivated model and �ts the 
old dark matter paradigm,

simulations based on this 
old dark matter s
enario expe
t a ri
her stru
ture on gala
ti
 s
ales

than those observed. Furthermore, there is so far no eviden
e of supersymmetri
 parti
les at the

LHC, and therefore, it is important to investigate various types of dark matter 
andidates. These

fa
ts strengthen an interest to 
onsider lighter and more weakly intera
ting parti
les su
h as super-

WIMPs, a warm dark matter 
andidate. Bosoni
 super-WIMPs are experimentally interesting sin
e

their absorption in a target material would deposit an energy essentially equivalent to the super-

WIMP's rest mass. We 
ondu
ted a sear
h for ve
tor and pseudos
alar super-WIMPs in the mass

range between 40 and 120 keV using 165.9 live days of data 
olle
ted between De
ember 2010

and May 2012 with a restri
ted target mass of 41 kg at the 
entral region of the dete
tor. Figure 1

(left) shows the energy spe
tra of the observed events and simulated events. No signi�
ant ex
ess

above ba
kground was observed, and hen
e the 90% C.L. upper limits on 
oupling 
onstants for

pseudos
alar bosons and ve
tor bosons were obtained as shown in Figure 1 (right). This is the �rst

dire
t dete
tion experiment exploring the ve
tor super-WIMPs and the obtained limit for the ve
-

tor super-WIMPs ex
ludes the possibility that su
h parti
les 
onstitute all of the dark matter. The

absen
e of the signal also provides the most stringent dire
t 
onstraint on the 
oupling 
onstant of

pseudos
alar dark matter to ele
trons.

1



P
o
S
(
I
C
H
E
P
2
0
1
6
)
2
1
3

Re
ent results of dire
t dark matter sear
h with XMASS Katsuki Hiraide

energy (keV)
50 100 150

)
-1

C
o

u
n

ts
 (

k
e

V

-110

1

10

210

3
10

410

5
10

= 40keV
b

m

energy (keV)
50 100 150

)
-1

C
o

u
n

ts
 (

k
e

V

-110

1

10

210

3
10

410

5
10

= 80keV
b

m

energy (keV)
50 100 150

)
-1

C
o

u
n

ts
 (

k
e

V

-110

1

10

210

3
10

410

5
10

= 120keV
b

m

-12.4
-12.2

-12
-11.8
-11.6
-11.4
-11.2

-11

20 40 60 80 100 120 140

XMASS

pseudoscalar mass (keV)

lo
g

(g
a
e
e
)

XENON100 EDW-II

-27

-26

-25

-24

-23

-22

-21

20 40 60 80 100 120 140

Ωh
2
=0.1

Diffuse γ

HB stars

XMASS
-27

-26

-25

-24

-23

-22

-21

vector boson mass (keV)

lo
g

(α
’/
α

)
Figure 1: (Left) Energy spe
tra of the observed events and simulated events after ea
h redu
tion step for

ea
h ve
tor super-WIMP mass. Hat
hed histograms show remaining events after applying radius 
ut, timing


ut and hit pattern 
ut. (Right) Obtained 90% C.L. upper limits on 
oupling 
onstants for ele
trons and

pseudos
alar super-WIMPs (top) and for ele
trons and ve
tor super-WIMPs (bottom).

3. Sear
h for annual modulation [6℄

The 
ount rate of dark matter signal is expe
ted to modulate annually due to the relative motion

of the Earth around the Sun. The relative velo
ity of the Earth to the dark matter distribution

be
omes maximal in June and minimal in De
ember. The annual modulation would be a strong

signature for dark matter. We 
ondu
ted a sear
h for an annual modulation signal using 359.2

live days of data a

umulated between November 2013 and Mar
h 2015. This analysis used the

full 832 kg liquid xenon volume. The energy threshold in this analysis was 1.1 keV

ee

(ele
tron

equivalent), 
orresponding to 4.8 keV

nr

(nu
lear re
oil). The data set was divided into 40 time-

bins with roughly 10 days of live time ea
h. The data in ea
h time-bin were further divided into

energy-bins with a width of 0.5 keV

ee

. For the model independent analysis, the expe
ted 
ount rate

is estimated as:

R

ex

i, j =

∫

t

j

+ 1

2

Dt

j

t

j

−
1

2

Dt

j

(

C

i

+A

i


os

2p(t− t

0

)

T

)

dt , (3.1)

where the free parameters C

i

and A

i

are the unmodulated 
ount rate and the modulation amplitude

at i-th energy bin, respe
tively. The modulation period T and phase t

0

were �xed to one year and

152.5 days, respe
tively.

