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Abstract

There is substartial evidencethat the galactic halo is composedof dark matter.
The lightest supersymmetric particle, the neutralinos, is the leading candidate
of dark matter. It is predicted that neutralinos can be directly detectedthrough
elastic scattering with nuclei in detectors.

The XMASS Collaboration is developing liquid xenon detectorsfor the pur-
poseof direct detection of dark matter. A single phasedetector with 800 kg of
liquid xenonis optimized for the direct detection of dark matter, and it is under
construction at Kamioka Obsenatory. The expected sensitivity of this 800-kg
liquid xenon detector for the neutralinos as dark matter is about two orders of
magnitude higher than the presen bestlimit in the world.

A prototype detector was developed at Kamioka Obsenatory to ched the
performanceof single phaseliquid xenondetectors. With the detector, the phys-
ical properties of liquid xenon were measured,and the performance of energy
and vertex reconstruction wascon rmed. Wealsoseard for the neutralinos with
the detector though it was not optimized for a dark matter seard. Although
no dark matter signal was found, we obtained the upper limits, 1:70 10 ° pb
for the spin-independert neutralino-proton crosssection with neutralino mass
62 GeV=c?, and 6:74 pb for the spin-dependert neutralino-proton crosssection
with neutralino mass60 GeV=c?. Theselimits reac nearly the expected sensi-
tivit y of the detector within its restrictiv e conditions. From thesemeasuremets
of the prototype detector, the feasibility of achieving the target sensitivity with
the 800-kgliquid xenon detector was con rmed.
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Chapter 1

In tro duction

Recen results from Cosmic Microwave Background (CMB), Large ScaleStruc-
ture (LSS) and Type la supernovae obsenations have yielded a standard model
of cosmology: a at universe consisting of more than 70 % dark energy and
about 23 % dark matter, and the remainder of ordinary (baryon) matter. An-
swering the questions"what is dark energy" and "what is dark matter" become
one of the most challenging tasks for physicists.

This thesis and underlying experimert are intended as an exploration of the
dark matter problem. Discovery of a dark matter particle will becomeboth
strong support of cosmologicalobsenations and predictions, and evidencefor
new physics beyond the standard model of particle physics.

In this chapter, we rst intro ducethe problem of missingmassin the universe
and evidence from cosmologicalobsenations that suggesta large amount of
matter in the universeis dark. We will then illustrate dierent theoretical
explanationsand modelsthat may be usedto explain the mysteriousdark matter
problem focusing on di erent particle candidatesfor dark matter. In the end,
we will give a general review of neutralinos, the best motivated dark matter
candidate in the framework of a supersymmetric model.

1.1 Dark Matter Problem

1.1.1 Galaxy rotational curvesand dark matter

The clearestevidencefor the existenceof dark matter is obsened by the di er-
encebetweenthe matter distribution implied by the luminosity and that implied
by the rotation velocities, v¢, of the spiral galaxies.

The rotation velocity distribution of spiral galaxiesexpected from Kepler's
law is

ve(N]> _ M(r)
=G (1.1)

where r is the radial distance from the certer of the galaxy, and M (r) is the
total masswithin the radius r. Sincethe orbital velocity can be measuredby
the Doppler shifts of the spectrum of the stars, the 21 cm line of HI gas(neutral
hydrogen gas) and 2.6 mm line of COs, the mass distributions of the spiral
galaxiesare estimated from Eq. (1.1). On the other hand, the luminous matter



is found to be concenrated near the certer of galaxies. If the total mass of
the galaxy is concenrated near the luminous core of the galaxy, v must fall like
r 2. The measuredvelocities, however, remain constart out to the distanceas
far as can be measuredin almost all cases.This implies that M (r) / r at large
radius, and there exists a large amount of a non-luminous masswhich exceeds
the luminous one.

Fig. 1.1 shows the rotational curve for the spiral galaxy NGC6503[1]. The
luminous disk extendsno further than about 5 kpc from the certer of the galaxy.
If the luminous matter was concerrated within this radius, the rotational curve
would drop at larger radius. From the discrepancybetweenthe obsened rota-
tional curve and the rotational curve expected from the luminous disk and gas,
the existenceof a dark halo is inferred. Basedon this method, the typical mass
density of the dark halo is estimated to be

halo 0:1 (1.2)

On the other hand, the mass density of the luminous part of the galaxy is
estimated to be,

luminous 0:01 (1.3)

Thusthe comparisonbetweenEqg. (1.2) and (1.3) indicatesthat the dark matter
exists at the scaleof a single galaxy.
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Figure 1.1: Rotational curvefor the spiral galaxy NGC6503. The points indicate
the measuredrotation velocities as a function of distance from the galactic
certer. The dashed and dotted curves are the cortribution to the rotation
velocity due to the obsened disk and gas, respectively. The dash-dotted curve
is the contribution from the dark halo. This gure is taken from Ref. [1]



1.1.2 CMB, supernova and galaxy clusters

The dark matter was not created solely to explain the gravitational e ects of
galactic rotational curves. Actually it is an essetial part of the big bang theory
and is necessanto explain various cosmologicalaspects, such asthe anisotropy
of the cosmic microwave background (CMB) and structure formation in large
scale.

The CMB radiation is the radiant left over from the big bang when the
universewas cooled. The radiation is highly uniform acrossthe sky. While in
1992,NASA's COBE satellite detectedtiny uctuations (also called anisotropy)
of the CMB radiation. A similar probe, the Wilkinson Microwave Anisotropy
Probe (WMAP), with much higher sensitivity than COBE reported more ac-
curate results in 2003[2]. The CMB anisotropy is assa@iated with uctuations
of matter density in the early universe,thus can be usedto study the initial
conditions of cosmicstructure formation. The WMAP results t a cosmological
model with matter density of the universeat ,h? = 0:14 0:02 and baryon
density at ph? = 0:024 0:001with Hubble constart h = 0:72 0:05[2].

Recern obsenations and measuremets of the distance-redshift relation of
Type la supernovae brought clear evidenceof the acceleration of expansion of
the universe. The acceleration of the universe expansionsuggestsan unknown
type of energy dark energy A t of the Type la supernovae obsenation data
suggestsa total energydensity around 0.7 and massdensity , around 0.3
foraat ( m+ ) cosmology[3] [4].

The gravitational instability and small uctuations of the initial density
eld of the universecausethe formation of large-scalestructure and the galaxy
distribution in today's universe. Thus measuremetn of the distribution of galaxy
clustering at large scalecan be usedto determine the massdensity of universe,
and this is particularly investigated by the Sloan Digital Sky Survey (SDSS).
Combined with the CMB anisotropy measurememn by WMAP , SDSS results
favor a low-density universewith ,,  0:30 0:04[5].

Combining the high-redshift supernova survey, galaxy cluster obsenations
and cosmicmicrowave background measuremets, the normalized massand en-
ergy densities , and nicely corvergein the cosmologicalparameter space,
as showvn in Fig. 1.2, which indicates an in ationary and at cosmological
model.

1.1.3 Local halo density and Isothermal halo

Although the determination of a halo model is currently a very active topic of
researd in astrophysics, both local halo density, o, and the WIMP velocity dis-
tribution represen a signi cant systematic uncertainty. Therefore, the WIMP
direct detection community usesthe simplest reasonablemodel, the isothermal
halo model.

In determining ¢ and vp, the galactic rotational curve is the most impor-
tant obsenational quartity. The rotational curve of our Galaxy cannot be
measuredwith the same precision as that of an external spiral galaxy, for in-
stance NGC6503in Fig. 1.1. It is, however, qualitativ ely the same because
our Galaxy seemsto be an ordinary spiral galaxy. The rotation velocity of our
Galaxy increaseslinearly from zero at the certer to roughly v = 220 km/s in
the solar neighborhood and remains roughly at all the way out to 25 kpc



[8]. The obsened rotational curve for our Galaxy is shown in Fig.1.3.
In the isothermal halo, the shape of the rotational curve could be explained
by assumingthat the density distribution of the dark halo WIMPs is

N=—2— (1.4)

1+ r2=rd

where o andrg are tting parameters. Using the obsened rotation velocity in
the solar neighborhood, the local density of the halo dark matter is estimated
to be

o 0:3GeVc %cm 3 (1.5)

with an uncertainty of a factor two or even more [9].
The following valuesare adopted by many dark matter seard experimerts.

0= 0:3GeVc %cm 3
Vo Ve 220km/s (1.6)
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Figure 1.2: Cosmologicalparameter spacefrom high-redshift supernova survey
[6], galaxy cluster obsenation [7] and cosmic microwave badkground measure-
ment [2].
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1.2 Dark Matter candidates
1.2.1 Axion

The axion was proposedas a natural new light pseudo-scalabosonto solve the
CP consenation problem of strong interactions [10]. CP invariance of strong
interactions is violated in the context of quantum chromodynamics (QCD) the-
ory, which is not the casefrom an experimental point of view. Although particle
physics has no preferencefor the axion mass, laboratory experiments and im-
plications from astrophysical and cosmologicale ects have excluded most of
the mass range, leaving only two windows, 10 8 eV m, 10 2 eV and
2eV.  m, 5eV, for further exploration [11]. The recert experiment using
the Sikivie radio frequency cavity technique to probe the axion massrange of
23 eV m, 34 eVresultedin no positive signal [12]. The recert results
from the CERN Axion Solar Telescog imply an upper limit on the axion-photon
coupling, ga < 1:16 109 GeV at 95% C.L. for axion massof my  0:02 eV

[13.

1.2.2 WIMPs

The widely discussednonbaryonic dark-matter candidate is Weakly Interacting
Massive Particles, WIMPs. \W eakly interacting” meansthat these particles
interact only via the weakinteraction (and gravity). Massive meanssu cien tly
massiwe to solve the structure-formation problem brought on by a baryons-only,
or even a neutrinos and baryons, universe. This would require a WIMP massof
at least 1 keV. Incidentally, particle physics provides a good genericrationale
for the existence of WIMPs. Supersymmetry (SUSY), a well-motivated and
preserily most-favored extension to the Standard Model of particle physics,
implies WIMPs. The lightest new patrticle, the neutralino, predicted by SUSY
would be an ideal WIMP . The details of these will be described in the next
section.

1.3 LSP Neutralino - Best Motiv ated WIMP
1.3.1 SUSY

The standard model (SM), which is a non-Abelian gaugetheory basedon the
gaugegroups SU(3)color  SU(2)iert U (1) hy per char ge Of Strong, electromag-
netic and weak interactions acting on the quark and lepton multiplets, is an
extraordinarily successfultheory, and describesall experimental results on the
interactions between elemenary particles with surprising accuracy However,
the SM hasits natural drawbacks and unsolved problems. Among them are

a large number of free parameters

the strong CP violation problem

not uni ed with gravity

a vor mixing and the number of generationsare arbitrary

the hierarchy problem



SUSY presupposesthat eat elemenary particle with spinj in the SM has
a supersymmetric partner with spinj 1=2, asshown in Table 1.3.1.

Normal particles SUSY partners
Symbol Name Spin | Symbol Name Spin
g= u;c;t up quarks 1= A 1 up squarks 0
g=d;s;b down quarks 1= e down squarks O
l=¢e;; leptons 1= [ER sleptons 0

er neutrinos 1= ~1;~2; 3 sneutrinos 0
g gluons 1 g gluinos 1=
w W bosons 1 ~1 ™ charginos 1=
H charged Higgs 0

photon 1

z0 Z boson 1
ho H? light scalarHiggs 0 ~9. 0 neutralinos 1=
HO H? heavy scalarHiggs O
A® H2:Pg pseudoscalarHiggs 0

Table 1.1: Particle spectrum in the SUSY model[14]. Particle with spinj in the
SM have supersymmetric partners with spinjj 1=2].

From precisemeasuremets of the coupling constarts and the solution of the
renormalization group equationsfor the ewolution of the coupling constarts, the
possibility of uni cation within the SM is excluded. On the other hand, SUSY
particles a ect the slope of the running of the couplings, and uni cation of the
coupling constarts is obtained at 106 GeV/c? in the caseof the SUSY breaking
scale,Msysy 1TeV/c? asshown in Fig. 1.4. In general,Msysy must bein
the range 100 GeV/c? to about 10 TeV/c? to provide this uni cation.

1.3.2 Neutralino

In the minimum supersymmetric extension of the standard model (MSSM),
the interactions of SUSY particles with ordinary particles are governed by \R-
parity". R-parity is given by

R = ( 1)SB+L+25 (17)

where B is the baryon number, L is the lepton number and S is the spin. The
supersymmetric particles are assignedodd R-parities and the ordinary particles
are assignedeven R-parities. Consenation of R-parity hastwo consequences:

the supersymmetric particles are created in pairs
the lightest supersymmetric particle (LSP) is stable.

The lightest neutralino ( ~9), the lowest-masslinear combination of
photino (~), zino (Z) and higgsinos(H1, H>), is the leading candidate for LSP




Figure 1.4: Three coupling constarts in the Standard Model (SM) (a) and in
the Minimal Supersymmetric Standard Model (MSSM) (b) [15]. Only in the
latter caseunication is obtained. i1, 2 and 3 arethe U(1) hypercharge,
SU(2) electroveak and SU(3) strong couplings, respectively.

and alsofor nonbaryonic cold dark matter. The photino and zino are expressed
with the superpartners of gaugebosons(Gauginos), Bino (B) and Wino (W):

~= cos wB + sin wWs3
Z = sin wB + cos wW3 (1.8)

Thus, canbe written as

= a;B + ap;W3 + aghy + asH» (1.9)
ghe neutralino massmatrix is written as 1
M1 0 Mz cos sin w Mgz cos cos w
% 0 M Mz sin sin Mz sin cos w §1 10)
Mz cos sin w Mgzsin sin w 0 ’
Mz cos cos w Mz sin cos w 0

whereM; and M, are the respective massparametersof U(1) and SU(2) gaug-
ino, is the higgsino massparameter, sin?>  is the weak mixing angle, Mz
is the Z boson mass, and tan Vvo=vy, where v; and v, are the vacuum
expectation values of the two Higgses. If we assumethe grand uni cation,

M; = (5=3) Mytan? v  0:5M; is obtained, thus the neutralino massmatrix
is characterized by three parameters: , M, and tan . In general, three basic
con gurations exist:



Gaugino dominated : If M1; M, , then the lightest neutralino is
primarily gaugino.

Higgsino dominated : If M1; Mg, then the lightest neutralino is
primarily higgsino.

Mixed: If My , then the neutralino is a roughly equal mixture of
gaugino and higgsino.

It suces to note that the bino, wino and higgsino have di erent interactions,
sothe composition a ects both the annihilation crosssectionand thus the relic
density aswell asthe crosssection for neutralino-quark scattering.

1.4 Review of Neutralino Search Exp erimen ts

There have beenthree typesof the neutralino seard experimerts: direct seard
experimerts, indirect seardes experiments and seard by accelerator experi-
ments. We will review these experiments in this section.

1.4.1 Direct Search

As our Solar systemmovesin the galaxy, the earth encourters the dark matter
halo with a relative speed. The WIMPs from the halo can elastically scatter
o the target nucleus of a terrestrial detector, and transfer a small amount
of energy (lessthan 100 keV) to the recoil nucleus. Successfullydetecting this
small amount of energyfrom the recoil nucleuswill give strong support for direct
detection of WIMPs. The main challenge of the direct detection of WIMPs
is the discrimination of a WIMP recoil event from a badkground event. The
gammarays and neutrons will make background everts with energiessimilar to
that from WIMPs. Recerily, the direct detection of dark matter experiments
are among the most exciting and competitiv e experimental physicsaround the
world. Theseexperiments require avery low background environment, thusthey
are usually located in deepunderground laboratories. This thesisrepresens one
of this type of experimert.

We will discussthe variety of designeddetectors that currently seard for
WIMP dark matter in Chapter 2, and the expectedWIMP evert rate in Chapter
3.

1.4.2 Indirect Search

Neutralinos can be trapped in the core of the Earth, the Sun, and the Galactic
certer and annihilate with ead other. The annihilation processhasmany chan-
nels as listed in Table 1.2. The detection of its annihilation products, suc as
gammarays, neutrinos, positrons and anti-protons, etc., from speci ¢ directions
and locations will provide indirect information on the dark matter.

An timatter

WIMP self-annihilation will alsoproduceparticles such aspositrons(e* ), antiprotons( p),
antideuterons(D), etc. The measuredcosmicantiproton spectrum can provide
information on the light neutralino and can be usedto put stringent constraints

on the supersymmetric con gurations [16].
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The seartesfor antiprotons or antideuterons have been performed by the
Balloon-borne Experiment with Superconducting Spectrometer (BESS), and its
recen results basedon the cosmic-ray antiproton spectrum suggestan unknown
source of antiprotons below 1 GeV [17]. For the cosmic antideuteron seard,
BESSfound no candidatesfrom their data during four balloon igh ts from 1997
to 2000, and derived an upper limit of 1:9 10 *(m? s sr GeV/nucleon) ! for
the dierential ux of cosmic-ray antideuterons, at the 95 % con dence level,
between0:17 and 1:15GeV/nucleusat the top of the atmosphere[18].

The next generation antimatter detector GAPS (the General Antiparticle
Spectrometer) identi es antimatter through the characteristic X-rays emitted
by antimatter whenit is captured in the target and forms exotic atoms. Its suf-
cient sensitivity to detecting antideuterons will enableit to probe the SUSY
parameter spacefor a sensitive indirect dark matter seard [19].

Gamma-Ra y Lines

rays may result from annihilations ! or I Z [14]. The rates of
these processesare di cult to estimate becauseof uncertainties in SUSY pa-
rametersand halo density pro les. Howewer, the -ray intensity from neutralino
annihilation in the galactic halo has a characteristic anglar dependence.

The Energetic Telesco (EGRET) on the Compton Gamma-Ray Obsena-
tory hasobsenedabout 60 % higher integrated intensity for gammarays above
1 GeV, than a model calculation of the emissionbasedon dynamic balanceand
realistic interstellar matter and photon distributions from the galactic plane
[20]. Elsaesserand Mannheim compared the extragalactic gamma-ray back-
ground from EGRET data with high-resolution simulations of cosmicstructure
formation, and found a best t value of neutralino massaround 5155 GeV
[21]. The next generationgamma-ray obsenatory GLAST (Gamma-Ray Large
Area SpaceTelesco) is planned to launch in 2007. It will be able to detect
gammacrays up to 300 GeV, with a sensitivity 2 10 ° photonscm 2 s 1 for
gammarays more than 100MeV for a 2 year all-sky survey, a factor of 30 better
than EGRET [22].

Muon Neutrino

Neutralinos scatter elastically o nuclei in the Earth, the Sun and the galactic
certer. If their velocities becomelessthan the escap velocity in the process,
they are gravitationally trapped in the core of them. The accunulated neu-
tralinos can self-annihilate and produce various particles. Among the products,
energeticmuon neutrinos can escage from the coreand be detectablein neutrino
detectors placed on the surface of the Earth. The energetic neutrinos will un-
dergo charged current interactions in the rock below the detector or within the
detector materials. Therefore, neutralinos are indirectly detectable as upward-
going muons. Sincethe energiesof these muons will be typically 1=3 to 1=2 of
the neutralino mass,they cannot be confusedwith ordinary neutrinos.

Fluxes predicted for such muon neutrino events in SUSY models seemto
fall for the most part between10 © and 10 2 events/m 2:yr, as shown in Fig.
1.5. Se\eral experiments are ongoing and have set limits on the ux of upward-
going muons from the Earth, the Sun and the galactic certer. The tightest
limits have beenreported by the Super-Kamiokande Collaboration [23]. The
new generation neutrino telescopes such as IlceCube [24] and ANT ARES [25]
are under developmen.
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annihilation channel
ff
W*wW
AYAS
W*H ,W H*
ZOA0
! ZOHO, ZOno
AOAO HOHO KORO HORO
AOHO AR
H*H
g9, qag
A

Table 1.2: Neutralino-neutralino annihilation channels[14]. Wheref and f are
the standard model, neutrinos, leptons and quarks, and A° are axions.

