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1. Introdu
tion

Although there are substantial eviden
es for the existen
e of dark matter in the Universe from

its gravitational effe
ts, the identity of dark matter is still not known. Among the possible dark

matter 
andidates, Weakly Intera
ting Massive Parti
les (WIMPs) 
an be dete
ted dire
tly through

observation of nu
lear re
oils produ
ed in their elasti
 s
attering intera
tions with dete
tor nu
lei.

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 dark matter �ux at the dete
tor be
omes maximal in June and

minimal in De
ember. The annual modulation would be a strong signature for dark matter. The

DAMA/LIBRA experiment 
laims eviden
e for su
h a modulating signal [1℄ and the CoGeNT Col-

laboration reported a preferen
e for an annual modulation [2℄. However, the CDMS II experiment

has performed an annual modulation sear
h, �nding no eviden
e for modulation [3℄.

The XMASS proje
t is designed to dete
t dark matter, neutrinoless double beta de
ay, and

7

Be/pp solar neutrinos using highly-puri�ed liquid xenon s
intillator in an ultra-low radioa
tivity

environment [4℄. As the �rst stage of the XMASS proje
t (XMASS-I), a dete
tor fo
using mainly

on dire
t dark matter sear
h was 
onstru
ted and 
ommissioning data was taken from De
ember

2010 to May 2012. In order to redu
e the ba
kgrounds, dete
tor refurbishment was 
ondu
ted.

After a year of the dete
tor refurbishment, data-taking resumed in November 2013. Owing to its

large target mass and low energy threshold, the XMASS-I dete
tor has an advantage in sear
hing

for dark matter from annual modulation of the event rate. Moreover, XMASS is sensitive to not

only nu
lear re
oils but also e/g events. In this paper, we present results from the annual modulation

analysis using the data 
olle
ted with the XMASS-I dete
tor after refurbishment.

2. XMASS-I dete
tor and 
alibrations

The XMASS-I dete
tor is a single phase liquid xenon s
intillator dete
tor lo
ated underground

(2700 m water equivalent) at the Kamioka Observatory in Japan. It 
ontains 832 kg of liquid xenon

in an a
tive region. The volume is viewed by 630 hexagonal and 12 
ylindri
al 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. The spheri
al arrays of PMTs

are arranged in a double wall vessel made of oxygen free high 
ondu
tivity (OFHC) 
opper. In

order to shield the liquid xenon dete
tor from external gammas, neutrons, and muon-indu
ed ba
k-

grounds, 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. XMASS-I is the �rst

dire
t dete
tion dark matter experiment equipped with su
h an a
tive water Cherenkov shield. The

liquid xenon and water Cherenkov dete
tors are hen
e 
alled an Inner Dete
tor (ID) and an Outer

Dete
tor (OD), respe
tively. Data a
quisition is triggered if four or more PMTs have more than 0.2

photoele
tron (PE) within 200 ns. More details are des
ribed in Ref. [5℄.

The gain of ea
h PMT is 
ontinuously monitored with signals generated by a blue LED em-

bedded on the inner surfa
e of the ID PMT holder and is 
orre
ted for using the LED 
alibration

data. Energy 
alibrations were performed by inserting thin 
ylindri
al 
alibration sour
es 
ontain-

ing either of

55

Fe,

57

Co,

109

Cd, or

241

Am dire
tly into the target volume. In order to monitor PE

2
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Figure 1: History of the a

umulated livetime after data quality 
uts for annual modulation analysis. The

blue straight line indi
ates the total elapsed days.

yield and opti
al properties of the liquid xenon, the dete
tor is 
alibrated regularly with the

57

Co

sour
e inserted and pla
ed at various positions along the 
entral verti
al axis of the dete
tor. Rela-

tive time offset of ea
h PMT signal is monitored and 
orre
ted for by the data taken with the

57

Co

sour
e at the 
enter of the dete
tor volume.

3. Data set and event sele
tion

The data used for this analysis was 
olle
ted between November 20, 2013 and Mar
h 29, 2015.