Figure 2 (left) shows the best �t amplitude as a fun
tion of energy after 
orre
ting for the

ef�
ien
y. The ±1s and ±2s bands represent the expe
ted sensitivity on the modulation ampli-

tude. We evaluated the 
onstraints on the positive and negative amplitudes separately. The 90%


on�den
e level upper limits on the positive and negative amplitudes a

up

were 
al
ulated by the re-

lations

∫

a

up

0

G(a)da/
∫

¥

0

G(a)da= 0.9 and
∫

0

a

up

G(a)da/
∫

0

−¥
G(a)da= 0.9, respe
tively, where G(a)

is the Gaussian distribution with the mean and sigma of the amplitude obtained from the �t. The

XMASS experiment obtained the positive upper limits of (1.7− 3.7)× 10

−3

events/day/kg/keV

ee

2
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Figure 2: (Left) Observed modulation amplitude as a fun
tion of energy for the model independent analysis

(
ir
le). The solid lines represent the XMASS 90% positive (negative) upper limits on the modulation am-

plitude. The ±1s and ±2s bands represent the expe
ted sensitivity on the amplitude. The DAMA/LIBRA

result (square) is also shown. (Right) Limits on the spin-independent WIMP-nu
leon 
ross se
tion as a

fun
tion of WIMP mass. The solid 
urve shows the XMASS 90% 
on�den
e level ex
lusion limit from the

annual modulation analysis.

in the energy range between 2.0 and 3.5 keV

ee

and gave more stringent 
onstraint than the mod-

ulation amplitudes observed by DAMA/LIBRA. Figure 2 (right) shows the 90% 
on�den
e level

ex
lusion limit on the spin-independent WIMP-nu
leon 
ross se
tion. The result ex
ludes the

DAMA/LIBRA allowed region for the WIMP masses higher than 8 GeV/


2

.

4. Measurement of s
intillation time pro�le [7℄

The time pro�le of liquid xenon s
intillation is important information sin
e it 
ould potentially

be used for parti
le identi�
ation and vertex re
onstru
tion. There are two s
intillation pro
esses

in liquid xenon, the dire
t s
intillation and the re
ombination pro
esses. The dire
t s
intillation

pro
ess pro
eeds through two states, singlet and triplet ex
itations. The de
ay time 
onstants of

singlet and triplet states are a few ns and ∼20 ns, respe
tively. The re
ombination pro
ess has a

longer de
ay time 
onstant of ∼30 ns or more. The ratio of singlet to triplet ex
itations as well

as the re
ombination time depend on ionization density, and hen
e it 
an be used to dis
riminate

between nu
lear re
oil events and ele
tron events. We 
ondu
ted a measurement of the s
intillation

time pro�le for low energy gamma-ray indu
ed events using radioa
tive sour
es,

55

Fe,

241

Am,

and

57

Co. De
ay time 
onstant was derived from a 
omparison of s
intillation photon timing

distributions between the observed data and simulated samples in order to take into a

ount opti
al

pro
esses su
h as absorption and s
attering in liquid xenon. Assuming two de
ay 
omponents,

t

1

and t

2

, the de
ay time 
onstant t

2

in
reased from 27.9 ns to 37.0 ns as the gamma-ray energy

in
reased from 5.9 keV to 122 keV as shown in Figure 3. The a

ura
y of the measurement was

better than 1.5 ns at all energy levels. A fast de
ay 
omponent with t

1

∼ 2 ns was ne
essary to

reprodu
e data. Energy dependen
ies of t

2

and the fra
tion of the fast de
ay 
omponent were

studied as a fun
tion of the kineti
 energy of ele
trons indu
ed by gamma-rays. The obtained

data almost reprodu
ed previously reported results and extended them to the lower energy region

relevant to dire
t dark matter sear
hes.