1.4.3 Search by Accelerator Exp eriments

The neutralino seard is also performed by accelerator experiments [35]. Neu-
tralinos could be producedin an e* e collider through an s-channel virtual Z,
or by t-channel scalar electron (selectron, €) exchange.

ee ! 99 o 99 (1.12)
then the ~3 will decay into.
S 9z i or 91 2 (1.12)

The signature is missing energy due to the undetected ~§ and one or two pho-
tons, two or four leptons, or one to four hadronic jets.

Constrained Minimal Supersymmetric Standard Model (CMSSM) motivated
by Grand Uni ed Theory (GUT) is often usedfor the analysisto simplify physics
interpretations. The absolute lower limit to M -0 massfor a certain parameter

setis 40 GeV ¢ 2 [35]. However, seardes for a neutralino with mass lighter
than 40 GeV c 2 are still neededbecauseit is probable that GUTs may not
work and in that case,neutralinos with massesf a few GeV ¢ 2 can exist [36].

12



Figure 1.5: Predicted rates for indirect detection of neutralinos of massm via
obsenational rate of energeticmuon neutrino everts from annihilation in both
the Earth and the Sun [14].
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Chapter 2

Dark matter direct
detection experimen ts

Neutralinos can be detected via elastic scattering with ordinary matter. Feyn-
man diagrams of the spin-independert and spin-dependert neutralino-quark
elastic scattering are shovn in Fig. 2.1 and 2.2, respectively. Many experi-
ments have beentrying to reveal the existenceof WIMPs by this approach.

C C

Hh >

g g

Figure 2.1: Feynman diagram cortributing to the spin-independert elastic scat-
tering of neutralino from quarks.

The detectors for direct detection experiments should be equipped with the
following three characteristics.

Low energy threshold

Sincethe WIMP signalis expectedto originate from elastic scattering, a feature-
less, quasi exponertially decreasingenergy spectrum will result. The relevant
energy region will be typically below 100 keV. Therefore, the lower the energy
threshold, the more of the signal can be detected.

14



g g

Figure 2.2: Feynman diagram contributing to the spin-dependert elastic scat-
tering of neutralino from quarks

Large target mass

SinceWIMP direct detection is a rare event seard, onewould needlarge target
massegyenerally in order to gain su cien t statistics in a reasonableobsenation
time of the experimert.

Low background

The typical precautions of rare event seardes (such as material selectionand
shielding) is essetial to WIMP detectorsin an underground laboratory. For nu-
clear recoil events, a genericbackground contribution originates from neutrons.
On the other hand, the majorit y of badkground consistsof electron recoils from
photons (X-ray or -ray radiation) or electrons( -ray radiation). Tedniques
to discriminate betweenthesetwo typesof energy deposition reducethe badk-
ground signi cantly.

2.1 Nal scintillator detectors

Dark matter seardhesusing Nal scirtillator detectors have beenperformed since
the mid 1990sand somelarge scaleexperiments are still running. The nuclear
recoil events can be distinguished from electron recoil everts basedon the scin-
tillation light pulse shape discrimination (PSD), asshown in Fig. 2.3. The nal
result from the UKDMC (UK Dark Matter Collaboration) from the NAIAD
(Nal Advanced Detector) experiment has set the WIMP-n ucleon cross section
as shown in Fig. 2.5 and 2.6 [27].

The increasingamount of massfor the Nal detectors allowed the study of
WIMP annual modulation with enough statistics. The DAMA Collaboration
reported positive annual modulation signals(without PSD discrimination of nu-
clear and electronrecoils) basedon 100kgNal(Tl) crystals with a total exposure
of 108,000kg day for a sewen-year period run that endedin July 2002. They
shawed annual modulated signals(seeFig. 2.4) with 6.3 CL and, claimedade-
tection of WIMP signalat a WIMP-n ucleoncrosssectionat , 10 © 10 5 pb
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Figure 2.3: Pulse shape discrimination (PSD) by using time constarts for -ray
(full line) and neutron (dashedline) evert from Nal scintillation light for 13 -
16 keV energy span. Figure is taken from [26].

for a WIMP massof 60 GeV ¢ 2 [28]. The allowed region of DAMA is shawn in
Fig. 2.5. DAMA s currently the only experiment that claims positive WIMP
detection. While many suggestionshave beenmadeto try to resolvethe con ict
of the DAMA results with other experiments with better sensitivity to WIMP
seardes, there is remaining doubt that the annual modulation signal from the
DAMA experiment might be from someannual cycle remaining in the experi-
mert itself, and not from a WIMP signal.

2.2 Cry ogenic detectors

The application of cryogenic detectors operated at sub-Kelvin temperatures
have good performanceand sensitivity for WIMP seartes. These experiments
usethe technology of detecting two signalsfrom an event simultaneously - ther-
mal phononsand ionization for the caseof cryogenic Ge detectors.

The EDELWEISS Collaboration usedneutron transmutation doped (NTD)
Geheat sensorgo readthe thermal phononsignalfrom recoil evert. The phonon
signal has no quending factor for nuclear recoil events. The ionization from
nuclear recoils is reduced by the quending factor, which allows the separation
of these nuclear recoil everts from electron recoil everts. The nal result from
EDELWEISS from three 320 g detectors over four months of stable operation
with a total exposure of 62 kg d has set the WIMP-n ucleon cross section as
shown in Fig. 2.5[30].

The CDMS (CryogenicDark Matter Seard) experiment usescryogenic Ge
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detector technology similar to EDELWEISS, and CDMS |l hasbeenrunning in
SoudanMine since2003. The latest result from CDMS |1 with two towers, eat
consisting of six detectors, with a total exposure of 34 kg d for germanium and
12 kg d for silicon targets after cuts has set the WIMP-n ucleon crosssection as
shown in Fig. 2.5[31].

2.3 Liquid noble element detectors

The liquid noble elemerts are excellent scirtillators, while at the sametime ion-
ization signals can be collected with an applied electric eld. The experiments
using the pure scirtillation light from liquid noble elemen detectors use one
phase (liquid) as the working medium, we refer to them as \single phase de-
tector". Due to the dierent ionizing density of nuclear and electron recoils in
liquid noble elemerts, badkground discrimination can be realized by measuring
simultaneously the ionization and scirtillation signals from a liquid noble ele-
ment detector. Usually ionization in this kind of detector is detected via their

proportional scirtillation in the gasphase,thus using both liquid and gasphase
as working medium, we refer to this kind of detector as\dual-phase detector".

2.3.1 Single phase detector

The ZEPLIN | experiment publishedtheir rst result basedon the PSD of liquid
xenon scintillation light with a single phase detector operating in UK Boulby
Mine and a total run of 293 kg d exposure.

Instead of using PSD for background discrimination, a large scale liquid
xenon detector such as XMASS single phase,would also be able to reject badk-
groundsbasedon a volume cut for everts only in the certer of the detector. This
would allow a su cien t badkground rejection. The details about the XMASS
single phasedetector are discussedin Chapter 5.

2.3.2 Dual phase detector

As discussedabove, the scirtillation and ionization signals are simultaneously
detected by dual phasedetectors. The direct scirtillation light is detected by
photon detectors, usually photo-multiplier tubes (PMTs) as S;. The number
of primary ionization electronsfrom nuclear recoil everts in theseliquid noble
elemers, with typical energiesat the 10 keVr level, is very small and can't
be detected e cien tly with charge-sensitive devices. In these experimernts, the
primary electronsare drifted from the liquid to the gasphasewith a drift eld
Eg4 in the liquid. Oncethey reach the gasphase,the signal will be ampli ed by
means of proportional scintillation or electroluminescenceby a strong eld in
the gasphase. The proportional scirtillation is alsodetectedby the PMTs asS.
The distinct ratio betweenthe scirtillation and ionization, S,=S;, for nuclear
recoil events and electron recoil everts provides unique badkground rejection for
WIMP dark matter seardes.

The XENON experiment usesa dual phasexenon detector, and XENON10
hasbeenrunning at the Gran SassoNational Laboratory since2006. The latest
result from XENON10, with 58.6 live-days of WIMP-search in a 5.4 kg liquid
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xenon target, has set the world's current lowest exclusionlimit for the WIMP-
nucleon crosssection as showvn in Fig. 2.5[32].
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Figure 2.4: DAMA annual modulation signal from a model independent t to
a cosinefunction, showing the period of oscillation to be 1:00 0:01 year and
o set tg at 140( 22) day.
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Figure 2.5: Experimental results of spin-independert WIMP seardes. The
regionsabove the curvesare excludedat 90 % con dence level. DAMA's allowed
regionis shawn by the pink line[28]. The limits by EDELWEISS [30] and CDMS
Il [31] with cryogenicgermanium detector are shonn by the blue and light-blue
lines. The world's current lowest limit by XENON10 with a dual phasexenon
detector is shown by the greenline [32]. MSSM predictions are shovn by the
black line.
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Figure 2.6: Experimertal results of spin-dependent WIMP seardies. The regions
above the curvesare excludedat 90 % con dence level. The limits by UKDMC

[27] and DAMA [29] with Nal(TI) detectors are shovn by the blue and green
line. The limit by CRESST with a cryogenic Al,O3 detector is showvn by the
pink dotted line [33]. The limit by the Tokyo group with CaF, scirtillator is
shown by the light-blue line [34]. MSSM predictions are shovn by the black
line.
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Chapter 3

Direct Detection of
Neutralinos

In this chapter, theoretical framework of the direct detection of neutralino is
described [37].

3.1 Rg: Total Event Rate for ve = 0and Vesc= 1

The di erential evert rate per unit target mass(kg) is

dR = Na N Vdn (3.1)

A
where N, is the Avogadro number per unit mass(6:02 10%¢ kg l), A is the
massnumber of target nucleus, v is the dark matter velocity onto the target, n
is the dark matter particle number density, and N is the neutralino-nucleus
( N) crosssectionfor zeromomertum transfer. The crosssectionfor non-zero

momertum transfer, N (non zero) IS EXpressedas
N (non zero) — N FZ(ER) (3.2)
which is discussedin Section 3.4. The total evert rate, R, is then expressedas
No No .
= — vdn= — ng hvi 3.3
A N A N 0 ( )

where ng = > is the meandark matter particle density given by the ratio of
the dark matter density, p, to the neutralino mass,M , and hvi is the mean
dark matter velocity. A Maxwell-Boltzmann dark matter velocity distribution
is commonly assumed:

f(v;ve) = el vtvei*=vg (3.4)

3
(vd)?
where v is the dark matter velocity onto the target, vg is the Earth velocity

relative to the dark halo, and vy is the velocity dispersion. For vg = 0 and the
local Galactic escae velocity, Vesc = 1 , hvi is expressedas

hvi = 192: Vo: (3.5)
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From Eqg. (3.3) and Eqg. (3.5), the total event rate for ve = O and Vegc = 1,
Ro is expressedas

_ No

2
D .
R() - A N M— p: V(). (36)

Ro is corvertionally expressedin units of kg ‘day !. Normalizedto p =
0:3GeV ¢ 2cm 2 and vy = 220km s 1, Eq. (3.6) becomes

361 N D Vo
M My 1pb 0:3GeVc 2cm 32 220km s 1

Ro = (37)

with M, My in units of GeV ¢ 2. My is the massof target nucleus (My =
0:932A).

3.2 Modied Spectral Function for vg 6 0 and

The total evert rate for ve 6 0 and vesc 6 1 is expressedusing Eg. (3.3) and
Eqg. (3.6)

p— . Z
hvi ko 1
R=Ry — — =Ry — — Vvf(v; d? 3.8
05 Yo 0% 3 vg v (v;vg) d°v (3.8)
where k is the normalization constart
zZ, Z, Z,.
k = d d(cos ) f (vive) V2 dv (3.9)
0 1 0
and kg = vg 3=2 is the value of k for vesc = 1 . Eq. (3.8) is then,
R(O; Vesc) Ko Vase 2 o2
— = = =1 1+ =¢ Vese Vo 3.10
Ro kl VS € ( )
R(VE i1 ) 1 1 VE 1vo VE v2 =y2
- 7 = — — + —— —  + E Vo .
Ro 5 2 v v erf Vo e (3.11)
R(VE ; Vesc) ko R(ve;1) Vgsc 1Vé 2. =v2
- = = - =" 7 =t B+ 1 Vesc =Vo 3.12
Ro ki Ro v 3wt ® (3.12)
_R
where erf (x) = 2:p (;(exp t? dt and k; is the value of k for vesc 6 1
written as
ky= ko erf Ve g2 Ve o vi=vg (3.13)
Vo Vo

The recoil energy of the nucleusof massMy causedby elastic scattering of
the dark matter particle of massM with kinematic energyE is

ErR=Er (1 cos)=2 (3.14)
where is the scattering angle (in the certer of mass)and

aM My
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With an assumptionthat the scattering is isotropic, and where Er is uniformly
distributed over the range0 Egr Er, then the di erential evert rate is
z Z
drR _ " Fm 1 1 7 Vme 3

G- . Er RO —3 dR(V) (3.16)

Vmin

2
Vo

whereEg = 122 M V3 = + E, Emin = Er=r is the lowest energy of the

incident particle which can produce a nuclear recoil of energy Er and vpin =

(2 Emin M )% is the dark matter particle velocity corresponding to E yip, -
From Eq. (3.8),

Z
_ Ro ko 1 Vmax 9 . 3
dR = Eor ?2—\/5 - = f(v;ve) d°v (3.17)

then the di erential spectral function is expressedusing Eq. (3.16)

Z
dR _ Ro ke 1 Vmax 9 . 3
dEx ~ Eor Kk 2 V2 = f(v;vg) d°v (3.18)

Vmin
For the simplest caseof vg = 0 and vesc = 1 , EqQ. (3.18) gives
dR(0;1) _ Ro e Er=Eor
dER Eqr
Eq. (3.19) shawsthat the distribution of recoil nuclei is governed by the masses

of the dark matter particle and target nuclei. With non-zeroveg and nite Vesc,
Eq. (3.18) gives

(3.19)

_ t_(l)EFZor dRéE;Rl) EFZOr e Vi (3.20)
Cl%e c2 Er=Eor (3.22)
%;RVGSC) _ t_tl) dREjVéR;l) EROore vZ, =v? (3.23)

wherec; = 0:751andc, = 0:561are parametersin Eq.(3.22) for vg = 2440km 1.

The Earth velocity vg variesduring the year asthe Earth movesaround the
Sun.

VE 244+ 15sin(2 y) km * (3.24)

where y is the elapsedtime from March 2nd in year, is usedin [37]. The
Maxwellian velocity parameter, v, and the escape velocity, Vesc, are discussed
by sewral authors [3§] [39], and

Vo = (220 40)kms ! (3.25)
Vesc = (450 650)kms ! (3.26)

are the commonly usedvalues.
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3.3 Cross Section at Zero Momen tum Transfer

Neutralinos interact with quarks spin-independertly (SI) and spin-dependertly
(SD). The crosssectionof ead interaction canbe calculated by assumingcertain
setsof parametersin the MSSM model [14] [40].

3.3.1 Theoretical Framew ork

The theoretical framework we usein the cortext of the MSSMis reviewed in this
section. The MSSM Lagrangian leadsto the following low-energy e ectiv e La-
grangian, L, suitable for describing elastic neutralino -quark interactions [40].

5

Leff = G i+ 202G+ 3 Gg

+ 4 °qg°%+ s g °G+ & °qgg (3.27)

whereq denotesthe quark and the subscripti labelsup-type quarks (i = 1) and
down-type quarks (i = 2). This Lagrangian is to be summed over the quark
generations. Terms in Eq.(3.27) with coe cients 1;, 4, s and g make
cortributions to the elastic scattering crosssectionthat are velocity dependert,
and may be neglectedfor dark matter with non-relativistic velocities. Termsin
Eq. (3.27) with coecients , and 3 cortribute to the SD and Sl interactions,
respectively. 5 and 3 arewritten asfollows.

1 h ) | 1 h ) 2i
P = —— Yij“+ jXijS + —————— Vi|" + W]
2i AMZ M2 i)+ )Ri) 4M2 M2 i)+ JWi)
h i T3
92 . .2 . .2 Ti
- -+ 3.28
MZ o2 jasl” jau” (3.28)
1 1
P = ——— — Re (X;)(Y; ———— Re (W) (V,
5= oz Re DM g Re (W) (W)
gMQi 0. 1 1
R . D . +
2Mw B, e( 1i[gaz ga1]) DiC Mﬁl Mnﬁz
D? C?
tRe(alga dal) o+ (3.29)
H2 Hi

whereMy, is the quark mass. Eq.(3.28) and (3.29) are to be summedover g and
i. My and My arethe squark masseigervalues,M is the neutralino mass,M 2
is the Z bosonmass, My is the W bosonmass, T;? is the third componert of
the weakisospin, a;.2.3.4 are the neutralino composition parametersin Eq.(1.9),
Mu, < My, denotestwo scalar Higgs mass,and  is the weak mixing angle,
which is given by the ratio of the two weak coupling constarts, tan w = g*g.

gMg as
Xi 11ﬁ 12€'lgoal
Yi gMq as i)
gM i A5
Wi 21ﬁ 226 9%y
gMg as -
v TP 798+ 0T (3.30)
I
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wherey; denotesthe hyper charge of the sfermion de ned by e = T2 + y;=2.
is the sfermion massmatrix and de ned for each avor g by an angle g as

1 12 oS g sin

= ; (3.31)
21 22 SIN g COS g
Other parametersin Eq.(3.28) and (3.29) are
1, = @8z, 1, = &4, 2, =a,; 2 = ag (3.32)
Ap=cos ; A, = sin ; B;=sin ; B, = cos
Ci=sin ; C,=cos; Di=cos; D= sin (3.33)
where denotesthe Higgs mixing angle, and tan = v,=v;, wherev; and v»
are the vacuum expectation values of the two Higgses. , and Higgs mass,
My, are related by the following equations.
1 1
. 1 k 2 1+k 2
sin = —5— ,CO0s = 3.34
i > 5 (3.34)
where
c+r2 2 M3
k = - - - c= 2 = _H .
c cr 12 ¢ c=cos2 ;r E (3.35)

The crosssection of the elastic neutralino( )-nucleon scattering is given by
X
N/ N jLerr N ? (3.36)
q
wherejNi is a wave function of the nucleus.

3.3.2 Cross Section

The neutralino( )-nucleuscrosssectionat zeromomertum transfer is expressed
as

n=4GE 2 Cy (3.37)

whereGe = 1:66 10 °GeV 2(hc)? is the Fermi coupling constart, N isthe
reducedmassof the neutralino (M GeVc 2) and the target nucleusM y GeVe 2),
M My
= " 3.38
N M (338)
Cn is adimensionlesshnumber referredto asthe enhancemen factor that carries
all the particle physics model information. Cy is expressedby the sum of SI
and SD terms.