We sele
ted periods of operation with a stable temperature and pressure. Periods of operation with

ex
essive PMT noise or abnormal trigger rates were removed. Figure 1 shows the history of the

a

umulated livetime. The total effe
tive livetime be
omes 359.2 days after the data quality 
uts

mentioned above.

A series of simple event sele
tions is applied to the data set. We sele
t events triggered only by

the liquid-xenon dete
tor. In order to remove events 
aused by afterpulses of PMTs due to bright

events, events that o

urred within 10 ms of the previous event are reje
ted. Events whose timing

distribution has an RMS greater than 100 ns are also removed. In order to remove Cherenkov

events originated from

40

K in the PMT photo
athode, distribution of hits' timing in ea
h event is

used. Events with more than 60% of their PMT hits o

urring within the �rst 20 ns of the event

window are removed as Cherenkov-like. Finally, in order to remove events o

urred in front of

PMT, we sear
h for a hit whose number of PEs is maximal among all hits. Events with a large

ratio of the maximum PEs in a PMT to the total PEs in the dete
tor are removed. The 
ut position

3
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Figure 2: Energy spe
tra of the observed events after ea
h redu
tion step for our 359.2 live days of data.

From top to bottom, the observed energy spe
trum after the inner dete
tor trigger sele
tion, the event time

separation 
ut, the hits' timing RMS 
ut, the Cherenkov 
ut, and the maximum PE ratio 
ut.

was determined so that it 
ontains 50% of the simulated WIMP signal distributed uniformly in the

dete
tor. Figure 2 shows energy spe
tra of the observed events after ea
h redu
tion step for our

359.2 live days of data. The energy spe
trum and 
ut ef�
ien
y as a fun
tion of energy after the

same event sele
tion for the simulated 20 GeV/


2

WIMPs are shown in Figure 3.

4. Dete
tor stability and systemati
 un
ertainty

Figure 4 (top) shows the stability of the observed PE yield monitored with the

57

Co 122 keV

g-ray sour
e. It experien
ed a gradual 
hange from the beginning of the run and a sudden drop at a

power failure in August 2014. The stability of opti
al properties of liquid xenon su
h as absorption

length, s
attering length, and the relative intrinsi
 s
intillation light yield are also extra
ted from

the

57

Co 
alibration data as shown in the �gure. The PE yield 
hange 
an be explained by the


hange of absorption length in liquid xenon.

Sin
e the 
hange of absorption length in liquid xenon affe
ts the 
ut ef�
ien
y, we evaluate

the relative 
hange of the 
ut ef�
ien
y using the MC simulation. Figure 5 shows the relative 
ut

ef�
ien
y as a fun
tion of absorption length in liquid xenon for 0.5-1 keV

ee

(left) and 1-5 keV

ee

4
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Figure 3: Energy spe
trum (left) and 
ut ef�
ien
y as a fun
tion of energy (right) after all 
uts for the

simulated 20 GeV/


2

WIMPs.

(right). The 
entral lines are used for data 
orre
tion, and the 
olored bands represent the systemati


un
ertainty due to the position dependen
e of the dete
tor response. It is a dominant systemati


error in this analysis.

5. Annual modulation analysis

We perform our analysis on the annual modulation of the event rate using binned 
hi-square.

The dataset is divided into time bins with roughly 10 days of livetime, and ea
h of them is divided

into energy bins with a 0.1 keV

ee

width up to 5 keV

ee

. Our energy threshold for analysis is set

to 0.5 keV

ee

. Two independent analyses are performed with different treatment for systemati


un
ertainty.

The method-1 introdu
es nuisan
e parameters a

i

and the 


2

is de�ned as




2

method1

=
E−bins

å

i

(

t−bins

å

j

(Robs

i, j −R

pred

i, j −a

i

K

i, j)
2

s(stat)2
i, j

+a

2

i

)

(5.1)

where R

obs

i, j , R
pred

i, j , and s(stat)
i, j are the observed and predi
ted event rate, and the statisti
al error

in the i-th energy and j-th time bin, respe
tively. K

i, j represents the 1s systemati
 error on the

predi
ted event rate.