3
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Figure 3: De
ay time 
onstant t

2

as a fun
tion of in
ident ele
tron kineti
 energy.

5. Diversity of the XMASS experiment

The XMASS-I dete
tor has a high sensitivity to not only nu
lear re
oil but also e/g events, and

hen
e a
hieves diversity of physi
s targets:

• Sear
h for solar axion [8℄

Axion would be produ
ed in the Sun through various me
hanisms su
h as Compton s
at-

tering of photons on ele
trons, e+ g → e+a, and bremsstrahlung of axions from ele
trons,

e+ Z → e+ a+ Z. In the liquid xenon dete
tor, axions 
an be dete
ted through the axio-

ele
tri
 effe
t, whi
h is an analog of the photo-ele
tri
 effe
t. XMASS has 
ondu
ted a

sear
h for solar axions using 6.7 live days of data 
olle
ted with lower energy threshold.

• Sear
h for two-neutrino double ele
tron 
apture [9℄

Double ele
tron 
apture is a rare nu
lear de
ay pro
ess in whi
h two orbital ele
trons are


aptured simultaneously in the same nu
leus. Measurement of its two-neutrino mode would

provide a new referen
e for the 
al
ulation of nu
lear matrix elements whereas observation

of its neutrinoless mode would demonstrate lepton number violation. XMASS has sear
hed

for two-neutrino double ele
tron 
apture on

124

Xe using 132 live days of data and set the

lower limit on its half-life as T

2n2K

1/2 > 4.7×10

21

years at 90% CL.

• Dete
tability of gala
ti
 supernova neutrinos [10℄

The 
oherent elasti
 neutrino-nu
leus s
attering (CEnNS) is a pro
ess in whi
h a neutrino

with an energy in the order of MeV intera
ts with all nu
leons in a nu
leus 
oherently, n +

A→ n+A, resulting in a large 
ross se
tion. Liquid xenon dark matter dete
tors are suitable

for observation of gala
ti
 supernova neutrinos 
oherently s
attered on nu
lei. XMASS is

expe
ted to observe 3.5−21 events in the 
ase of a supernova 10 kp
 away from the Earth,

depending on the supernova model.

4
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6. Con
lusions

The XMASS proje
t is designed for multiple physi
s goals using the highly-puri�ed liquid

xenon s
intillator dete
tor at the Kamioka Observatory in Japan. As the �rst stage of the proje
t,

the dete
tor employing approximately 830 kg of liquid xenon is being operated sin
e De
ember

2010. Re
ently, we 
ondu
ted a sear
h for ve
tor and pseudos
alar super-WIMPs in the mass

range between 40 and 120 keV using 165.9 live days of data with a �du
ial target mass of 41 kg.

This is the �rst dire
t dete
tion experiment exploring the ve
tor super-WIMPs and the obtained

limit for the ve
tor super-WIMPs ex
ludes the possibility that su
h parti
les 
onstitute all of the

dark matter. We also sear
hed for dark matter by annual modulation using 359.2 live days of data.

Without assuming any spe
i�
 dark matter model but in
luding e/g events, the XMASS experiment

obtained the 90% CL upper bounds on amplitudes that 
an be used to test various models. When we

assume WIMP dark matter, the result ex
ludes the DAMA/LIBRA allowed region for the WIMP

masses higher than 8 GeV/


2

. The time pro�le of liquid xenon s
intillation is important information

for parti
le identi�
ation and vertex re
onstru
tion, and hen
e we performed a measurement of

the s
intillation time pro�le for low energy gamma-ray indu
ed events. In addition, the XMASS-I

dete
tor is 
apable of a variety of physi
s su
h as sear
hes for solar axions, double ele
tron 
apture,

and gala
ti
 supernova neutrinos.
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