Cn = Cy'+C3P (3.39)

In the following sections,C5' and CSP valuesare discussedfor various nuclei.
Since N Can be expressedas
2 2
N Cn N Cn
N = b = = n _— (3.40)

i Cp 2 Cy
with the enhancemen factor of proton C, and neutron C,. Here Cy = CJ' +
CP, and p and n are neutralino( )-proton and neutralino( )-neutron
crosssections, respectively.
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3.3.3 Spin-Indep endent (SI) Interactions

The enhancemeh factor of the Sl crosssectionis written as [40],

h i,
cy = éz Zf®+ (A Z)fM (3.41)

F

where A is the massnumber and Z is the atomic number. f () and f (™ are
the neutralino( )-nucleon spin-independert couplings. They are written asthe
neutralino( )-quark spin-independert couplings, f%’) and f%‘), summed over
the quarks that comprisethe nucleon,

£ 3 2 X 3
el (e iR (3.42)
P g=ud;s 4 g=cbit G
f(n) X " 3 2 X 3
= M 39y 2 (D) 34 (3.43)
M n g=u;d;s © M a 27 g= c;b;t M a

where My is the quark mass,M, and M, are the proton and neutron masses,
respectively. Parametersf%‘:) and f%‘) are determined by the information of

guark massratio and chiral symmetry applied to baryons. The values of f%’)
and f%’;) are as follows,

P = 0:020 0:004 f{P = 0:026 0:005 P = 0:118 0:062
£ = 0014 0003 f{" = 0:036 0:008 f{" = 0:118 0:0673.44)
while
X
-1
Q=)I<J;d;s
f = 1 £ (3.45)
g=u;d;s

In most case,f %’) ' f#’;), therefore C5' / A2 from Eq.(3.41),

CR' _ CX _ 2
C—ps' = C—? =A (3.46)

is a practical estimation. Eq.(3.40) and Eq.(3.46) give

2
SI —  SI p

1
p N2NA2

(3.47)

Eq.(3.47) can be usedfor the conversion of the obtained S' into S' .

Eq.(3.47) indicates that materials with large A values are e ectiv e for SI-
interacting neutralino detection. Expected spectra in natural xenon for SI-
interacting neutralinos are shown in Fig. 3.1.
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Figure 3.1: Expectedrecoil spectra in natural xenonfor Sl-interacting neutrali-
nos (M = 50 GeVc 2 100 GeVc 2 and 200 GeVc ?) where S' = 10 ©
pb is assumed. Here we take p = 0:3 GeVc ?cm 3, vp = 220 kms 1,
Ve = 244kms ! and Vesc = 450kms 1.

3.3.4 Spin-Dep endent (SD) Interactions
The enhancemeh factor of the SD crosssectionis written as [40],

2J+ 1
J

8
CRP == a Syn) *a San) (3.48)
where Syy) and S,y) arethe expectation valuesof the proton and neutron
spin in the nucleusN, a, and a, are the neutralino( )-nucleon spin dependert
couplings, and J is the total spin of nucleus. a, and a, are expressedas

X

a, = pa_ P (3.49)
_ . 2GF
q—)g,d,s

a, = pe M (3.50)
g=u;d;s ZGF

wherethe P and " are the quark spin cortents of the nucleon, and are

calculated as [40]

P =078 002 P= o048 002 = 015 002 (3.51)
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In the caseof the neutron,
P= PP o= P (352)

Eq. (3.48) is written as

CP = 8 2 (J + 1) (3.53)

where

J_ ap Sp(N) + an Sn(N) (354)
is referred to asthe Lande factor. 2 J(J + 1) valuescalculated on the basis
of the odd group model for various nuclei are listed in Table 3.1.
Eqg. (3.40), (3.53) and Table 3.1 give

SD _ SD 2 p 075 | (3.55)

P Nz a0+

Eq. (3.55) can be usedfor the conversion of the obtained SP into SDp.

unpaired proton
Isotpe | J | Abundance (%) | 2J(J + 1)

H 1= 100 0:750
Li 3= 92:5 0:244
F 1= 100 0:647
ZNa | 3= 100 0:041
27 5= 100 0:007
B3Cs | 7= 100 0:052

unpaired neutron
Isotpe | J | Abundance (%) | 2J(J + 1)

SHe | 1=2 13 10° 0:928
5i [ 1=2 47 0:063
BGe | 9=2 7:8 0:065
129%e | 1=2 264 0:124
Blxe | 3=2 21:2 0:055
Bw | 1=2 143 0:003

Table 3.1: Valuesof 2J(J + 1) calculated on the basisof the odd group model
for various nuclei [41].

Expected spectra in natural xenonfor SD-interacting neutralinos are shown
in Fig. 3.2.

As a\mo del independent" analysis, the casesof pure proton coupling (a, =
0) and pure neutron coupling (a, = 0) are also cheded to interpret the ex-
perimental results in terms of spin-dependert interactions. 2 J(J + 1) values
calculated in the casesof pure proton coupling and pure neutron coupling for
various nuclei are listed in Table 3.2 and Table 3.3.
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Figure 3.2: Expectedrecoil spectrain natural xenonfor SD-interacting neutrali-
nos(M = 50GeVc 2, 100GeVc ? and 200 GeVc ?) where SP ) = 0:1 pb
and the odd group model are assumed. Here we take p = 0:3 GeVc 2cm 3,
Vo = 220kms 1, vg = 244kms ! and vesc = 450kms 1.

3.4 F2, Nuclear Form Factor Correction

When the wavelength, h=g, with momertum transfer g = (2 My ER)lz2 is no
longer large comparedto the nuclear radius, the e ectiv e crosssectionbeginsto
fall with increasingqg. Here h is the Planck constart. This e ect is represerted
by a form factor, F, which is a function of the dimensionlessquartity, qrn,
wherer, is an e ectiv e nuclear radius. The neutralino( )-nucleuscrosssection
at zeromomertum transfer, N, IS corrected with this form factor as

(arn) =~ F2(arn) (3.56)

In the rst Born (plane wave) approximation, the nuclear form factor canbe
de ned asa Fourier transformation of (r), the density distribution of “scattering
certers'

Z

F(qrn) = (r) exp(ig r) dr (3.57)
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unpaired proton
Isotpe | J | Abundance (%) | 2J(J + 1)

BF 1= 100 0:583
BNa | 3= 100 0:103
27 5= 100 0:133

unpaired neutron
Isotpe | J | Abundance (%) | 2J(J + 1)

29Gj 1=2 4:7 0:000012
BGe | 9=2 7:8 0:0011
129%e | 1=2 26:4 0:0024
BIxe | 3=2 21:2 0:00014

Table 3.2: Valuesof 2J(J + 1) calculated in the caseof pure proton coupling
for various nuclei [42].

unpaired proton
Isotpe | J | Abundance (%) | 2J(J + 1)

F 1= 100 0:036
ZNa | 3= 100 0:00067
127 5= 100 7:87

unpaired neutron
Isotpe | J | Abundance (%) | 2J(J + 1)

5i [ 1=2 4:7 0:051
BGe | 9=2 7.8 0:175
129%e | 1=2 264 0:385
Blxe | 3=2 21:2 0:086

Table 3.3: Valuesof 2J(J + 1) calculated in the caseof pure neutron coupling
for various nuclei [42).

For small momertum transfer (qr, < 2), a commonly used approximation is
!
(@rn)

F2(qrn) = exp 3

(3.58)

More precise studies have been done for spin-independert and spin-dependert
interactions as follows.
For spin-independert interactions, the form factor is written as[37,

. 2
F2(qrn) = 3“;%”) exp (gs)? (3.59)
n

wherej1(x) = [sin(x) x cogx)]=x2, r, ' L:14A¥™ fmands' 0:9 fm repre-
serts the nuclear skin thickness.
Values of the form factor as a function of recoil energy for Sl interactions
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are showvn in Fig. 3.3. Expected spectra in natural xenon for Sl-interacting
neutralinos with F 2, the nuclear form factor correction, are shown in Fig. 3.4.

+. |
HratoraT™Nd

\\
0 100 200 300 400 500 600
recoil enegjkeV|

Figure 3.3: Valuesof the form factor as a function of recoil energy for Sl inter-
actions.

For spin-dependert interactions, if the odd group model is assumedthe form
factor is approximated by the Besselfunction partially lled with a constart
value [37],

js(arn) (qrn < 255, qr, > 45)

2 _
F2rm) = 5.047(constant)  (255< qry < 45)

(3.60)

wherejo(x) = sin(x)=xandry ' 1:0A% fm.

Values of the form factor as a function of recoil energy for SD interactions
are shown in Fig. 3.5. Expected spectra in natural xenon for SD-interacting
neutralinos with the F 2, nuclear form factor correction, are shown in Fig. 3.6.

3.5 Detector response correction

3.5.1 fgq, Quenching factor correction

For scintillation detectors calibrated with -ray sources,the apparent obsened
nuclear recoil energyis lessthan the true value; the ratio, the quending factor,
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Figure 3.4: Expected recoil spectra in natural xenon for Sl-interacting neu-
tralinos (M = 50 GeVc ?; 100 GeVc 2 and 200 GeVc 2) with F2, the
nuclear form factor correction, where S p = 10 6 pb is assumed. Here
we take p = 0:3 GeVc %cm 3, vg = 220kms 1, ve = 244kms ! and
Vesc = 450kms 1.

fo, is determined by neutron scattering measuremets. Experimenters prefer
to work with -calibrated energiesfor easyidenti cation of badground rays,
sothe recoil energy Eg, in the above spectra should be replacedby the visible
energyEy, using Er = E,=fq.

While fq for scirtillation detectors might vary with Egr, measuremeis so
far show no evidenceof signi cant energydependence.Neutron scattering mea-
suremeris give fo  0:2 for natural xenon [43] and 0:3; 0:08 respectively for
Na and | in Nal(Tl) [44], over substartial energyranges. The quending factor,
fo, for various targets are listed in Table 3.4. In this thesis, we usefq = 0:2
for natural xenon.

3.5.2 Combining results

Expected spectra in natural xenon for Sl-interacting neutralinos with F?2 and
fo correctionsare shown in Fig. 3.7.

Expected spectra in natural xenon for SD-interacting neutralinos with F2
and f o corrections are showvn in Fig. 3.8.

33



P I

0 100 200 300 400 500 600
recoil enegjkeV|

Figure 3.5: Values of the form factor as a function of recoil energy for SD
interactions.

Target  Nucleus fo

Xe Xe 0:2 [43]
Nal(TI) Na 0:3 [44]
I 0:08 [44]

Ge Ge 0:25[45

Table 3.4: The quending factor, f g, for various targets
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Figure 3.6: Expectedrecoil spectra in natural xenonfor SD-interacting neutrali-
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Here we take p = 0:3 GeVc 2cm 3, vo = 220kms 1, ve = 244kms ! and
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Chapter 4

Prop erties of liquid xenon

4.1 Physical prop erties of liquid xenon

The physical properties of liquid xenon are summarizedin Table 4.1, and the
isotopic composition of natural xenonis showvn in Table 4.2.

4.2 Scintillation mechanism and prop erties

Due to interactions of charged particles in liquid xenon, the orbital electron
may be lifted to a higher-level shell within the atom, excitation, or completely
removed from the atom, ionization. The excitation states of electronsreturn to
the ground state by emitting a photon, which gives scirtillation light. The re-
combination of electronand ion pairs from ionization processevill alsoproduce
excitation statesand further emit photons. The two processegan beillustrated
as following [50].
Fast comp onents

Xe + Xe | Xe,
Xe, ! 2Xe+h 4.1)
Slow comp onents
Xe" +Xe | Xej
Xe; +e I Xe +Xe
Property Value Condition | Reference
Atomic number 54
Mass number 131.29 [47
Boiling point 165.1K 1 atm [47]
Melting point 161.4K 1 atm [47]
Density 2:96 g/cm® (liquid phase)| 161.5K (49
Radiation length | 28.7 mm (liquid phase) [49

Table 4.1: Physical properties of liquid xenon.
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Isotope | Abundance (%) | Spin
4 Xe 0.096 0
126xe 0.090 0
128xe 1.92 0
129xe 26.44 1/2
130xe 4.08 0
Blxe 21.18 1/2
2xe 26.89 0
¥4xe 10.44 0
136xe 8.87 0

Table 4.2: Isotopic composition of natural xenon [58]. '?°Xe and **'Xe have
non-zerospin, sothesenuclei can interact Spin-Dependertly with neutralino.

Xe ! Xe + heat
Xe + Xe | Xe,
Xe, ! 2Xe+ h 4.2)

The scirtillation properties of liquid xenon are summarizedin Table 4.3.
The relation betweenthe Rayleigh scattering length and the refractive index
of liquid xenonis shown in Fig. 4.1.

4.3 LET dependence of scintillation vyield

Scintillation vyields (scintillation intensity per unit absorbed energy) in liquid

xenon for ionizing particles are expressedas a function of the linear energy
transfer (LET) for the particles [60]. The reduction in scintillation yield in the
low LET region shown in Fig. 4.2 is explained as follows. According to the
Onsagertheory, when an electron produced by an ionizing particle is slowed
down to thermal energy within the Onsager radius from the parernt ion, the
electron cannot escage from the in uence of the parernt ion, and the electron-
ion pair recomnbines. Strictly speaking, the escape probability of the electron at
the Onsagerradius, wherethe Coulomb energyis equalto the thermal energy is
e 1. Conversely an electron thermalized outside the Onsagerradius should be
free from the in uence of the parent ion evenif the external electric eld may be
nil. The electronthermalization rangeis estimatedto be 4000-5000hm for liquid

xenon; they are beyond the Onsagerradius (49 nm for liquid xenon). Therefore,
it is reasonableto surmisethat there exist a large number of electronsthat will

not reconbine with the parent ion for an extended period of time (>ms) in the
absenceof an electric eld. Sud electronswill causea reduction in scintillation

in the low LET region. The Onsagertheory falls short of thoroughly explaining
the recombination processbetween electrons and ions in liquid xenon, due to
the fact that the mean interval of electron-ion pairs produced by a minimum
ionizing particle is approximately 100 nm, a value comparable to the Onsager
radius itself in liquid xenon. In order to explore the subject matter further,

a \v olume recombination”, i.e., electron recomnbination with ions other than
the parent ion, should be taken into consideration. Assuming such a volume
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Property Value Condition Reference
Peak emissionwavelength 178 nm [51[52
Spectral width (FWHM) 14 nm [51][52
Scint. Absorption length 100cm [57
Rayleigh scattering length 60 cm Nye = 1:61 [58]
Refractive index 161 01 Q77 5) nm [59
Property Value Particle Reference
Energy per scint. photon (237 2:4) eV electrons [53
14.2eV electrons [54]
12.5eV, 12.7eV electrons [54]
(19:6 2:0) eV particles [53
(16:3 0:3) eV particles [56]
Decay time (Slow componerts) 45ns electrons, rays [53
Decay time (Fast componerts) 4.2ns particles [53
Decay time (Slow componerts) 22 ns particles [53

Table 4.3: Scirtillation properties of liquid xenon.

100 |- :
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® )\ from eq.(16)

s averaged eq. (16)

¢ 3

Figure 4.1: Relation betweenthe Rayleigh scattering length and the refractive

index of liquid xenon [5§].
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Figure 4.2: Dependenceof scirtillation yield on LET in liquid xenon[60]. Solid
circles represent yields for relativistic heavy particles whereasopen circles rep-
resert those for electrons, alpha particles and ssion fragments. Open squares
represent -ray data. Solid curves are obtained from Eq. 4.3 by using sewen
valueswithin the ( range of 0.0-0.6.

recombination, the scirtillation intensity per unit absorbed energy dL/dE, is
given by the following equation,

dL=dE = [A(dE=dX)=(1 + B(dE=dx))] + o (4.3)

wheredL/dE is normalized to the scirtillation yield at the at top level, that is,
in the limiting caseof dE=dx! 1 , Eq. (4.3) becomesA=B+ o= 1. A, B and
o are adjustable parameters, and ¢ is the scirtillation yield at zero electric
eld in the limit of zeroLET.
In this thesis, the following value manifesting the best t in Fig. 4.2is used
as o for liquid xenon.

o= 0: (44)

4.4 Quenching factor of liquid xenon

The scintillation e ciency of liquid xenon for nuclear recoils is di erent from
that for electron recoils. The relative scirtillation e ciency of nuclear recoils
to electron recoilsis called the quending factor, fo. The nuclear recoil energy
Er, is corverted into visible energy Ev , with fg asfollows:

Ev = fQ Er: (45)

The quending factor of liquid xenonwasmeasuredby somegroups, and the
results are listed in Table 4.4.
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fo

0:2 [43]
0:22 0:01[61]
0:45 0:12[67]

Table 4.4: Quendhing factor of liquid xenon.

In this thesis, the smallestquending factor in Table 4.4, fo = 0:2, is used
for the following analysisto derive the constraint on the neutralino-nucleuscross
section consenativ ely.
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Chapter 5

Single phase liguid xenon
detector for Dark Matter
search

Experiments using pure scirtillation light in liquid xenondetectorsuseonephase
(liquid) asthe working medium, we refer them as\single phasedetectors." We
are developing a single phaseliquid xenon detector for the purposeof the direct
detection of WIMPs.

5.1 Adv antages of liquid xenon for dark matter
search

We selectliquid xenon as a target of WIMPs becauseof its advantages. The
advantages of liquid xenon are as follows,

1. Atomic number is large( Z = 54).
Becauseof the large atomic number of xenon(Z = 54), rays are strongly
attenuated in a short distance near the surface of the xenon volume, al-
lowing us to make a low badkground ernvironment at the certer of the
detector for a dark matter seard. This self-shielding power of xenon for
-ray badkgrounds is the key idea of our liquid xenon detector. Fig. 5.1
shows attenuation coe cien ts of raysin xenon.

2. Scintillation light yield is high (42 000photons/MeV).
As mertioned in Chapter 3, the event rate of dark matter rapidly in-
creasesby lowering the energy threshold. The light yield of liquid xenon
is 42,000 photons/MeV. 1t is similar to the high light yield inorganic
scintillator, Nal(TI), so we can set a low energy threshold and achieve
good sensitivity for the dark matter seard.

3. Wavelength of scintillation light is relativ ely long.
The peak wavelength of xenon scirtillation light is 178 nm [51]. This is
longer than other rare gasscirtillators (Ar 128 nm), so the scirtillation
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Figure 5.1: Attenuation coe cien ts of rays in xenon [46)].

light of xenon can be directly detected by photomultipliers without using
wavelength shifter.

4. Liquid and gas phase are available, which is good for
puri cation.
Xenon can be handled both in liquid and in gasphase,soit can be circu-
lated and puri ed during operation. Fig. 5.2 shows the phasediagram of
xenon. The puri cation of xenonwill be described in Section6.2.1.

5.2 Features to be conrmed

The following features of liquid xenon must be cheded in order to conrm the
feasibility of achieving the target sensitivity to the WIMP seard with a large
scalesingle phasedetector:

Self-shieldingpower of liquid xenonfor -ray badkgrounds.
Scintillation light yield.
Absorption length of liquid xenon.

These features of liquid xenon were measuredwith a single phase prototype
detector, and the feasibility of achieving the target sensitivity of a single phase
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Figure 5.2: Phasediagram of xenon.

detector with 800kg of liquid xenonwascon rmed with theseresults asshown
in Chapter 7.

Radioactive impurities inside xenon must be reducedby distillation or other
puri cation techniques, becausebackgrounds from these impurities cannot be
removed by selecting an inner ducial volume. Backgrounds from these ra-
dioactive impurities inside xenon were measuredwith the prototype detector,
and puri cation systemsof the 800-kg liquid xenon detector were designedas

discussedin Section9.2.
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Chapter 6

Protot yp e detector

A prototype detector was deweloped to ched the feasibility of a single phase
detector for a dark matter seard experiment as discussedin Chapter 7. This
prototype wasnot optimized for a dark matter seard becauseof its small photo
coverage,large dead angle from PMTs and small self-shieldingvolume. In this
chapter, the detector setup and low badkground techniques of the prototype
detector are described.