The method-2 uses a 
ovarian
e matrix to in
lude effe
ts of systemati
 error, and the 


2

is

de�ned as




2

method2

=
Et−bins

å

i, j

(Robs

i

−R

pred

i

)(V
stat

+V

sys

)−1

i j

(Robs

j

−R

pred

j

) (5.2)

where R

obs

i( j) and R
pred

i( j) are the observed and predi
ted event rate in the i-th ( j-th) 2-dimensional E-t

bin. V

stat

represents the statisti
al error and V

sys

is the 
ovarian
e matrix for systemati
 un
ertain-

ties.

In order to extra
t annual modulation in a model independent way, we parameterize the pre-

di
tion as

R

pred(E
i

, t
j

) =C

i

+A

i


os2p(t
j

− t

0

)/T (5.3)
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Figure 4: Stability of the observed photoele
tron yield, absorption length, s
attering length, and relative

intrinsi
 s
intillation light yield of liquid xenon.

where C

i

and A

i

are the unmodulated event rate and the modulated amplitude to be determined by

the �t in the i-th energy bin. T and t

0

are the os
illation period and phase, respe
tively. In 
ase that

we assume WIMP dark matter, the parameterization is 
hanged as

R

pred(E
i

, t
j

) =C

i

+s


N

×A(m



,E
i

)
os2p(t
j

− t

0

)/T (5.4)

where s


N

is the WIMP-nu
leon 
ross se
tion, and A(m



,E
i

) is the modulation amplitude in the

i-th energy bin depending on the WIMP mass m




.

6
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Figure 5: Relative 
ut ef�
ien
y as a fun
tion of absorption length in liquid xenon for 0.5-1 keV

ee

(left) and

1-5 keV

ee

(right). The relative 
ut ef�
ien
y is normalized to 1 for absorption length of 8 m. The solid lines

are the 
entral values used for data 
orre
tion, and the 
olored bands represent the systemati
 un
ertainty.

Figure 6: Observed 
ount rate as a fun
tion of time in the 0.5-1.0 keV

ee

energy interval whi
h 
orresponds

to 4.8-8.0 keV nu
lear re
oil energies. The red 
urve is the expe
ted annual modulation assuming 8 GeV/


2

WIMP with the WIMP-nu
leon 
ross se
tion of 3×10

−40


m

2

.

Figure 6 shows the observed 
ount rate after 
uts as a fun
tion of time in the 0.5-1.0 keV

ee

energy interval. The energy region 
orresponds to 4.8-8.0 keV nu
lear re
oil energies. Our data is

overlaid with the expe
ted annual modulation assuming 8 GeV/


2

WIMP with the WIMP-nu
leon


ross se
tion of 3×10

−40


m

2

. WIMPs are assumed to be distributed in an isothermal halo with v

0

= 220 km/s, a gala
ti
 es
ape velo
ity of v

es


= 650 km/s, and an average density of 0.3 GeV/
m

3

.

Our expe
ted sensitivity to WIMP dark matter is shown in Figure 7. The sensitivity 
urve


overs all the DAMA's allowed region and thus XMASS has a high sensitivity to the annual mod-

ulation 
laimed by the DAMA/LIBRA group. The preliminary 90% 
on�den
e level (CL) upper

limit for 14 GeV/


2

WIMP is also shown in the �gure. We are �nalizing systemati
 error evaluation

and the results will 
ome soon.

7
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Figure 7: Our expe
ted sensitivity to WIMP dark matter. The preliminary 90% 
on�den
e level upper limit

for 14 GeV/


2

WIMP is also shown.

6. Con
lusions

The XMASS proje
t is designed for multiple physi
s goals using liquid xenon s
intillator.

As the �rst stage of the proje
t, the dete
tor with 832 kg of liquid xenon was 
onstru
ted. We

performed an annual modulation analysis using our 359.2 live days of data. XMASS has a high

sensitivity to the annual modulation 
laimed by the DAMA/LIBRA group. The results from our

one-year data will 
ome soon.
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