6.1 Detector
6.1.1

The laboratory for this dark matter seard experimert is placed at Mozumi
Mining and Smelting Co. located in Kamioka-cho Gifu, Japan. The laboratory
is at a depth of 2700 m.w.e (meters water equivalert) and the muon ux is
reduced by about v e orders of magnitude comparedto a surface laboratory.
The neutron ux is also smaller than a surface laboratory by more than two
orders of magnitude. However, the radon concerration in the mine air is rather
high and sincewe have a seasonakhangeaccordingto the direction of the wind
in the mine tunnel, it must be shielded as discussedin Section 6.2.3. Typical
environmental badkground sourcesat this Kamioka Obsenatory are shown in
Table 6.1.

setup

Underground laboratory at Kamiok a mine

| | Surface Kamioka Obsenatory ]
[cm ?s 1][63 11 10°? 10 7
Thermal neutron [cm ? s 1] 1.4 10 °[64 8:3 10 °[65
Non-thermal neutron [cm 2s 1] | 1:2 10 ?[64] 1:2 10 5[65
Rn [Bg/m °] (Summer) [66] 40 1200
Rn [Bg/m °] (Winter) [66] 40 40
(> 500keV) [67] - 0:71 =cm®=s

Table 6.1: Typical environmental badkground sourcesat Kamioka Obsenatory
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6.1.2 Low background PMTs

We deweloped alow background PMT, R8778ASSYwith HamamatsuPhotonics.
Pictures and a technical drawing of the PMT are shown in Fig. 6.1 and Fig.
6.2.

Figure 6.1: Pictures of R8778ASSY.

Figure 6.2: Tednical drawing of R8778ASSY.

The PMT has high quantum e ciency, 25 % for 178 nm photons. The
qguantum e ciency as a function of the wavelength of the incident photon was
measuredby Hamamatsu Photonics and is shown in Fig. 6.3.

Elemens of the PMT were selectedby HPGe detector measuremets to
reduceradioactive componerts [68]. Table 6.2 shows the content of radioactive
impurity in it measuredby the HPGe detector.

6.1.3 Radiation shields

As the expected cournt rate causedby neutralinos is extremely low, radiation
shields are inevitable for dark mater seart experiments. We have adopted a
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Figure 6.3: Quantum e ciency of R8778ASSY as a function of the wavelength
of incident photons.

U (mBg/PMT) | Th (mBg/PMT) | K (mBg/PMT) | ®9Co (mBg/PMT)

R8778ASSY 18( 2) 6:9( 1.3) 140( 20) 5:5( 0.9)

Table 6.2: Radioactive impurity in R8778ASSY measuredby HPGe detector.

set of shieldsaslisted in Table 6.3.

The polyethylene shield and the boric acid shield act asa neutron moderator
and absorber. The lead shield acts as the shield against the environmental
rays. The EVOH sheetwith radon free air purgesradon gasfrom the inside of
the shield. Details of the radon purge are described in Subsection6.2.3. The
OFHC copper shield acts as a shield against bremsstrahlung rays from the
lead shield. The inner shield is made of OFHC copper and is set nearthe PMTs
to shield raysfrom PMTs. Pictures of the radiation shieldsare showvn in Fig.
6.4 and 6.5.

6.1.4 Protot yp e detector

The prototype detector is a cubic vesselof liquid xenon made with OFHC cop-
per, and the inner volume of it is 27000cm® with re ectors on the wall. Nine
PMTs are attached on eac face of the vessel,and scirtillation photons are de-
tected by a total of 54 PMTs through MgF, windows. The absorption length
of the MgF, window for the scirtillation light of liquid xenonis 14.63cm. A

48



Outer shields

material | thickness | purpose
polyethylene 15cm fast neutron moderator
boric acid 5cm thermal neutron capture
lead 15cm ervironmental rays
EVOH sheet - Radon free air purge
OFHC copper 5cm rays from lead shield (bremsstrahlung)
Inner shields
| Inner OFHC copper shield | 6.7cm | rays from PMTs

Table 6.3: Material of the radiation shields. Listed from the outside.

schematic view and pictures of the prototype detector are shown in Fig. 6.6 and
6.7.

Gaps betweenthe 54 PMTs and the MgF, windows were lled with a high
refractive index material \Kryto x 16350"manufactured by DuPont, and we suc-
ceededin increasingthe photoelectron yield of the prototype detector by reduc-
ing total re ections at vacuum.

6.1.5 Gas line

The schematic diagram of the gasline is showvn in Fig. 6.8. For safe opera-
tion, electromagneticvalves and rupture disks are installed in the gasline. If
the pressureof xenon exceedsthe threshold pressure,0.18 MPaG (Gauge pres-
sure), the passfor the resenwir tank is automatically opened by opening the
electromagneticvalve. After that, xenonis safely collectedin the reserwir tank
without breaking the detector.

The detector and the gasline were evacuated and baked for 2 weeksat a
temperature about 373 K. The degasrate inside the detector and the gasline
after baking was on the order of 10 ° Pa/second at room temperature.

Xenon gaswas passedthrough the SAES getter before lling the detector to
remove impurities. The guaranteed performanceof the SAES getter is listed in
Table 6.4. The attenuation length of scirtillation light in liquid xenon becomes
shorter with these impurities, so these have to be removed. The radioactive
impurity, Kr, cannot be removed with the SAES getter, so it was removed by
a distillation tower before operation. As for the distillation tower, it will be
discussedin Section6.2.1.

Impurities H,O O, CcoO CO, N> H» CHgy4

Outgas | <1ppb | <lppb | <1lppb |<lppb|<lppb |<1lppb | <1ppb

Table 6.4: Guaranteed performance of SAES getter.

A GM refrigerator was usedto liquify the xenon. The temperature of the
detector was kept at 173K by the refrigerator inside the vacuum chamber for
insulation. The pressureinside the vacuum chamber changedfrom 10 *to 10 3
Pa depending upon the temperature of the detector from room temperature to
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Figure 6.4: Outer radiation shield.

173K. We could handle the xenon safely becausexenon never becomessolid at
173K asshown in Fig. 5.2.

The rate of xenonintroduction and collection was measuredby a o w meter
attached in the gasline. The ow rate is adjusted to 10 L/min (Introducing)
and 15 L/min (Collecting).

6.1.6 Data Acquisition System

The block diagram of the data acquisition systemis shown in Fig. 6.9.

The output signal from eadh PMT was divided into 4 outputs by a Lin-
ear Fan-Out, and ead output was fed into leading edgediscriminator modules
(VME standard), charge ADC modules(VME standard), 250 MHz FADC mod-
ules (VME standard) and 500 MHz FADC modules (VME standard).

The output for the discriminator was amplied by a factor of 8. When
the nominal gain of the 54 PMTs was 8:25 10°, the threshold level of the
discriminator wassetto 0.25p.e. Hit timing of ead PMT wasrecordedby TDC
modules (TK O standard). The detector trigger required the coincidenceof at
least three hits within 95 ns. Trigger timing and veto timing were recorded by
a TRG(TRiGger) module (VME standard). The live time of the measuremem
was calculated from the TRG information.

The 250 MHz and 500MHz FADC modules have 2 and 12 input channels,
respectively, so the outputs from the 54 PMTs are summed up with a Sum
Amplier beforethe FADC. Someof the outputs of the FADC were ampli ed
by a factor of 8 to measurethe pulse shape of the 1 p.e. signal.

This data acquisition systemwas able to to measurethe following delayed
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Figure 6.5: Inner radiation shield

coincidencesignal from radioactive impurities in xenon.

214gj | 2¥pg1  29pp (U-chain)
212gj | 22pg1  208pp (Th-chain)
BKr 1 8Rp I 8Rb (Kr)

The details of the analysis of the internal badkground measuremets are dis-
cussedin Section9.2.

6.2 Techniques for low background measurement

6.2.1 Distillation of xenon

Commercial xenonincludeskrypton asan impurity. The decay of 8Kr is one
of the sourcesin the low energyregion, henceit hasto be removed from xenon
for dark matter seartes.

A distillation system was deweloped for this purpose. A drawing of the
distillation system is shown in Fig.6.10. The dierence of the boiling points
betweenxenonand krypton wasusedto removethe krypton (i.e., the distillation
method). The boiling points of xenonand impurities are listed in Table 6.5. He,
H,, N2 and O, are removed with krypton during the distillation. CO, and H,O
are removed by the SAES Getter beforethe distillation.

The 100 kg of xenon gas for the dark matter seard was processedwith
1.7 liters/min ute beforethe operation. It took about 8 days to processall of the
xenongas. The krypton conceriration in the processekenongaswasmeasured
by a gas chromatography and photoionization detector, and it was con rmed
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Figure 6.6: Schematic view of prototype detector. The cubic vesselof liquid

xenon is made with OFHC copper, and the inner volume of it is 27000 cm?

with re ectors on the wall. Nine PMTs are attached on ead face of the vessel,
and scirtillation photons are detected by a total of 54 PMTs through MgF»

windows.

that the krypton conceriration was reduced by about 3 orders of magnitude
from Kr/Xe=3 ppb to 3:3 1.1 ppt.
The detailed description of the distillation is in [69)].

6.2.2 Material selection and chemical etching of the re-
ector

Substrates of the re ectors were made with 6N (>99.9999%) copper manu-
factured by MITSUBISHI MATERIAL Co. We etched surface of it with the
following mixing solution.

H,SO, (TAMAPURE-AA-10) : 6.9%
H,0, (TAMAPURE-AA-100) : 2.5%
H,O (Ultra pure water of Super-Kamiokande) : 90.6 %

TAMAPURE-AA-10 and 100 are manufactured by TAMA CHEMICALS Co.,
and eadh metallic impurit y level is guaranteedto be 10 and 100ppt or less. The
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Figure 6.7: Pictures of the prototype detector. Re ectors are attached on the
inner wall of the cubic vessel(left picture). Nine PMTs are attached on eat
face of the vessel,and scirtillation photons are detected by a total of 54 PMTs
(right picture).

He | H, N, | O, Kr Xe CO, H,O
Boiling point (K) | 4 | 33 | 77 | 90 | 120 | 165 | 194 | 273

Table 6.5: Boiling points of xenon and the impurities.

etching was performed with PFA vat and PFA tweezersas shown in Fig 6.11.
The depth of the etching was 10- 20 m. Pictures of the copper substrates
before and after the etching are showvn in Fig 6.12, and the luster of the copper
is lost by the etching. After the etching, the substrateswere washedtwice with
ultra pure water and dried with nitrogen gasto prevent oxidation, then they were
wrappedwith EVOH sheetin order not to be contaminated by radioactivity like
210pp which is a daughter of 222Rn (??2Rn cannot passthrough EVOH sheetas
discussedin Section 6.2.3).

After the etching, 5N (> 99:999%)aluminum and 4N (> 99:99%) MgF, were
evaporated on the surfaceof the substratesasa mirror for the scirtillation light
of liquid xenon. Re ectance of this mirror was measuredwith the prototype
detector as discussedin Section 7.5.

6.2.3 Radon purge

The mine air contains 222Rn gasthat is radioactive and could be a background
source. The detector systemwas shielded by two layers of 222Rn shield. Outer
and inner layers were the laboratory atmosphere and the atmosphere inside
the radiation shield lled with the air from outside of the mine which was
fed into a radon free air generator to remove still remaining ?*Rn gasin it.
The atmosphereinside the radiation shield was separatedfrom the laboratory
atmospherewith EVOH sheetwhich 2??Rn gas cannot passthrough.

222Rn concerration of the laboratory atmosphereand the atmosphereinside
the radiation shield were monitored throughout the measuremet and these
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were between1 and 10 Bg/m 2 and lessthan 0.2 Bg/m 2, respectively.
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Figure 6.11: Pictures of chemical etching. Surface of copper substrate was
etched with the mixing solution (6.9 % of H,SOq, 2.5 % of H,O, and 90.6 % of
H,0). The depth of the etchingis 10-20 m.
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Figure 6.12: Pictures of the copper substrate before (left) and after (right) the
chemical etching. The luster of the copper is lost by etching.
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Chapter 7

Performance of the
protot yp e detector

7.1 Calibration

Calibration of the prototype detector was carried out by irradiation with
rays and neutrons listed in Table 7.1 and 7.2. -ray calibration data was used
to measurethe absorption length and light yield of liquid xenon (described in
Section7.5), and to ched the self-shieldingpower, vertex and energyresolution
(described in Sections 7.8 and 7.9). Trigger and evert selection e ciency for
the dark matter seard is discussedusing neutron calibration data (described in
Section7.11).

source -ray energy [keV]
BImXe (Neutron activation) 164
137Cs 662
59Co 1173
1333
K 1461
2087 2615

Table 7.1: -ray sourcesusedfor the calibration.

source particle per Am decay
22IAm/Be | 6 10 ° neutrons (4-8MeV)
4 10 5 's (4.43MeV)

Table 7.2: Neutron sourcesusedfor the calibration.
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7.2 Notations for analysis

7.2.1 PMT number

The PMT number for eac of the 54 PMTs is de ned asshown in Fig. 7.1. This
number is usedfor the following analysis.

Figure 7.1: PMT number of prototype detector.

7.2.2 Source location

Hole A, B, C : Holesin the radiation shield for -ray collimation.
The rays are collimated by the holes(Hole A, B, C) in the radiation shield as
shown in Fig. 7.2.

Hole S: -ray collimator inside the radiation shield.
The location of the -ray collimator inside the radiation shield (Hole S) is shown
in Fig. 7.3.

7.2.3 Fiducial Volume (FV)

In the analysis, we selectan inner region of the single phaseliquid xenon de-
tector using the reconstructed vertex in order to achieve a low badkground
ernvironment. For the prototype detector, this inner region is selectedas a cube
(Full volume (89.0kg), 20cm FV (23.1kg), 15cm FV (9.73kg), 10cm FV
(2.88kg)), asshaown in Fig 7.4. Here\FV" means\ducial volume."

7.2.4 Coordinate system of protot yp e detector

The certer of the prototype detector is de ned as the origin of the coordinate
systemand the X, y, z axesare setasshown in Fig. 7.5. This coordinate system
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is usedfor the following analysis.

7.25 ADC saturation cut

When gain of each of the 54 PMTs is setto 8:25 10° asthe nominal gain (see
Fig. 7.7), each channel of the charge ADC saturatesat 200p.e. Events with
saturated channelsare removed by the \ADC saturation cut."

7.2.6 Maxim um PMT ratio cut
The \Maxim um PMT ratio" is de ned asfollows,

\Maxim um chargein the 54 PMTs"

Maxi PMT ratio" =
\Maxim um ratio \T otal charge of the 54 PMTs"

(7.1)

Events near the PMTs have large \Maxim um PMT ratio", and these evens
are removed by the following \Maxim um PMT ratio cut" before selecting the
ducial volume.

\Maxim um PMT ratio" < 0:3 (7.2)

The cut value, 0.3, is decidedin order to cut the following badkgrounds from
the dark matter seard data, as discussedin Chapter 8:

decays of 11°In, which is a contaminant in the sealingparts of the MgF,
window

Cherenkov photons generated at the MgF, window of the detector and
guartz window of the PMT

The \Maxim um PMT ratio cut" is also applied to source calibration data
before selectingthe ducial volume.

7.3 Detector Simulation

The particle produced in neutralino interactions are fed into a detector simu-
lation code, in which tracks of particles, scirtillation processespropagation of
scintillation photons and the responseof PMTs are simulated.

The detector simulator program has beendeveloped basedon the GEANT3
padkage[70]. Table 7.3 lists various processesavhich are consideredin our sim-
ulation program. The GEANT4 padkage[7] is usedfor simulation of neutrons,
becauseGeart3 is not optimized for low energy hadrons. Processesonsidered
in GEANT4 are listed in Table 7.4.

In connectionwith the propagation of chargedparticles, scirtillation photons
are generatedaccordingto LET dependenceof the scirtillation yield (seeEq.
(4.3) and (4.4)). For the propagation of scintillation photons in liquid xenon,
Rayleigh scattering and absorption are consideredin our simulation code. At
the boundary of the refractive indexes of liquid xenon and other transparent
materials, scirtillation photonsarerefracted or re ected accordingto the Fresnel
equation. Light re ection and absorption in detector materials, such as surface
of the PMTs and the mirror on inner wall of the detector, are also simulated.
The attenuation coe cien ts of liquid xenon and re ectance at the mirror on
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Compton Scattering
Photoelectric e ect
(e*, e ) pair production
e Multiple scattering
lonization and -ray production
Bremsstrahlung
Annihilation of positrons
Generation of scintillation photons

Table 7.3: List of the processesonsideredin GEANT3 simulator.

Compton Scattering
Photoelectric e ect
(e*, e ) pair production
e Multiple scattering
lonization and -ray production
Bremsstrahlung
Annihilation of positrons
Hadrons Decey in igh't
Multiple scattering
lonization and -ray production
Hadronic interactions

Table 7.4: List of processesonsideredin GEANT4 simulator.

the inner wall were tuned to reproduce -ray calibration data, as discussedin
Section 7.5.

For the simulation of the PMT response,the total number of p.e. detected
in eadh PMT s derived by summing up individual p.e. with a weight of a single
p.e. distribution.

The geometry of the prototype detector de ned in GEANT3 is shawn in Fig.
7.6.

7.4 Gain and TDC oset measurement

The gain table of the 54 PMTs at room temperature was made with a gain

calibration system[73 and HVs supplied to the PMTs were decided using this

table. After that, the gains of the PMTs at an operating temperature of 173K

with this HVs were measuredby LED light from optical b ers attached in the

detector asshown in Fig. 7.7. The hit occupancyof eath PMT was adjusted to
1=100 by changing the intensity of the LED light (seeFig. 7.8).

The timings of the 54 PMTs at the operating temperature (173K) were
adjusted by measuringthe relative TDC o set with LED light data asshown in
Fig. 7.9. The hit occupancyof eah PMT wasadjustedto  1=100,the sameas
in the gain measurememn The typical TDC timing distribution of LED data is
shown in Fig. 7.10and the peaktimings of eadh PMT were usedasthe relative
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TDC o set.
Thesemeasuredgainsand TDC o sets at the operating temperature (173K)
are usedfor the following analysis.
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Figure 7.2: Relative locations of the -ray collimators (Hole A, B, C) and the
prototype detector.
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Figure 7.3: Location of -ray collimator inside the radiation shield (Hole S).

Figure 7.4: Fiducial volume of prototype detector (Full volume , 20cm FV,
15cm FV, 10cm FV)
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Figure 7.5: Coordinate system of prototype detector. The certer of the proto-
type detector is (0, 0, 0).

Figure 7.6: Geometry of the prototypedetectorin GEANT3. Detailed geometry;
sudh asholesin the radiation shield for the gasline and PMT cables,is de ned
to reproduce the actual detector.
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7.5 Absorption

Detector simulation is important for understanding the detector performance.

Simulation parametersrelated to the scirtillation photon tracking are listed
in Table 7.5. Various reports on photon yield of liquid xenon exist as shown in
Table 4.3. The absorption length of liquid xenon changeswith water contamina-
tion in the liquid xenon. Re ectance at the mirror on the inner wall has never
been measured. These simulation parameters (light yield, absorption length,
re ectance of mirror) are measuredwith -ray calibration data as follows.

length and light yield

Parameter Value Commernt
Photon yield of liquid xenon 80.6( 4.0) photon/k eV (at LET=1) Tuned
Absorption length of liquid xenon 66( 10) cm Tuned
Scattering length of liquid xenon 60 cm[5§
Refractive index of liquid xenon 1.6 [59]
| Re ectance at mirror on inner wall | 52(+4-6) % | Tuned |
Absorption length of MgF» window 14.63cm
Refractive index of MgF, window 1.44
| Refractive index of Kryto x | 1.35 | |
Quantum e ciency of PMT 33.6% [72
Collection e ciency of PMT 90 %
Re ection at PMT surface 20%

Table 7.5: List of simulation parametersfor scintillation photon (175nm).

PMT groups, \ring"s are de ned asin Fig. 7.11. Charge distributions of
the \ring"s of -ray calibration data, 3’ Cs (from Hole A, B, S) and °Co (from
Hole A, B), are usedfor the simulation parameter tuning.

The 2 method is usedto nd the best t simulation parameters. 2 is
calculated as Eq. (7.3) and (7.4).
dta HO9
2= ring (7-3)
i
2 _ X [(Counts of bing(Data; ringj)) (Counts of bin,(Sim:; ringj))]2

ring; —
k

(Counts of bing(Data; ring;))

Charge bins from -100 p.e. to 1000 p.e. of ead \ring" are used for this
calculation, and 1 bin correspondsto 10 p.e.
First, the following simulation parameter setsare cheded:

Absorption length of liquid xenon: 40 - 80 cm (10 cm step)

Re ectance of the mirror : 40 - 80 % (10 % step)

(7.4)

2

Here, light yield is chedked by multiplying the light yield factor for simulation

data.
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Figure 7.11: \ring" de nition for simulation parameter tuning. The charge
distribution of 8 PMTs on the top part of the detector are very sensitive to the
liquid level of xenon becausethe M gF, windows of these are not completely
immersedin liquid xenon. Sothese8 PMTs are excludedfrom the "ring". The
PMT located at the point of -ray incidenceis alsoexcludedfrom the "ring" as
most of its chargeis saturated.

the best t parametersin these parameter sets are absorption length = 70
cm, re ectance of the mirror = 60 % and light yield = 79.8 photons/keV (at
LET=1).

Then, following parameter setsnear the previousbest t points are chedked:

Absorption length of liquid xenon: 50 - 80 cm (2 cm step)
Re ectance of the mirror : 40 - 60 % (2 % step)

The 2 distributions of theseparameter setsare shawvn in Fig. 7.13,and the best
t parametersin theseparameter setsare absorption length = 66 cm, re ectance
of the mirror = 52 % and light yield = 80.6 photons/keV (at LET = 1 ). The
light yield distribution of the minimum 2 for ead set of absorption length and
re ectance of the mirror is shown in Fig. 7.14. The charge distribution of the
best t parametersare shovn in Fig. 7.15. From Fig. 7.13and 7.14. Systematic
errors are set as follows:

Absorption length = 66( 10) cm
Re ectance of the mirror = 52(+4-6) %
Light yield = 80.6( 4.0) photons/keV (at LET = 1).

Thesesimulation parametersare usedfor the following analysis.

71



©
o

(0]
o

(o2}
o

Absorption length of liquid xenon (cm)
N
o

(@11
o
&~
[06]
|
N
£
O
N
|
[\\
)
[€e}
.
J
~]

N
o

“20774 14339 100% 8470 \1G469

30072050 60 70 80 90
Reflectance at mirror on inner walY ()

Figure 7.12: 2 distribution of eac simulation parameter set. The best t
parameter is absorption length = 70 cm, re ectance of the mirror = 60 % and
light yield = 79.8 photons/keV. Around this best t point, the 2 distribution
is cheded more in detail, asin Fig. 7.13and 7.14

72



80 L 6814\52& 079 6@ 5 690 25 8\6\48 16\? 111041
- . ° ° o of e T
L 76 (852 336 64232 8573 7403 8055, 435 TG
- ° ° ° ° ,/ o

75 A3 B4 o] GRAN.BBS fe) %) azzs
I . . \@'x [ S R
L 73N 678 122 6126 6 69341 8198 8501 19372
o ] ] . . ° N e ‘\\
L 7720 \705 095 6208 627 9611 X645 412 9747

P44 7235 6561 293 6103 6017 €703: 7481 003\\ 8497

)

v e
a8 7722 419

T T T
@
.
Ne

° .
184 6393 6X69 i 7199\ 7820 8401

n

~
(o]}
0:].
¢

(0]
T,
w
~
o
(=]
7
o
&
(o2}
LN.
@,
[t}
o
~
w
w
o
O.
o
~
N]

to
7
,
N
~
Glo/D
~ y
[N )
e De
&>
Qe
<
o
]
i
Is)
o
e,
o
°
>V
Tie Qe
I
«e®
\%
~
@
s3]
©.

o2}
o

Absorption length of liquid xenon (cm)

(] L]
55 %14 16148 18...66. 64 2931 49 9.
r N .o ° . D) °
L 8883 7993 7454 6974: 6973 6746 7032
r L @ e N . U . .
L C 9448 8477 NF07 7427 7 7066 6881 6689
50 L 12872 11958 11000-9891 $356 8802 788k 7707 NBB 032 7220-

40 425 45 475 50 52.5 b5 57.5 60
Reflectance at mirror on inner walY ()

Figure 7.13: 2 distribution of each simulation parameter set. The best t
parameters are absorption length = 66 cm, re ectance of the mirror = 52 %
and light yield = 80.6 photons/keV.

73



B
o : ; :
~ r H : H
c - SOOI PSS SRS SN ERPOOPTPN SO ST SO S
o) 80 | 164 103 101 :098 0.97 095 0093 091 :0.88 0.86 0.83
b [ : : :
Q 185 1.03 101 i1 98 0.95 094 091 {089 0.86 085
>< | H H H
1.86....1.0 1.02..5.0 98....0.96.....0.94....0.92..:.0.9. Q.86.
T 75 : : :
g L 1.6 1.08 1.03:1.02 .99 0.98 095 0.94:092 09 0.88
% L 1.8 1.0 1.04i1.02 099 09% 0943092 69 089
e 70 L 168 1.04 105 :1.03 {01 099 09§ 097 :i094 0692 09
S H H H
g’ L 14 104 106:1.05 {03 1: 094 0963095 .93 091
Q 65- J.41e.1.09.....1.08..5.1.05 0s...1.03.(; \mq 0.96.....0.94....0.9
- o N ?
o L 143 1.1% 109 i1.07 {05 183 1.0% 1 098 0.96 0.94
= i i
o 146 144 11 i1.09 1.07 1.04 1.03 1.01 i1 97 095
o SO SO SR SR ESRRE SN ST S R
%] 60 L 137 148 143 P14 09 1.66 1.05 1.03:1.01 099 087
o [ : : :
< L 1.d8 116 114 :1.43 i1 1.8 106 1.04 ;1.02 0.98
55 119 8 A6 L4 E 1.06..5.0..04 1.9

70 S M WA A i S NS S S

1.26 1.25 1.23 11.21 A8 137 115 143 111 .09  1.06

A0 425 4% 475 50 525 55 575 60
Reflectance at mirror on inner walY ()

Figure 7.14: Light yield distribution of minimum 2 for eac set of absorption
length and re ectance of the mirror. Light yield is normalized to that of the
best t parameter, 80.6 photons/keV(at LET= 1 ) with absorption length = 66
cm and re ectance of the mirror = 52 %.

74



4000 9000
g Fonate

S 750 A0gO0 ... 750 ring.la
§5o§ §5o_
82508 8250 I
Mrunirll . fchan L.
C0 200 400 O0 200 400
charge (p.e.) charge (p.e.)
000 ' 51000: .
S 750 (0920 .. e 750 ring.Aaq
S 500 S 500
8250 ’Ei“*-mpk 82508 Hﬂahq
% 200 400 % 200400
charge (p.e.) charge (p.e.)
2000
S 750 ringda X = 1152
o
3250t
0

0 200 400
charge (p.e.)

Figure 7.15: Chargedistributions of -ray calibration (**Csfrom Hole A). Real
data is showvn by black lines and simulation data with the best t parameters
(absorption length = 66 cm, re ectance of the mirror = 52 %, light yield = 80.6
photon/k eV (at LET = 1)) is showvn by red lines.

75



7.6 Vertex and energy reconstruction

Single phaseliquid xenon detectors realize a low badkground ervironment at
the certer volume by using the self-shieldingpower of liquid xenon. Becauseof
this reconstruction of the vertex and energyis essetial for thesedetectors.

The vertex and energy of ead evernt in the prototype detector is recon-
structed with the charge distribution of the 54 PMTs. Charge patterns of the
PMTs are made with the detector simulation in a 30 cm cubic lattice with 0.3
cm step size (1030301points). The charge patterns are de ned as

F = Fi(xy;2) (7.5)

Here Fi(X; y; z) is the expected number of photoelectrons of PMT No. i for 1
photon which was generatedat vertex (X; y; z).

The vertex is reconstructed with the following likelihood of a Poissondis-
tribution by comparing the detected charge distribution of the PMTs with
Fi(xy;2),

)@4 i n
ogL) = log 2B (7.6)
i=1 n:
Here ; is
i = Fi(x;y;2z) \expected number of generatedphotons” (7.7)
where \exp ected number of generatedphotons" is calculated as
oy Pe(i)
\exp ected number of generatedphotons” = —F“514— (7.8)

i=1 Fi

Here pe(i) is the charge detected with PMT No. i.
The vertex with maximum likelihood is selectedasthe reconstructed vertex,
then the reconstructed energyis calculated as

\exp ected number of generatedphotons"
QE:ppmt CEpmT Nphoton

Here Q:E:pwm T isthe quantum e ciency of the PMT, C:E:py 1 isthe collection
e ciency of the PMT and Nphoton is the number of generated photons per 1
keV with 662-keV  ray (*37Cs sourcerun). The following values are used for
the reconstruction:

E [keV] =

(7.9)

QEpmt = 0336 (7.10)
CEpmt = 090 (7.11)
Nphoton = 57:1 photons/keV (7.12)

The detected charge distribution and expected charge distribution at the
reconstructed vertex are shown in Fig. 7.16.
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Figure 7.16: Detected charge distribution (black circle and number (p.e.)) and
expected charge distribution at the reconstructed vertex (greencircle and num-
ber (p.e.)).

7.7 Photo electron yield

The photoelectron yield of the prototype detector is evaluated with -ray cali-
bration data, 3"Cs from Hole A. After the \ADC saturation cut,” \maxim um
PMT ratio cut" and 20cm FV , the photoelectric absorption peakis tted with
an asymmetric gaussianas showvn in Fig. 7.17. Photoelectron yields of real
data and the simulation for 662-keV  rays are 1:935( 0:002) p.e./keV and
1:907( 0:003)p.e./keV.
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Figure 7.17: Chargedistribution of 3’Csfrom Hole A with the \ADC saturation
cut”, \maxim um PMT ratio cut" and 20cm FV . The photoelectric absorption
peak (662 keV) is tted with an asymmetric gaussian(red line). Photoelectron
yields of real data and the simulation for 662-keV  rays are 1:935( 0:002)
p.e./keV and 1:907( 0:003) p.e./keV, respectively.
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7.8 Vertex and energy resolution

7.8.1 Energy resolution

Energy resolution of the protot ype detector wasevaluated with  -ray calibration
data, 3’Csfrom Hole A. After the \ADC saturation cut" and \maxim um PMT
ratio cut," the photoelectric absorption peak (662 keV) of eadh ducial volume
(Full volume , 20cm FV, 10cm FV) is t with an asymmetric gaussianas
shown in Fig. 7.18. Energy resolution of the prototype detector for 662-keV
rays is shovn in Table 7.6.
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Figure 7.18: Reconstructed energy spectrum of *’Cs from Hole A with \ADC
saturation cut" and\maxim um PMT ratio cut." Photoelectric absorption peaks
(662 keV) of each ducial volume (Full volume , 20cm FV, 10cm FV ) are t
with an asymmetric gaussian(pink line). The energyresolution of eadh ducial
volume is shown in Table 7.6.

7.8.2 Reconstructed vertex

The reconstructed vertex of the prototype detector is evaluated with  -ray cal-
ibration data, ®°Co from Hole A and B. The reconstructed energy spectrum
of eadh hole is shown in Fig. 7.19and 7.20, and events near the photoelectric
absorption peak (1000 < E;econst: < 1400keV) are usedto ched the recon-
structed vertex. Peaksof reconstructedx and y with the \ADC saturation cut"

79



| | mean[keV] | [keV] | resolution [%] ]
Real data | Full volume | 6647 ( 0:7) | 37.0( 0:6) | 557 ( 0:09)
20cmFV | 6662 ( 1:1) | 364 ( 0:8) | 547( 0:13)
10cmFV | 6699 ( 1.8) | 348( 1:4) | 520( 0:21)
Simulation | Full volume | 6559 ( 0:3) | 383 ( 0:4) | 583 ( 0:07)
20cmFV | 6573 ( 1:1) | 376 ( 0:7) | 571( 0:11)
10cmFV | 6577 ( 1:9) | 36:8( 1:3) | 5:59( 0:20)

Table 7.6: Energy resolution of the prototype detector for 662-keV  rays (**’Cs

from Hole A).

, \1000 < Eyeconst. < 1400keV" and\ 10< reconstructedz < 10cm" are t
with an asymmetric gaussian(pink line) asshown in Fig. 7.21and7.22,and the

t results are summarizedin Table 7.7. Here
resolution of the prototype detector becausethe

asshown in Fig. 7.23and 7.24.

in Table 7.7 is not the vertex
rays spreadin the x-y plane

reconstructed x reconstructedy
mean [cm] [cm] mean [cm] [cm]
Real data | Hole A 1:17( 0:04) | 1:63( 0:03) | 1:52( 0:03) | 1:44( 0:03)
Hole B 6:46 ( 0:06) | 1:42( 0:05) | 1:85( 0:08) | 1.68( 0:07)
Simulation | Hole A 0:04( 0:06) | 1:92( 0:05) | 1:58( 0:04) | 1:53( 0:03)
Hole B 6:40( 0:05) | 1:43( 0:04) | 1.25( 0:04) | 1.40( 0:04)

Table 7.7: Reconstructedvertex of prototype detector for 1173and 1333keV

rays (4°Co from Hole A, B). Here

detector becausethe

7.24.
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Figure 7.19: Reconstructed energy spectrum of 8°Co from Hole A with the
\ADC saturation cut" and \maxim um PMT ratio cut". Events around photo-
electric absorption peaks(1000< E;econstt < 1400keV) are usedto ched the
vertex resolution.
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0co from Hole B
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Figure 7.20: Reconstructed energy spectrum of %9Co from Hole B with the
\ADC saturation cut" and \maxim um PMT ratio cut." Events near the pho-
toelectric absorption peak (1000< E;econst: < 1400keV) are usedto ched the
vertex resolution.
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0co from Hole A

+=400 +=400

Sas0 Real.data Sas0 Real.data
23000+ 23000 yﬁ
52500 52500 )
2200 2200

© F © 3

[

[ A
150 150

S | ; po)
T - s

% 5 0 5 10 % s 0 s 10
reconstructed x (cm) reconstructed y (cm)
=400 - F =400 -
S350 Slcaulation S350 Slmulation
23000 23000 P
5250 £ 5250
22004 £ 22000 ..
® o J..] S o !
1500 T 1500 I
1000+ 1 T 1000+ f
50 50
C'M{. 11 111 O-l T 11 I
10 5 0 5 10 -10 -5 0 5 10
reconstructed x (cm) reconstructed y (cm)

Figure 7.21: Reconstructed x and y distribution of 89Co from Hole A with
the \ADC saturation cut,” \1000 < Ey(gconst. < 1400 keV" and \ 10 <
reconstructedz < 10 cm." Peaks of reconstructed x and y are tted with
an asymmetric gaussian(pink line), and the t results are summarizedin Table
7.7.
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0co from Hole B
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Figure 7.22: Reconstructed x and y distribution of ®°Co from Hole B with
the \ADC saturation cut,” \1000 < Ey(gconst. < 1400 keV" and \ 10 <
reconstructedz < 10 cm." Peaks of reconstructed x and y are t with an
asymmetric gaussian(pink line), and the t results are summarizedin Table 7.7
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Figure 7.23: Comparison betweenlight barycerter and reconstructed vertex of
the simulation (°°Co from Hole A) with the \ADC saturation cut," \1000 <
Ereconst. < 1400keV" and\ 10 < reconstructedz < 10 cm." Peaksare t
with asymmetric gaussians(pink line).
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Figure 7.24: Comparison betweenlight barycerter and reconstructed vertex of
the simulation (°°Co from Hole B) with the \ADC saturation cut," \1000 <
Ereconst. < 1400keV" and \ 10 < reconstructedz < 10 cm." Peaksare t
with asymmetric gaussians(pink line).
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7.9 Self-shielding power of liquid xenon

The self-shieldingpower of liquid xenonis evaluated with  -ray calibration data,
137Cs (662 keV) and °Co (1117 and 1333keV) from Hole A.

The reconstructed vertex along the -ray incident direction (reconstructed
z) is cheded after applying the following cuts:

Reconstructed vertex is in 10 cm squarefrom the origin on the xy plane
(\10cm squarecut on xy plane™).

\ADC saturation cut"

Environmental badkground is mixed in -ray calibration data, soit is sub-
tracted from the data as shown in Fig. 7.25and 7.26. The reconstructed z of
real data agreeswell with that of simulation asshown in Fig. 7.27and 7.28,,s0
the self-shieldingof liquid xenon works as expected.
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Figure 7.25: Subtraction of ervironmental background (greenline) from -ray
calibration data with *37Cs source (red line). Black line is background sub-
tracted data.

7.10 Non-prop ortionalit y of scintillation yield

Reconstructed energy spectra of the following -ray sourceruns are compared
with that of simulation:
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Figure 7.26: Subtraction of ervironmental background (greenline) from -ray
calibration data with 6°Co source(red line). Black line is badkground subtracted
data.

131m Xe uniformly inside the detector (164 keV).
137Cs from Hole A (662 keV).

40K sourceinside the radiation shield (1461 keV).
208Th sourceinside the radiation shield (2615 keV).

Photoelectric absorption peak of ead sourcerun are t with an asymmetric
gaussianafter the \ADC saturation cut,” \maxim um PMT ratio cut" and 20cm
FV.

7.10.1 1ImXe uniformly inside the detector (Neutron ac-
tiv ation)

As discussedin Section 7.11, neutrons from an Am/Be sourceirradiated the
xenon of the prototype detector for 8 hours at the last stage of data taking.
As a result of this irradiation, the xenon was activated uniformly inside the
detector. A photoelectric absorption peakof 164keV rays generatedby isomer
shift of 13!M Xe was found in the data after neutron irradiation (Live time =
2.74 days) as shown in Fig. 7.29. Peaksof real data and simulation are tted

with asymmetric gaussians,and the t results are summarizedin Table 7.8.
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Figure 7.27: Reconstructed vertex along the -ray incident direction (recon-
structed z) (*¥"Cs from Hole A). Distribution of real data (black line) agrees
well with that of simulation (red line), so self-shieldingof liquid xenonworks as
expected. Both endsof distribution is chipped by the \ADC saturation cut."

7.10.2 '¥Cs from Hole A

Photoelectric absorption peaksof 662-keV  rays (*3’Cs from Hole A) are t
with an asymmetric gaussianas shovn in Fig. 7.30, and the t results are
summarizedin Table 7.8.

7.10.3 %K inside the radiation shield

As a“°K source,5kg of AIK(SO 4), 12H,0 was placedinside the radiation shield
as shawn in Fig 7.31. Photoelectric absorption peaksof 1461keV ray are t
with an asymmetric gaussian(seeFig. 7.32),and the t results are summarized
in Table 7.8.

7.10.4 2°8Th inside the radiation shield

As a ?%8Th source,lantern mantles (camp supplies) were placed inside the ra-
diation shield asshown in Fig 7.33. The photoelectric absorption peaksof 2615
keV ray are t with an asymmetric gaussian(seeFig. 7.34),and the t results
are summarizedin Table 7.8.
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Figure 7.29: Reconstructed energy spectrum of 131MXe (164 keV) with the
\ADC saturation cut," \maxim um PMT ratio cut" and 20cm FV . Peaksof real
data (Livetime = 2.74days) and simulation are t with asymmetric gaussians
(pink line), and the t results are summarizedin Table 7.8.
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Figure 7.30: Reconstructed energy spectrum of 13’Cs (662keV) from Hole A

with the \ADC saturation cut,” \maximum PMT ratio cut" and 20cm FV .

Peaksof real data and simulation are t with asymmetric gaussians(pink line),
and the t results are summarizedin Table 7.8.
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Figure 7.31: Location of “°K source (5 kg of AIK(SO 4)2 12H,0) inside the
radiation shield.
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Figure 7.32: Reconstructed energy spectrum of 4°K (1461 keV) inside the ra-

diation shield with the \ADC saturation cut,” \maxim um PMT ratio cut" and

20cm FV . Peaksof real data and simulation are t with asymmetric gaussians
(pink line), and the t results are summarizedin Table 7.8.
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Figure 7.33: Location of 2°6Th source (lantern mantles inside SUS cortainer)
inside the radiation shield.
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Figure 7.34: Reconstructed energy spectrum of 2%8Th (2615 keV) inside the
radiation shieldwith the \ADC saturation cut," \maxim um PMT ratio cut" and
20cm FV . Peaksof real data and simulation are t with asymmetric gaussians
(pink line), and the t results are summarizedin Table 7.8.
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7.10.5 Non-prop ortionalit y of scintillation vyield and en-
ergy resolution

The t results of the photoelectric absorption peaksof various -ray sourcesare
summarizedin Table 7.8.

mean (keV) | resolution (%)
BImxe Real data | 1818 ( 2:0) 73 ( 1:3)
(164 keV) | Simulation | 1786 ( 0:2) | 7:3( 0:2)
BCs Real data | 6662 ( 1:1) 55( 01)
(662 keV) | Simulation | 6573 ( 1:1) | 57( 0:1)

40K Realdata | 1386( 15) 51( 11)
(1461keV) | Simulation | 1363( 12) 49 ( 0:7)
2087 Real data | 2312( 15) 4:6 ( 0:6)

(2615keV) | Simulation | 2373( 18) | 3:6( 0:6)

Table 7.8: Fit results of the photoelectric absorption peaks of various -ray
sources.Reconstruction is donewith the reconstruction parameters,Eq. (7.10),
(7.11) and (7.12) calibrated with 662-keV rays. Peaksare t with asymmetric
gaussians.

Real data has a non-proportionality of scirtillation vyield (see Fig. 7.35)
and the simulation reproducesthat well by introducing LET dependenceof the
scirtillation vyield (Eq. ((4.3) and (4.4)). Reconstructed energy resolution for
various rays is shown in Fig. 7.36, and simulation reproducesreal data well
again.
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Figure 7.35: Relative scirtillation yield for various rays. Vertical axis is
normalized with 662-keV  ray (**’Cs). Both real data and simulation have a
non-proportionalit y, 10 % from 662 keV. The simulation reproducesreal
data well by introducing LET dependenceof scirtillation yield (Eq. ((4.3) and
(4.4)).
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7.11 Trigger and event selection eciency for
Dark Matter search

The global trigger of the prototype detector is red when the number of hit
PMTs within 100 ns is larger than 3. The trigger e ciency of the prototype
detector asa function of deposited energy(keVee)is calculated with the detector
simulation (seeFig. 7.37). Trigger e ciency is calculated as follows,

Generateevents uniformly inside the chamber with the detector simulation
for eat bin of deposited energy

Trigger e ciency = (num. of events with > 3 hits) / (num. of generated
everts)

Calculated trigger e ciency at 5< Egeposit < 6 keV is 94( 1) %.
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Figure 7.37: Trigger e ciency of the prototype detector calculated with the
detector simulation. Trigger e ciency at 5< Egeposit < 6 keV is 94( 1) %.

The trigger and event selectione ciency as a function of deposited energy
(keVee) is calculated with the detector simulation as shown in Fig. 7.38. The
\Noise cut", \ADC saturation cut" and \maxim um PMT ratio cut" are applied
for 15cm FV . The trigger and evert selectione ciency is calculated asfollows,

Generateevents uniformly inside the chamber with the detector simulation
for each bin of deposited energy
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E ciency = (num. of everts in ead reconstructed ducial volume with
cuts) / (num. of events in eadh ducial volume with generatedvertex)

The calculated trigger and evert selectione ciency at 5< Egeposit < 10 keVee
is17( 1) % for 15cm FV .
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Figure 7.38: Trigger and evert selectione ciency of prototype detector calcu-
lated with detector simulation. The calculated e ciency at 5 < Egeposit < 10
keVeeis 17( 1) % for 15cm FV .

The trigger and evert selectione ciency is con rmed with an Am/Be neu-
tron sourcerun. The Am/Be sourcewas placed inside the radiation shield as
shown in Fig 7.39. As discussedin Section 7.3, the GEANT4 padkageis used
for Am/Be sourcesimulation and tracking of scirtillation photons is done with
GEANTS3. The energy spectrum of neutrons from the Am/Be source used for
simulation is shown in Fig. 7.40.

The reconstructed energyspectrum of the nuclear recoil peak for the Am/Be
sourcerun is shawvn in Fig. 7.41. The ratio of massnormalized counts of Full
volume with \noise cut" to that of 15cm FV with \noise cut" and \maxim um
PMT ratio cut" is 9:1( 1:6) % for real data and 11:6( 1:0) % for simulation in
the dark matter seardy window 5 < E;qcon: < 10 keVee;the systematic error to
selectl5cm FV with \maxim um PMT ratio cut" is setas 27.5%.
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Figure 7.39: Location of Am/Be neutron sourceinside the radiation shield.
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Figure 7.40: Energy spectrum of neutron from Am/Be sourceusedfor detector
simulation.
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Figure 7.41: Reconstructed energy spectrum of the nuclear recoil peak for the
Am/Be neutron sourcerun. The upper gure is real data and lower gure is
simulation. Vertical axis is counts normalized to target mass. The black line is
Full volume with \noise cut" and the red line are 15cm FV with \noise cut"
and \maxim um PMT ratio cut". The ratios of massnormalized counts of Full
volume with \noise cut" (black line) to that of 15cm FV with \noise cut"
and \maxim um PMT ratio cut" (red line) are 9:1( 1:6) % for real data and
11:6( 1:0) % for simulation in the dark matter seard window 5 < E;econ: < 10
keVee; the systematic error to select15cm FV  with \maxim um PMT ratio
cut" is setas 27.5%.
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Chapter 8

Dark Matter search by
protot yp e detector

The prototype detector is not optimized for a dark matter seard becauseof
its small photo coverage, large dead angle region from PMTs and small self-
shielding volume, therefore it originally didn't have sensitivity to a dark matter
seardr. We made the following improvemerts to the prototype detector to in-
creasethe photoelectron yield and lower the energy threshold as discussedin
Sec.6.1.4:

Installed mirror on the inner wall of the detector.

Filled the gap betweenthe MgF, window and the PMT with a high re-
fractive index material.

We seard for a dark matter signal with this improved prototype detector.

8.1 Measuremen ts

With the prototype detector described in Chapters 6 and 7, a dark matter
seard experiment was performed at Kamioka Obsenatory. The measuremen
wasstarted on November 22, 2006and halted in Decenber 21, 2006,and the live
time of the dark matter seard run was 17.98days. During the measuremet,
calibration of the detector was performed about oncea day. The stability of the
detector is discussedwith thesedaily calibration data in Section 8.2.

8.2 Stabilit y of detector

Daily -ray calibration data (*3”Cs and %°Co from Hole A) are cheded asshown

in Fig. 8.1, and stability within 3 % is con rmed during the measuremen

With a stability collection, the stability of the dark matter seard run becomes
0:5 %.

104



X

@

81.05—

_5104_ “Csfrom HEole A (900<Total p.e.< £700)

% Tt (1500<Tbtal p.e.<:3000)

21.03 o

3 N .v\'

21.02F

o 1.01F P

S L °. *
L v

% 1 r e @

e 3 + 3%

o

©0.99f

o ° ¢

£0.98 s ¥

© L 4

£0.97f . ‘

T 3 s ADC saturation cut

@0.96: max.PMI.ratio 0!
r 20cm FV

095 =510 15 20 25 30

time (day) from 2006/11/21100

Figure 8.1: Relative charge of photoelectric peak of daily -ray calibration with
the \ADC saturation cut," \maxim um PMT ratio cut" and 20cm FV . Relative
charge is normalized to the averageduring the measuremenh Stability within

3%isconrmed during 1month measuremen With a stability collection,
the stability of the dark matter seard run becomes 0:5 %.

8.3 Trigger rate and event selection
8.3.1 Noise cut

Electrical noiseevens weremixed in with the dark matter seard data. An event
display of typical electrical noiseis shown in Fig. 8.2;it hasa large number of
TDC hits despite low total charge. By applying the following cut, these noise
everts can be removed as shown in Fig. 8.3.

\n umber of PMTs with charge > 0.4p.e."
\n umber of TDC hits"

> 0:65 (8.1)

8.3.2 Trigger rate

The trigger e ciency for the dark matter seard was discussedin Section7.11.

The trigger rate of dark matter seard runs with a \noise cut" is shawn in
Fig. 8.4;somehigh rate runs causedby electrical noise exist even with a \noise
cut." Runs with \trigger rate < 1.15Hz" are usedfor the dark matter seard
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Figure 8.2: Event display of typical electrical noise. These noise everts have a
large number of TDC hits despite low total charge.

(live time = 17.98days), and the mean trigger rate of the dark matter seard
runs with the \noise cut”" is 1:093( 0:001) Hz.
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Figure 8.3: Distribution of \(n umber of PMTs with charge> 0.4 p.e.)/(number
of TDC hits)" of the dark matter seard run with the \maxim um PMT ratio
cut" and \O < E econst < 50 keV". Blue and red lines correspond to Full
volume and 15cm FV . By selectingthe events with \(n umber of PMTs with
charge> 0.4 p.e.)/(number of TDC hits) > 0:65", electrical noiseewverts can be
removed.
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Figure 8.4: Trigger rate of dark matter seard runs ( 2 hours for ead run)
with \noise cut." The upper gure is trigger rate of all dark matter seard runs,
and somehigh rate runs, which were causedby electrical noise, exist even with
\noise cut." Runs with \trigger rate < 1.15Hz" are usedfor the dark matter
seard (lower gure), and the meantrigger rate is 1:093( 0:001) Hz.
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8.3.3 Event selection

The sealing parts of the MgF, windows (U-tight seal) are made with In, and
95.71% of In is a radioactiveisotope, 1*°In.  decays of 1*°In have the following
characteristics.

1=2 = 441 10" year
Q = 496keV

decays of %In make background events below 500 keV. Backgrounds from
11510 can be cut with the \ADC saturation cut" and the \maxim um PMT ratio
cut," as shown in Fig 8.5 and 8.6, becausethese events occurred near PMTs.
The de nition of the \maxim um PMT ratio cut" is \(Maxim um chargein the
54 PMTSs)/(T otal charge of the 54 PMTs) < 0:3".

Cherenkov photons emitted at quartz window of the PMTs or the MgF»
windows make badkground events below 50 keV. Backgrounds from Cherenkov
photons can be cut with the \maxim um PMT ratio cut," asshown in Fig 8.5
and 8.6, becausethese everts also occur near the PMTSs.

After applying the \noise cut”, \ADC saturation cut" and \maxim um PMT
ratio cut," everts in 15cm FV are selectedwith reconstructed vertex as showvn
in Fig. 8.7,8.8and 8.9.
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Figure 8.5: Distribution of \(Maxim um chargein the 54 PMTSs) /(T otal charge
of the 54 PMTs)" of the dark matter seard run with the \noise cut" and\ADC

saturation cut" (0 < Ereconst < 500keV (upper gure) and 0 < E;econst: < 50
keV (lower gure)). Blue and red lines correspond to Full volume , and 15cm

FV . By selecting events with \(Maxim um charge in 54 PMTs)/(T otal charge
of 54 PMTs) < 0:3", badkground events from decay of **°In and Cherenkov
photons, which make peaksaround 1 in the above gures, can be removed.
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Figure 8.7: Reconstructed energy spectrum of the dark matter seard run (0 <
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\ADC saturation cut" and \maxim um PMT ratio cut."
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8.4 Results
8.4.1 Obtained spectrum

The reconstructed energy spectrum of the dark matter seard run with \noise
cut", \ADC saturation cut”, \maxim um PMT ratio cut" and 15cm FV after
the e ciency collection is shovn in Fig. 8.10,and 5 < Eeconst < 10 keV is
usedasthe dark matter seard window. Twenty-two events remain in this dark
matter seard window and theseeverts are usedto calculate a constraint on the
neutralino-nucleus cross section n in Section 8.4.4. The e ciency for this
event selectionis discussedin Section7.11.

3 0.3
2 Dark mcitteg search run
80.25 (Live fime =.17.98.d¢
B H
=
S 02 Nolse.cut :
ADC saoturationicut
[ max. PMT rotioi< 0.3
0.15¢ 5 5 TEErrEY
] with eff. collection
0.1F
i l
T !
0.05
o 4
i i ¢ é ¢ R

0 5 10 15 20 25 30 35 40 45 50
reconstructed energy (keV)

Figure 8.10: Reconstructedenergyspectrum of the dark matter seard run after
the e ciency collection with \noise cut", \ADC saturation cut", \maxim um
PMT ratio cut" and 15cm FV . Twenty-two evernts remain in dark matter
seard window, 5< E;econst: < 10 keV.

8.4.2 Exp ected dark matter signal

The expected dark matter signal is derived as described in Chapter 3 with the
astrophysical parameters listed in Table 8.1. As discussedin Section 4.4, the
following quending factor f g is usedfor liquid xenon.

fo =02 (8.2)
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The expected deposited energy of a dark matter signal for natural xenon is
shown in Fig. 8.11, and the reconstructed energy spectrum of a dark matter
signal is calculated with detector simulation as shown in Fig. 8.12.

b (Dark Matter density) 0:3GeVc ?cm 3
Velocity distribution Maxwellian
Vo (Most probable velocity of the Maxwellian) 220km s 1!
ve (Earth velocity) 244km s 1
Vesc (Escape velocity) 450km s !

Table 8.1: Astrophysical parametersusedto derive the limit.
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8.4.3 Systematic errors

As shown in Fig. 8.13, a event rate of a dark matter signal simulation in
5< Ereconst: < 10keV with \maxim um PMT ratio cut" and 15cm FV change
0.2 % with \noise cut", then the systematic error for \noise cut" in the dark
matter seard window, 5< E;econstt < 10keV, is set as 0.2 %.

o
w
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I Mxéz TO;O GeV/ci, 0,4 = 1.OXH0 "ipb

N
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Figure 8.13: Reconstructedenergyspectrum of a dark matter signal with \max-
imum PMT ratio cut." and 15cm FV after the e ciency collection calculated
with the detector simulation (Spin independert interaction , p=10 10°
pband M = 100 GeV/cZ). Blue and red lines are the spectrum without and
with \noise cut". By comparingthe evert rate of blue and red lines, the system-
atic error for \noise cut" in the dark matter seard window, 5< E;econst < 10
keV, is setas 0.2 %.

As discussedn Section7.11,the systematic error for \maxim um PMT ratio
cut" and 15cm FV in the dark matter seard window, 5< E;econst: < 10 keV,
is setas 27.5 %.

As discussedin Section 4.4, the smallest quending factor of liquid xenon
in Table 4.4, fo = 0:2, is used to derive the constraint on the neutralino-
nucleuscrosssection consenatively. Here we assumethat the quending factor,
fo = 0:2, has 10 % error. As shown in Fig. 8.14,a evert rate of a dark matter
signal simulation in 5< E;econst: < 10 keV with \noise cut”", \maxim um PMT
ratio cut” and 15cm FV change0.2 % with 10 % reduction of the quending
factor, then the systematic error for the quending factor in the dark matter
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seardy window, 5< E;econstt < 10KkeV, is set as 25.4 %.
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Figure 8.14: Reconstructedenergyspectrum of a dark matter signal with \noise
cut", \maxim um PMT ratio cut." and 15cm FV after the e ciency collection
calculated with the detector simulation (Spin independert interaction , p =
1.0 10°pbandM = 100 GeV/cZ). Blue and red lines are the spectrum
without and with 10 % reduction of the quending factor. The event rates of
blue and red lines in the dark matter seard window 5 < E;econ: < 10keVee;are
0:143( 0:004) and 0:114( 0:004); the systematic error to the quending factor
is setas 25.4%.

Combining the systematic errors for \noise cut", \maximum PMT ratio
cut", 15cm FV and the quending factor, the total systematic error for the
dark matter seard with \noise cut", \maxim um PMT ratio cut" and 15cm
FV in the dark matter searth window, 5< E;econstt < 10keV, is setas37.4%
asshown in Table 8.2.
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| Item | Systematic error (%) |

\noise cut" 0.2
\maxim um PMT ratio cut" 27.5
and 15cm FV
Quending factor (fg) 25.4
| Total | 37.4 |

Table 8.2: Systematic errors to derive the constraint on the neutralino-nucleus
crosssection from the dark matter seard run.
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8.4.4 Constrain t on Neutralino-Nucleus cross section N

We consenatively assumedthat all the remaining events in the dark matter
seardy window are causedby the neutralino, and the limit of N was cal-
culated by comparing these remaining evernts with the expected dark matter
signal by detector simulation. The 90 % con dence level upper limit court,
Niim: is de ned by the obsened events, Ngps:, and the total systematic error,
errsys = 0:374,as

q
Niim: = Nops; (1 + errsys) + 1:28 Nobs: (1+ errsys) (8.3)

for Nops:(1 + errgys) > 10.

As shown in Fig. 8.15and 8.16, respectively, we obtained the upper limits,
1:70 10 ° pb for the spin-independert neutralino-proton cross section with
neutralino mass 62 GeV=c?, and 6:74 pb for the spin-dependert neutralino-
proton crosssection with neutralino mass 60 GeV=c?. The limit of the spin-
dependert crosssection, SDp, is calculated on the basisof the odd group model
as discussedin Section 3.3.4.

We also follow a \mo del-independert" framework described in Section 3.3.4
for the interpretation of the remaining everts in terms of spin-dependert in-
teractions. The obtained limits of SP in the casesof pure proton coupling
(an = 0) and pure neutron coupling (a, = 0) are showvn in Fig. 8.17 and 8.18,
respectively.
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Figure 8.15: Limits of spin-independert crosssection, S p» as a function of
M . The regionsabove the curvesare excluded at 90 % con dence level. The
result from this experimert is shovn by the red (This work) line. DAMA's
allowed region is shown by the pink line[28]. The limits by EDELWEISS [30]
and CDMS |1 [31] with cryogenicgermanium detectors are shavn by the blue
and light-blue line. The world's current lowest limit by XENON10 with a dual
phase xenon detector is shavn by the greenline [32). MSSM predictions are
shown by the black line.
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Figure 8.16: Limits of spin-dependert crosssection, SDp, as a function of M
on the basisof the odd group model. The regionsabove the curvesare excluded
at 90 % con dence level. The result from this experimert is shovn by the red
(This work) line. The limits by UKDMC [27] and DAMA [29] with Nal(TI)
detectors are shawn by the blue and greenlines. The limit by CRESST with
cryogenicAl, 03 detector is shown by the pink dotted line [33]. The limit by the
Tokyo group with CaF, scirtillator is shown by the light-blue line [34]. MSSM
predictions are shonn by the black line.
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Figure 8.17: Limits of spin-dependert crosssection, P, asa function of M
in the casesof pure proton coupling (a, = 0). The regionsabove the curvesare
excluded at 90 % con dence level. The result from this experiment is shown
by the red (This work) line. The limit by CDMS Il with cryogenicgermanium
detector is shown by greenline [73]. The limit by the Tokyo group with CaF;
scirtillator is shavn by the blue line [34]. The world's current lowest limit by
UKDMC with Nal(Tl) detectorsis shown by the pink line [27].
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Figure 8.18: Limits of spin-dependert crosssection, SP, asa function of M
in the casesof pure neutron coupling (a, = 0). The regionsabove the curvesare
excludedat 90 % con dence level. The result from this experiment is shown by
the red (This work) line. The limit by the Tokyo group with CaF, scintillator
is shawn by the blue line [34]. The world's current lowest limit by CDMS Il
with cryogenicgermanium detector is showvn by greenline [73].
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Chapter 9

Discussions

In this chapter, we will discussthe remaining badkground in the dark matter
seard data.

9.1 Background from outside the liquid xenon

rays and neutrons are the major badkground from outside the liquid xenon,
and these backgrounds are estimated with the detector simulation as discussed
in Section9.1.1and 9.1.2.

9.1.1 rays from PMTs, the lead shield and the ambient

The contents of radioactive impurities in the PMT, R8778ASSY,are showvn in
Table 6.2. -ray backgrounds from these impurities were estimated with the
detector simulation as shown in Fig. 9.1, 9.2 and 9.3.  rays were generated
uniformly from the positions of the PMTs in the simulation. A simulation pack-
agefor particle decay, DECAY4 [74], was usedto decidethe initial energyof a

ray from U-chains and Th-chains. The court rate of eadh -ray background
spectrum was adjusted to that of the dark matter seard run by multiplying fac-
tors asshown in Table 9.1, becausewne did not measurethe content of impurities
for all of the PMTs by HPGe.

U-chain | Th-chain | °K | ®9Co
factor 1.6 1.4 0.8 0.7

Table 9.1: Multiplicativ e factor for the count rate to reproduce the estimated
-ray badkground from the PMTs in the dark matter seard run.

The deca rate of 2'°Pb in the lead shield was measuredto be 250 Bg/kg
with the HPGe detector, and rays are generatedthrough bremsstrahlung as
shown in Fig. 9.4. The badkground from these rays was estimated with the
detector simulation as shown in Fig 9.5.

The ambient -ray ux in the Kamioka Obsenatory calculated with HPGe
measuremeh and GEANT3 simulation is showvn in Fig. 9.6. Ambient rays
reaches the detector through holes in the radiation shield for gas lines and
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PMT cables. Background from ambient rays was estimated with the detector
simulation, asshown in Fig. 9.7.

The reconstructed energyspectrum of the combined -ray badkgroundsfrom
outside the liquid xenon (U-chain, Th-chain, “°K and %°Co in the PMTs, the
lead shield, and ambient  rays) is comparedwith that of the dark matter seard
run, as shown in Fig. 9.8, 9.9, and 9.10. A peak belov 100 keV exists in the
energy spectrum of the dark matter seard run, but it doesnot exist in that of
the estimated -ray badkground.
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Background from the PMTs (Simulation)
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Figure 9.1: Reconstructedenergyspectrum of -ray background from the PMTs
estimated with the detector simulation (0 < Eeconst < 3000 keV). Energy
spectrum of 15 cm FV with \noise cut”, \ADC saturation cut" and \maxim um
PMT ratio cut" is shown by the red line.
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Figure 9.2: Reconstructedenergyspectrum of -ray background from the PMTs
estimated with the detector simulation (0 < E;econstt < 500keV). Energy spec-
trum of 15 cm FV with \noise cut", \ADC saturation cut" and \maxim um
PMT ratio cut" is shown by the red line.

130



Background from the PMTs (Simulation)
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Figure 9.3: Reconstructedenergyspectrum of -ray background from the PMTs
estimated with the detector simulation (0 < E;econstt < 100keV). Energy spec-
trum of 15 cm FV with \noise cut", \ADC saturation cut" and \maxim um
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Figure 9.4: Decay chain of ?19Pb.
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Background from the lead shield (Simulation)
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Figure 9.5: Reconstructed energy spectrum of -ray background from the lead
shield with the detector simulation. Energy spectrum of 15 cm FV with \noise
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Figure 9.6: Calculated ux of ambient raysin the Kamioka Obsenatory [75].
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Figure 9.8: Reconstructed energy spectrum of the dark matter seard run and
that of the combined -ray backgroundsfrom outside the liquid xenon (U-chain,
Th-chain, 4°K and ®°Co in the PMTs, the lead shield, and ambient  rays)
estimated with the detector simulation (0 < Eeconst < 3000 keV). Energy
spectrum of 15 cm FV with \noise cut", \ADC saturation cut" and \maxim um
PMT ratio cut" is shown by the red line.
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Figure 9.9: Reconstructed energy spectrum of the dark matter seard run and
that of the combined -ray backgroundsfrom outside the liquid xenon (U-chain,
Th-chain, °K and ®°Coin the PMTs, the lead shield, and ambient  rays) esti-
mated with the detector simulation (0 < E;econst < 500keV). Energy spectrum
of 10 cm FV with \noise cut", \ADC saturation cut" and \maxim um PMT
ratio cut” is shown by the red line. There is a peak below 100keV in the dark
matter seard run, but it doesnot exist in the estimated -ray badkground.
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Figure 9.10: Reconstructed energy spectrum of the dark matter seard run
and that of the combined -ray badgrounds from outside the liquid xenon (U-
chain, Th-chain, °K and %°Co in the PMTs, the lead shield, and ambient

rays) estimated with the detector simulation (0 < E;econst: < 100keV). Energy
spectrum of 10 cm FV with \noise cut”, \ADC saturation cut" and \maxim um
PMT ratio cut" is shovn by the red line. A peak below 100 keV exists in the
dark matter seard run, but it doesnot exist in the estimated -ray badground.
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9.1.2 Am bient neutrons

The neutron ux inside the radiation shield in the Kamioka Obsenatory was
measuredwith a He proportional cournter as showvn in Table 9.2 [76]. Since
the shield hasthe samecomposition asthat of the prototype detector, the same
neutron ux is expected for the prototype detector.

| Location

Inside of the radiation shield
in the Kamioka Obsenatory

| thermal neutron | non-thermal neutron |
<48 107 <34 10°

Table 9.2: Neutron ux (neutron cm ? s 1) inside the radiation shield in the
Kamioka Obsenatory measuredwith a 3He proportional courter [76]. Since
the shield hasthe samecomposition asthat of the prototype detector, the same

neutron ux is expected for the prototype detector.

Xenon captures thermal neutrons, and it becomesa radioactive isotope as
shown in Table 9.3. The expected badkground spectrum from thermal neutrons
is shown in Fig. 9.11[77].

| before | abun. | after [ crosssection (b) | 1> | disinteg. mode | E (keV) |
2% e 0.10 | mXe 28 57.8sec IT 1408 ( )
1118 ( )
a%e | 0.10 | BXe 165 16.9 hour EC 2434 ()
1884 ( )
Z6%e | 0.00 | ZMXe 0.45 69.2 sec T 124.7()
1724 ()
Xe | 0.09 | Z'Xe 35 36.4day EC 3750 ()
2029 ( )
128X e 1.91 | I2mxe 0.48 8.88 day IT 3958 ( )
196:6( )
0xe | 41 | BlmXe 0.45 11.8day IT 1639 ()
T2xe | 26.9 | M Xe 0.05 2.19day T 2332 ()
B82xe 26.9 BBXe 0.45 5.24day 3460 ( )
810 ( )
B4xe 10.4 | 13¥MXe 0.003 15.3 min IT 5266 ( )
T%e | 10.4 | 5Xe 0.265 9.14 hour 9100 ()
249.8:0 ()
®xXe | 8.9 | B'Xe 0.26 3.8 min 41700 ()
37200 ()
4555 ()

Table 9.3: Thermal neutron capture by xenon.

When the ux of thermal neutronsis = 4:8 10 7 neutron cm 2 s 1, the
2 10 7 counts/day/kg/k eV below 10keVee.
Then the badkground from thermal neutron is negligible for the dark matter
seard with the prototype detector.

expected badkground level is
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Figure 9.11: Expected badkground spectrum from thermal neutrons [77] for

thermal neutron ux = 4:8 10 7 neutron cm 2 s 1. Background level is
2 10 7 counts/day/kg/k eV below 10keVee; the badkground from thermal

neutrons is negligible for the dark matter seard with the prototype detector.

If the following conditions are satis ed, the energy spectrum of non-thermal
neutrons is represerted by the \1/E law".

Neutron sourcesare distributed uniformly inside a bouelessmoderator.
The moderater rarely absorbsneutrons.

The Kamioka Obsenatory satis es the above conditions. Becausethe labora-
tory is surrounded by a baserock which contains a small amount of water, the
\1/E law" wasassumedto calculate the non-thermal neutron ux in the labora-
tory. Sincewe couldn't measurethe energy spectrum of non-thermal neutrons
with a 3He proportional courter, the \1/E law" was usedfor the energy spec-
trum of non-thermal neutronsinside the shield to calculate the non-thermal ux

in Table 9.2.

An expected background spectrum from non-thermal neutrons is calculated
with GEANT4 (for the tracking of neutrons) and GENAT3 (for the tracking
of scintillation photons) as showvn in Fig. 9.12. The \1/E law" is usedfor the
energy spectrum of non-thermal neutrons. The peak around 50 keV exists in
the spectrum, but it does not exist in the dark matter seard run (see Fig.
8.10). The expected badkground spectrum from neutrons with monochromatic
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energies,1 MeV and 10 MeV, are shown in Fig. 9.13and 9.14, and the inelastic
peaksstill exist. From theseresults, we concludethat the low energypeak of the
dark matter seard run is not made by the non-thermal neutron badground.

Background from non-thermal neutrons (Simulati
© 0.06

Non=+thérmal neutron
(E/E law
15 cm F\

counts/day/kg/keV
o
o
)]

© ¢
o
T b T T T T

0.02

ol M

0 10 20 30 40 50 60 70 80 90 100
reconstructed energy (keV)

Figure 9.12: Expected badkground spectrum from non-thermal neutrons for
non-thermal neutron ux = 3:4 10 © neutron cm 2 s 1. The \I/E law" is
used for the energy spectrum of non-thermal neutrons inside the shield. The
peak around 50 keVV made by inelastic scattering of the neutrons exists.

141
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Figure 9.13: Expected badkground spectrum from non-thermal neutrons for
non-thermal neutron ux = 3:4 10 ° neutron cm ? s 1. Neutrons have the
monochromatic energy 1 MeV. The peak around 50 keV made by inelastic
scattering of the neutrons also exists.
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Figure 9.14: Expected badkground spectrum from non-thermal neutrons for
non-thermal neutron ux = 3:4 10 ° neutron cm ? s 1. Neutrons have the
monochromatic energy 10 MeV. The peak around 50 keV made by inelastic
scattering of the neutrons also exists.
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9.2 Background from inside the liquid xenon

In a low background experiment, contamination within the detector often de-
termines the badkground level. We will start the estimation of the remaining
backgrounds with the contaminations within the liquid xenon.

9.2.1 Uranium series inside xenon

238 hasthe long half life, 4:468 10° year, and it cortin uously decays into a
stable nucleus, 2°°Pb, as shown in Fig. 9.15. The corntent of 233U was mea-
sured by the delayed coincidencesignal of 2**Bi (seeFig. 9.16). A radioactive
equilibrium of the uranium serieswas assumedfor this calculation, but it was
possibly broken between 22°Ra and 2??Rn becausethe half-lives of the nuclei
before 226Ra are longer than those of the nuclei after 222Rn.

Data taking for the uranium seriesseard was done twice. First and second
data were taken on 2006/11/25 (live time = 0.853days) and 2006/12/15 (live
time = 0.786 days), respectively. Alpha rays from delayed coincidenceeverts
have relatively high energy so the nominal gain of the 54 PMTs was set to
0:35 10° to measurethese everts without causingADC saturation.

After collecting primary data, the data acquisition systemwaits for a delayed
evert during 1000 s. We treat the delayed everts as subevents which are
attached to the primary events. A distribution of the number of subeverts is
shown in Fig. 9.17.

The following cut is applied for evernts which have more than one subevert:

15< T <1000 s(Eciency = 94 %)

Here, T is the time dierence from a primary event to a subevent. Re-
constructed energy spectra of subewverts in the 2Bi seard run with \15<
T <1000 s" areshownin Fig. 9.18. Events with \E g,,. >5 MeV" are selected
asthe delayed coincidenceeverts (Esup: : reconstructed energy of subeverts).

Distributions of t of the delayed coincidenceewerts are shown in Fig. 9.19.
Distributions of the distance betweenthe primary evernt and a subevent for the
delayed coincidenceevents are shown in Fig. 9.20. Vertex distributions of the
delayed coincidenceevents are shovn in Fig. 9.21and 9.22;they are distributed
uniformly inside the detector.

Reconstructedenergyspectra of primary everts in the 2*4Bi seard run with
\15< T <1000 s" and \E syp: >5 MeV" are shown in Fig. 9.23. Comparing
the spectrum of the primary events with that of the simulation, the contents of
238U in xenon are calculated to be:

238y/xe

47( 9) 10 ' [g/g] in 2006/11/25 (9.1)
11( 4) 10 * [g/g] in 2006/12/15 (9.2)

If we assumethat the origin of the delayed coincidenceeverts is 222Rn which
exists inside the xenon from the begining, the expected content of 238U in
2006/12/15 is calculated with a half life of 222Rn ( -, = 3:8 day) as follows,

19:15 [days]

238 L A
Uixe 3.8 [daysEIn 2

47( 9) 10 ¥ exp

1:4( 0:3) 10 ** [g/g]
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If the calculated value does not agreewith the measuredvalue in 2006/12/15
to within the error, then somepart of the delayed coincidenceevents may have
a dierent origin.

When the cortent of 228U inside xenonis 228U/Xe = 100 10 # [g/g], the
estimated background level is 2 10 “ counts/day/kg/k eV below 10keVee.
Thus the badkground from the uranium seriesis negligible for the dark matter
seard with the prototype detector.

To achieve the target sensitivity of the single phasedetector with 800 kg of
liquid xenon (which is discussedn Chapter 10), a content of 222U inside xenon,
2%8y/Xe =1 10 * [g/g], is required. We are developing a distillation system
to achieve the above requiremert with about one order of magnitude reduction
of 238U inside xenon.
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Figure 9.15: Uranium series.

t = 164.3ms
214 > 219pg > 219
b (99.98%) a (100%)

Q,= 3.27MeV 7.687 MeV

Figure 9.16: Decay scheme of 2'*Bi.
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Figure 9.17: Distribution of the number of subeverts (°**Bi seard run). Up-
per and lower gures are the data taken on 2006/11/25 and 2006/12/15 and
the evernts which have more than one subevert are 73 events and 45 everts,
respectively.
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Figure 9.21: Vertex distribution at ead volume from the certer of the detector
calculated with the reconstructed vertex of the subeverts (>1*Bi seard run with
\15< T <1000 s"and\E sy,. >5MeV"). Upper and lower gures arethe data
taken on 2006/11/25 and 2006/12/15. Distributions of the real data and the
simulation are shawvn by the black points and the blue line.

151



51l.2¢ -
=1 t Data: 34 event
91
® (B BV E L ET B EV)
:50.8: OB/ 1172514720
O —2006/11/2612:47
@ 0.6 Fivetine =0:853du
0.4} Simulatian.(2¥Bi)
c C
—0.2¢
00710720 30 40 50 60 70 80 90 100
volume from center by reconstructed vertex (subevent) (|
S1.2¢
2 r Data: 7 event
g1
el S (=1 SV N VY |
;0.8: 0061 51625
Q r — 2006/12/16 19:42
90.6 Chivertime =0 786 dy
30_45 Similatian. (CEBD)
c -
—0.2¢
0

0O 10 20 30 40 50 60 70 80 90 100
volume from center by reconstructed vertex (subevent) (I
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Figure 9.23: Reconstructed energy spectra of primary everts (*1*Bi seard run
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9.2.2 Thorium series inside xenon

2%2Th hasa long half life, 1:405 10 years,and it cortinuously decays into a
stable nucleus, ?°8Pb, as shavn in Fig. 9.24. The cortent of 2*2Th was mea-
sured by the delayed coincidencesignal of ?'2Bi (seeFig. 9.25). A radioactive
equilibrium of the thorium serieswas assumedfor this calculation.

Figure 9.24: Thorium series.

The content of the thorium serieswas measuredwith the prototype detector
in August 2004. The details of the measuremeh are shown in [69]. No delayed
coincidenceeverts of 2*2Bi werefound, and the following upper limit is achieved:

22Th/Xe < 23 10 **[g/g] (90 % CL) (9.3)

When the cortent of 222Th inside xenonis 22Th/Xe = 23 10 4 [g/g], the
estimated badkground level is 1 10 # courts/day/kg/k eV below 10keVee.
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Figure 9.25: Decay schemeof 232Th.

Thus the badground from the thorium seriesis negligible for the dark matter
seard with the prototype detector.

To achieve the target sensitivity of the single phasedetector with 800 kg of
liquid xenon (which is discussedn Chapter 10), a cortent of 22Th inside xenon,
22Th/Xe = 2 10 *[g/g], is required. We are dewveloping a distillation system
to achieve the above requiremert with about one order of magnitude reduction
of 22Th inside xenon.
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9.2.3 Krypton inside xenon

85Kr has a relatively long half life, 10:756 years, and it decas into a stable
nucleus,®Rb, as shown in Fig. 9.26.

o/2+ 10.756y 0
SeKr
Q,.=687.0
0.434% _ 9/t 514.008:
1.015ns
514.0keV
99.563% _ 5z 0
Stable
®Rb

Figure 9.26: Decay scheme of &Kr.

8Kr originally doesn't exist in nature, but it has been generatedthrough
the burning processof uranium fuel with a light-water reactor in recert years.
The presert abundance of 8°Kr in Kr was measuredby a HPGe detector as
follows,

8Kr/Kr = 1:15 10 1 (9.4)

95.563% of 8Kr decays into the ground state of 8Rb through  decay with
Q = 687.0 keV. The expected background spectrum from this  decey for the
caseof Kr/Xe = 10 ppt and 8Kr/Kr = 1:15 10 ! is shown in Fig. 9.27.

The krypton concerration in the processedxenon gas measuredby gas
chromatography and a photoionization detector was 3:3( 1:1) ppt asdiscussed
in Section6.2.1.

When the content of krypton inside xenonis Kr/Xe = 5 ppt (mol/mol), the
estimated badkground level is 1 10 # courts/day/kg/k eV below 10keVee.
Then the badkground from krypton is negligible for the dark matter seard with
the prototype detector.

To achieve the target sensitivity of the single phase detector with 800 kg
of liquid xenon (which is discussedin Chapter 10), a content of krypton inside
xenon, Kr/’Xe = 1ppt (mol/mol), is required. We are dewveloping a distillation
systemto achieve the above requiremert with factor three reduction of krypton
inside xenon.
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Figure 9.27: Expected background spectrum from the  decay of 8Kr for the
caseof Kr/Xe = 10ppt and 8Kr/Kr = 1:15 10 L.
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9.3 Background caused by the detector geome-
try

Reconstructed energy spectra of  rays from a 2%2Th source (lantern mantles)
inside the radiation shield (see Section 7.10.4) are shown in Fig. 9.28. Recon-
structed energy spectra of the ambient -ray run are shown in Fig. 9.29. (The
door of the radiation shield wasopento intro ducethe ambient rays inside the
radiation shield as shovn in Fig. 6.4.) Low energy peaksbelow 30 keV, which
existsonly in the real data, are found. The shape of thesepeaksin the real data
are similar to to that of the low energypeak of the dark matter seard run (see
Fig. 8.10).

Theselow energy peaksof the -ray calibration data can be causedby the
everts which happened in the small gaps of the detector. If an interaction
happenedin the gap, only a small fraction of scirtillation photons can comeout
from it. Then theseevents pile up at low energyand somefraction of them are
mis-reconstructed into the ducial volume. Pictures of the gaps are shown in
Fig. 9.30.
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Figure 9.28: Reconstructed energy spectrum of  rays from 232Th source
(lantern mantles) inside the radiation shield with \noise cut", \ADC satura-
tion cut" and \maxim um PMT ratio cut." 15cm FV is shawn by the red line.
A peak below 30 keV, which exists only in the real data, is found.

159



A>mbientg rays (Door of the radiation shield is ope

© 20g
< 18-Recf-data :
216k Nolse.cul
Z14 DC seturation tut
- 12 :
E 10 . max.. BEMI. ratl 0.3
c 8 0. e i,
3 o 9 Peses, 0l U
o 4: o* k
2F g L
ob_e0 . R .

0 500 1000 1500 2000 2500 3000
> reconstructed energy (keV)
o 20F
< 18f S\\H}Ot\u \ :
216k Nolse.cul
;‘14§ Be turatiorcut
S 12 Iﬂ :

@ 10 max..BEMI. ratl 0.3
E 8f o P
S ©f SR o
O 6F
© 4 f! °
2F Pt
0: _- N N 1 s
0 500 1000 1500 2000 2500 3000
reconstructed energy (keV)
D 25F Realidata Nolse.cu
_\; 2: ADC isaturation cut
g : maxi PMT ratio < 0.3
2 1.5¢ e o v
% 1: .
8 055 —0—|_0_ T . o ) .
~r [ el ] [ Lo ]
) AeRh TSN el WA

0 10 20 30 40 50 60 70 80 90 100
reconstructed energy (keV)

o5k oimulation Noise.cu
E ADC isaturation cut
max: PMT ratio < 0.3

oV

1.5f

counts/day/kg/keV
N

0O 10 20 30 40 50 60 70 80 90 100

reconstructed energy (keV)
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the ambient  rays inside the radiation shield as showvn in Fig. 6.4.) A peak
below 30 keV, which exists only in the real data, is found.
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Figure 9.30: Pictures of small gapsin the prototype detector. The low energy
peakscan be causedby the events which happenedin thesegaps.
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9.4 Wave form analysis

In this section, wave forms of the dark matter seard data were cheded to
understand the origin of its low energy peak. Wave forms were evaluated with
\mean hit timing" which is de nied in Section9.4.1.

9.4.1 Denition of \mean hit timing"

The \mean hit timing" is de ned as follows,

P 54 t;
hit timing" = = _ :
\mean hit timing \number of hit PMT" 1 (9-5)
where
= O for non hit PMTs (9.6)
"7 \Hit time of PMT; from rst hit" for hit PMTs :

If the decay time of the scintillation light is xed, \mean hit timing" changes
with total photoelectron. Relations betweenthe decay time of scirtillation light
and \mean hit timing" are calculated with a Monte Carlo simulation as shovn
in Fig. 9.31. Here, the following conditions are assumedin the simulation.

The rising time of the scintillation light is 15 ns.
Probabilities to detect scirtillation photons are equal for 54 PMTs.

Fistest hit time of eadh PMT is adopted as\hit time".

9.4.2 \mean hit timing" of the dark matter search run

\mean hit timing"-\reconstructed energy" scatter plots of the dark matter
seard run, the Am/Be neutron sourcerun, the ambient -ray run, and the
208Th sourcerun with \noise cut", \ADC saturation cut", \maxim um PMT
ratio cut" and 15cm FV are shown in Fig. 9.32. Projections of Fig. 9.32to
y axis for the events with \reconstructed energy < 30 keV" are shawn in Fig.
9.33.

In Fig. 9.33,about a half of the everts of the dark matter seard run exist
in \mean hit timing" < 25 ns, but only a small fraction of the events of the
ambient -ray run and 232Th sourcerun exist in the sameregion. As disscussed
in Section 9.3, a large fraction of the events below 30 keV of the ambient -ray
run and 2%2Th sourcerun can be causedby the everts which happenedin the
small gapsof the detector, sothe events with \mean hit timing > 25ns" in Fig.
9.33 can be explained as the gap everts.

A number of gap events can be proportion to a number of high energy
everts. An reconstructed energy spectrum above 600 keV with \noise cut" of
the ambient -ray run is similar to that of the dark matter seard run, sothe
reconstructed energy spectrum of the dark matter seard run is comparedwith
that of the ambient -ray run as shown in Fig. 9.34. Here, the number of
evert above 600keV of the ambinet -ray run is normalized to that of the dark
matter seard run. Reconstructed energy spectrums of ead run with \noise
cut’, \ADC saturation cut", \maxim um PMT ratio cut" and 15cm FV are
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Figure 9.31: Relation betweenthe deca time of scirtillation light and \mean
hit timing" calculated with a Monte Carlo simulation. Black, red, green, blue
and pink points corresponnd to 10, 20, 30, 40 and 50 total photoelectrons.

compared in Fig 9.35 and 9.36. From Fig. 9.35, the low energy peak with
\mean hit timing > 25 ns" of the dark matter seard run coincide with that of
the ambient -ray run, soit can be explained with the events which happened
in the small gaps of the detector. From Fig. 9.36, the low energy peak with
\mean hit timing < 25ns" of the dark matter seard run is dierent from that
of the ambient -ray run, soit can't be explained with the gap everts.

A deposit energy spectrum of Am/Be neutron sourcerun with Geart4 sim-
ulation is shown in Fig 9.37. and a distribution of number of nuclear recoils of
Am/Be neutron sourcerun with Geart4 simulation is shown in Fig 9.38. From
Fig. 9.37, most of the everts below 30 keV of Am/Be neutron sourcerun in
Fig. 9.32 were made with nuclear recoils. From Fig. 9.38, more than 85 % of
the everts of Am/Be neutron sourcerun in Fig. 9.33 have \n umber of nuclear
recoil 2". A time spreadof nuclear recoil is evaluated with \spread of recoil
time" as follows.

P
i (deposit E); (t from rst recoil);

\spread of recoil time" = ! ~(deposit E),

(9.7)

Distribution of \spread of recoil time" of Am/Be neutron sourcerun with Geart4
simulation is shown in Fig 9.39. From Fig. 9.39, more than 54 % of the everts
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Figure 9.32: \mean hit timing"-\reconstructed energy" scatter plots of the dark
matter seard run, the Am/Be neutron sourcerun, the ambient -ray run, and
the 208 Th sourcerun with \noise cut", \ADC saturation cut", \maxim um PMT
ratio cut" and 15cm FV .

of Am/Be neutron sourcerun in Fig. 9.33 have \spread of recoil time > 10
ns". Signal nuclear recoil events are expexted for the dark matter signal, so
the districution of \mean hit timing" of the Am/Be sourcerun is di erent from
that of the dark matter signal.
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Figure 9.33: Distributions of \mean hit timing" of the dark matter seard run,
the Am/Be neutron sourcerun, the ambient -ray run, and the 232Th source

run with \noise cut", \ADC saturation cut”, \maxim um PMT ratio cut", 15cm
FV and \reconstructed energy< 30 keV".

165



x 10

*Z’,%t_oooc
> Dark matter search run
° W (Live timei= 17.98 days)
£ 800 i e
= mbient yi—ray run
(num. of éventsiX 2.9)
600
I Noise cut
400
200
0)

. . N Rt
0 500 1000 1500 2000 2500 3000
reconstructed energy (keV)

Figure 9.34: Reconstructed energy spectrum of the dark matter seard run and
the ambient -ray run with \noise cut". Here, the number of event above 600
keV of the ambinet -ray run is normalized to that of the dark matter seardt
run.
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Figure 9.35: Reconstructedenergy spectrum of the dark matter seard run and
the ambient -ray run with \noise cut", \ADC saturation cut", \maxim um
PMT ratio cut", 15cm FV and \mean hit timing > 25ns". The spectrum of
the dark matter seard run is similar to that of the ambient -ray run, soit can
be explained with the events which happenedin the small gapsof the detector.
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Figure 9.36: Reconstructedenergy spectrum of the dark matter seard run and
the ambient -ray run with \noise cut", \ADC saturation cut", \maxim um
PMT ratio cut", 15cm FV and \mean hit timing < 25ns". The spectrum of
the dark matter seard run is di erent from that of the ambient -ray run, so
it can't be explained with the events which happenedin the small gaps of the
detector.
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Figure 9.37: Deposit energyspectrum of Am/Be neutron sourcerun with Geart4
simulation. Spectrums of all the events and the everts made with only nuclear
recoil are shavn by the black and red lines. Most of the events below 30 keV
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9.4.3 Tritium inside the liquid xenon

3T hasthe half life, 12.33years, and it decays into 3He through  decay with
Q = 186 keV. An energy spectrum of -ray emitted with the decey is calcu-
lated with DECAY4 [74] asshown in Fig. 9.40. A badkground from 3T in liquid
xenon is estimated with the detector simulation using the  spectrum.
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Figure 9.40: Energy spectrum of -ray emitted with  decay of 3T calculated
with DECAY4 [74].

3T is contained in liquid xenon mainly asHTO or HT.

A water concerration in the processedxenon gaswas calculated as < 100
ppb (mol/mol) with the tuned absorption length of the liquid xenon, 66( 10)
cm, and Fig. 9.41. HTO/H ,0 of the atomospherein Fukuoka, Japanis reported
as 2 10 ' from 1984 to 1994 [78. When the content of H,O is 100
ppb (mol/mol) and HTO/H ,0 is 2 10 '/, the estimated background level
is 1 10 “ counts/day/kg/k eV below 10 keVee. Then the badkground from
HTO is negligible for the dark matter seard with the prototype detector.

A hydrogen conceriration in the processedxenon gas was measuredas 30
ppb (g/g) with APIMS (Atomospheric Pressurelonization Mass Spectroscopy)
by Nippon APl Co.. HT/H 2 of the measuredhydrogenis di cult to estimate,
becausavedon't know whenthe xenongaswascortaminated with the hydrogen.
HT/H 2 changesmore than 5 orders of magnitude with typesof hydrogen gasses.
For instance, HT/H , of the atomospherein Fukuoka, Japan is reported as
1 10 '? from 1984to 1994[78], and that of market hydrogen gassegrocessed

172



Figure 9.41: Scintillation light intensity as a function of the distance from the
light sourcefor various concerirations of water in liquid xenon [79)].

from water is< 1 10 17,

The solubility of hydrogenin liquid xenonis also unknown, soit is assumed
that all the hydrogen was dissolved in the liquid xenon for the following calcu-
ation. If HT/H , of the measuredhydrogenin the xenongasis 1.5 10 15, the
low energy peak of the dark matter seard run with \mean hit timing < 25ns"
can be reprodecedwith the tritium simulation asshown in Fig 9.42.
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Figure 9.42: Reconstructed energy spectrum of the dark matter seard run
and the ambient -ray run + the tritum simulation with \noise cut", \ADC
saturation cut’, \maxim um PMT ratio cut, 15cm FV and \mean hit timing
< 25ns". Low energy peak of the dark matter seard run can be reproduced
with the tritium simulation.
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9.5 Summary

The low energy peak of the dark matter seard run with \mean hit timing >
25 ns" can be explained with the evebts which happenedin the small gaps of
the detector. From Fig. 9.35, a number of the remaining events of the ambient

-ray run in the dark matter seard window is 17:4( 7:0) evert, If the lower
limit, 10.4 event, is subtracted from the nal sampleof the dark matter seart
run, the limits of S' and SP ) areshown in Fig. 9.43and 9.44, respectively.
The limit of the spin-dependert crosssection, SDp, is calculated on the basis
of the odd group model as discussedin Section 3.3.4.
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Figure 9.43: Limits of spin-independert crosssection, ', asa function of
M with the gap event subtraction. The regionsabove the curvesare excluded
at 90 % con dence level. The result from this experiment with the gap event
subtraction is shown by the red (This work with the subtraction) line. DAMA's
allowed region is shown by the pink line[28]. The limits by EDELWEISS [30]
and CDMS |1 [31] with cryogenicgermanium detectors are shovn by the blue
and light-blue line. The world's current lowestlimit by XENON10 with a dual
phase xenon detector is shavn by the greenline [32). MSSM predictions are

shown by the black line.

Tritium inside liquid xenon is the candidate of the low energy peak of the
dark matter seard run with \mean hit timing < 25ns". HT/H , of the processed
xenongasis hard to estimate, soa quarntitativ e certi cation is di cult from the
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Figure 9.44: Limits of spin-dependert crosssection, SDp, as a function of M
with the gap event subtraction on the basisof the odd group model. The regions
above the curves are excluded at 90 % con dence level. The result from this
experiment with the gap event subtraction is shavn by the red (This work with
the subtraction) line. The limits by UKDMC [27] and DAMA [29] with Nal(TI)
detectors are showvn by the blue and greenlines. The limit by CRESST with
cryogenicAl, 03 detector is shown by the pink dotted line [33]. The limit by the
Tokyo group with CaF, scirtillator is shown by the light-blue line [34]. MSSM
predictions are shonn by the black line.

hydrogen conceriration in the processedxenon, 30 ppb (g/g).
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Chapter 10

Future prosp ects

A single phasedetector with 800kg of liquid xenonis optimized for dark matter
seard), and it is under construction at Kamioka Obsenatory. Features of this
detector are discussedin Section 10.1, and expected sensitivity is showvn in
Section 10.2.

10.1 Single phase detector with 800 kg of liquid
xenon

A scthematic view of the single phase detector with 800 kg of liquid xenon is
shown in Fig. 10.1. Approximately 800 PMTs are immersed in the liquid
xenon, and the distance from the certer of the detector to the PMTs is  45cm.

10.1.1 Larger photo coverage and small dead angle from
PMTs

The photo coverage of the 800-kg liquid xenon detector is 70 %, and the
expected photoelectronyield is 5 p.e./keV for an event at the detector certer.
The photo coverageand photoelectron yield of the detector is improved from
that of the prototype detector, as shown in Table 10.1, and this improvemernt
enablesus to lower the energy threshold and achieve higher sensitivity for the
dark matter seard.

photo coverage(%) | photoelectron yield (p.e./keV)

prototype detector 16 1.93

800-kgliquid xenon detector 70 5

Table 10.1: Comparison between photo coverage and photoelectron yield of
the prototype detector and those of the 800-kg liquid xenon detector. More
than a factor of 4 and 2.5 improvemens are expected for photo coverageand
photoelectron yield, respectively.

Somefraction of everts that occur at the dead angle of the PMTs in the
outer region of detector are mis-reconstructedinto the certer region of detector,
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Figure 10.1: Schematic view of the single phasedetector with 800 kg of liquid
xenon. 800 PMTs are immersed inside liquid xenon, and distance from the
certer of detector to PMTs is 45cm.

and these events becomebadkgrounds in the ducial volume. The dead angle
from the PMTs also reduceswith the improvemert in photo coverage,so that
mis-reconstructed background events are greatly reduced.

10.1.2 Thic ker layer for self-shielding and larger ducial
volume

The layer for self-shieldingof the 800-kgliquid xenon detector is enlargedfrom
that of the prototype detector, as showvn in Table 10.2, and it enablesstronger
shielding for low energy -ray badkgrounds. The ducial volume of the 800-kg
liquid xenon detector is also enlarged from that of the prototype detector, as
shown in Table 10.2,and it enableshigher sensitivity.

10.1.3 Further reduction of radioactiv e impurities in PMTs

We deweloped a low background hexagonal PMT, R8778MOD, for the 800-kg
liquid xenon detector in cooperation with Hamamatsu Photonics. A picture of
the R8778MOD is shawvn in Fig. 10.2. The hexagonalshape of R8778MOD is
suited for increasingthe photo coverageand reducing the dead angle.

The radioactive impurities, exceptfor ©°Co, in R8778MOD were reduced by
about a factor 10from that of R8778ASSY,asshowvn in Table 10.3. R8778ASSY
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thicknessof self-shieldinglayer (cm) | ducial volume (kg)

prototype detector 7.5

800-kgliquid xenon detector 20

Table 10.2: Comparison betweenphoto coverageand photoelectron yield of the
prototype detector and those of the 800-kg liquid xenon detector. More than
a factor of 2.5 and 10 improvemerts are expected for thicknessof self-shielding
layer and ducial volume, respectively.

Figure 10.2: Picture of R8778MOD.

is the PMT that was used for the prototype detector as described in Section
6.1.2. The corntent of ®°Cois di cult to reducebecausecobalt is usedasthe raw
material of the side tube of R8778MOD, but this level of 89Co does not cause
a problem for achieving the expected sensitivity of the 800-kg liquid xenon
detector, which is showvn in Section 10.2.

10.1.4 Radiation shield with water tank

A water tank is used as the radiation shield of the single phase detector with
800 kg of liquid xenon, asshown in Fig. 10.3. Approximately 2 m thicknessof
water is neededto reducebadkgrounds from ambient raysto that from PMTs,
and it is also enoughto reducebackgrounds from ambient fast neutrons to the
target level. With a su cien t safety factor, the height and diameter of water
tank are decidedas 10m and 11 m. We install 20-inch PMTs on the wall
of the water tank to detect Cherenkov photons generatedby muons.
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U (mBg/PMT)

Th (mBg/PMT)

K (mBg/PMT)

50Co (mBg/PMT)

R8778ASSY

18( 2)

6:9( 1:3)

140( 20)

5:5( 0:9)

R8778MOD

<1

< 0:94

< 9:68

Z5( 0:3)

Table 10.3: Radioactive impurities in R8778ASSY and R8778MOD measured
by HPGe detector. R8778ASSYis the PMT usedfor the prototype detector as
describedin Section6.1.2. About a factor of 10 improvemert from R8778ASSY
to R8778MOD is achieved for the content of radioactive impurity, except for

60Co. The content of °Co is di cult

to reduce becausecobalt is used as the

raw material of the side tube of R8778MOD, but this level of %°Co does not
causea problem for achieving the expectedsensitivity of the 800-kgliquid xenon

detector.

10.2 Exp ected sensitivit y

Expectedsensitivitiesfor a3 discovery of WIMPs with the 800-kgliquid xenon
detector are shown in Fig. 10.4and 10.5. The following conditions are assumed
for this sensitivity calculation.

Exposuretime is 5 years.

100kg of liquid xenon at the certer region are usedasthe ducial volume.

Energy threshold is 5 keVee.

The sensitivity to WIMP direct detection will be improved by 2 orders of mag-
nitude for the spin-independent case,and 3 orders of magnitude for the spin-
dependert case,from the world's current limit.
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Figure 10.3: Schematic view of water shield for single phasedetector with 800
kg of liquid xenon. Approximately 2 m thicknessof water is neededto reduce
badkground from ambient rays and ambient neutronsto the target level. With

a su cien t safety factor, the height and diameter of the water tank are decided
as 10mand 11m. 20inch PMTs areinstalled on the wall of the water tank
to detect Cherenkov photons generatedby muons.
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Figure 10.4: Expected sensitivity for a 3  discovery of WIMPs with the 800-
kg liquid xenon detector using 100 kg of certer ducial volume with a 5 keVee
energythreshold after 5 yearsexposure(spin-independert case). The sensitivity
to WIMPs direct detection will be improved by 2 orders of magnitude from the
world's current limit [32].
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Figure 10.5: Expected sensitivity for a3 discovery of WIMPs with the 800-kg
liquid xenon detector using 100 kg of certer ducial volume with a 5 keVee
energy threshold after 5 yearsexposure (spin-dependert case). The sensitivity
to WIMP direct detection will be improved by 3 orders of magnitude from the
world's current limit [27][29.
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Chapter 11

Conclusion

The XMASS Collaboration is developing single phaseliquid xenon detectors for
the purposeof direct detection of dark matter. A single phasedetector with 800
kg of liquid xenonis under construction at Kamioka Obsenatory. The expected
sensitivity of this detector to the neutralino asdark matter is about 2 orders of
magnitude higher than the presen bestlimit in the world.

A prototype detector was developed at Kamioka Obsenatory to ched the
performanceof single phaseliquid xenondetectors. With the detector, the phys-
ical properties of liquid xenon were measured,and the performance of energy
and vertex reconstruction was con rmed. We also seart for the neutralinos
with the detector though it was not optimized for a dark matter seard. Al-
though no dark matter signal was found, we obtained the upper limits for the
neutralino-proton crosssection as follows,

S',= 170 10 °pbatM = 62GeV=c (spin-independert case).
SP = 6:74pbat M = 60 GeV=c? (spin-dependert case).

These limits are nearly at the expected sensitivity of the detector within its
restrictiv e conditions. From these measuremets of the prototype detector, the
feasibility of achieving the target sensitivity with the 800-kg liquid xenon de-
tector was con rmed.
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