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DAMA's <discovery>
by annual modulation

R. Bernabei et al., Riv. Nuovo Cim. 26(2003)1.)
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The story

1998 445U DAMA

“ Annual Modulation Z=t&Ess”

2000 P XJAH CDMS
2002 752X EDELWEISS
“GNTDHOAINY ~=BEME”
&9 B conventional 2F33ETT

DAMA region % Exclude

Spin Independent Interaction
-4
10

\]l]]]‘ [ [|]|]||’ I T.TTTTIH
| I .

WIMP-Nucleon Crogs-Section (pb)
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10 = =
- DAMA Nali-4 -
- - EDELWEISS 2000 ]
e EDELWEISS 2002 .
- EDELWEISS 2000-2002 combined—
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10 [ \IIIII‘ 2I | IIIIII’ 3I L 1111l 4
10 10 10

WIMP Mass (GeV/c?)
(Phys. Lett. B 545 (2002) 43)
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Dark Matter Candidates

Axion (KSV/Z, DFSZ)

1 107%V < m, <10 2%V
m, o< —

Neutralino f PQ

> ightest Supersymmetric Particle
>R-parity DIRED S ZE

— FHEOHBICEASNIRES CHFEUiklT D

X = a1 B + a;Ws + agH; + a,H,

gauginos & higgsinos DFFELEE DEEIRRE
coupling SUSY EF)Lik#E
39GeV <m



Searches, direct and indirect

INDIRECT searches
XX >WW,ZZ,yy > e ,p ,d ,y,v,..
BESS, GLAST, AMS, SK, AMANDA, MACRO, . ..

DIRECT searches

neutralino e
. , v~ 220km/s
Nuclear recoil detection \

\

recoil
E~ O(10keV)



Direct detection,
relevant parameters

* Event y SUSY

R~0,_ Xn{v)co, X

]\5 )Xf v f(v)dy

Isothermal Halo Model




Cross section

* 0,-N depends fundamentally on the X -quark interaction strength.

* Spin-independent (SI):  H, h, squark exchange

* Spin-dependent (SD): Z, squark exchange

SI interaction

SD interaction



I Spin Independent and Spin Dependent cross sections

I ® Cross Section

e SI interaction

SI 2 :
OT o= A 0 A : atomic number

Hy_p u : reduced mass

e SD interaction

SD _A2J<J 1) Hx_x sp
TaNTTT7s 2 Cxew

X—p

A : Landé factor J : total spin of the nucleus



e SD Cross Section

* conventional approximation
using the odd-group model in which
the contribution of either proton or neutron 1s considered.

) 2
o _NJ(J+1) Fin s

O-X—N

0.75 2 '
X—p
Isotope | unpaired | abundance | A2J(J+1)
7Li P 92.5% 0.411 — LiF fOI’ SD
EE P 100% 0.647
Na P 100% 0.041
3Ge n 7.8% 0.065
2] P 100% 0.023

(odd-group model)



Spin Dependent (SD)
and
Spin Independent (SI)

al O_SD
10 X—p
O_SI
.5 X—n
g 10
9) = can be as large as
mg 3 4
10°~10
&
10 o, (pb) 10 10
SI

Fig. 10 of J. I. Collar et al, New J. of Phys. 2 (2000) 14.1



counts/keV/day/kg
S o 2 2 - -
- (\) EEN (@) o0 — .} B

Expected energy spectra

ar
dE,

= By ety [count/keV /kg/day]

E,;r

Pp

x

361 cxN(
M M\ 1pb L 0.3GeVem™

230km/s

j( Yo )[count/kg/ day]

.

My = 20 GeV/c?

20 30 40
keV

Target : PF |
Gxp = 0.1 pb
Pp = 0.3GeV/c2/cm3| -
VO = 220 km/S 1
VE =232 km/s
Vese = 650 km/s -
ﬁ
My = 100 GeV/c? i
50 60 70 80

R : countrate
E; :recoil energy
¢,,c, . const
E, :kinetic energy of DM
v, : DM velocity
M. : DM mass
M| :target mass
. 4M M
(M, +Mmf
pp: DM density

low threshold and
low BG are required
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Mean recoil energy E_r vs target mass

100 DM mass
_~|500GeV
0Q /,.t
a0 el
e
£ 70
=3
g 40 ]
KO )d 200
=]
£ 40 pd
c rd
m
g 30 /
I 100
I
el L e
‘,f’
10 —_ | 50

30

0 10 20 30 40 650 &0 70 &0 90 100 110 120 130 140 150

target mass/GeV



el T3
~?Ge (SD)T--.Ge (SD)

277 (SDYN1 (ST)

10 20 30 40 50 60 70
Recoil Energy [keV]



Running experiments and
projects (not complete)

Bolometers

e CDMS(Ge/Si)
* Tokyo(LiF/NaF)
* CRESST(AI20:3)

Scintillators/semiconductors

* DAMA(Nal, CaF2, LXe)

* UK(Nal)

* HDMS(Ge), GENIUS(Ge)
* Osaka(CaF2)

* XMASS(LXe)




EVisible

Quenching factor  ¢=—,

* g <1 for scintillators and semiconductors
0.3 (Na), 0.09 (I)

0.25 (Ge)
0.46 (LXe)

— low effective threshold

* g =1 for bolometers



Techniques for DM detection

Pulse shape discrimination/analysis

PSD/PSA (e/ v - nuclear recoil separation)

Bolometry (q = 1)

Phonon-ionization simultaneous

measurement

(e/ v - nuclear recoil separation)

Annual modulation

Direction sensitive detection

Background shields



Number of events

PSD/PSA (Nal(TI))

B. Ahmed, et al., Astropart. Phys. 19 (2003) 691.

10

. b
. nuclear recoil i g S
10 i

(-
e
T |||||ll'| B BLALL

6-8 keV

100 200 300 400 500
Time constant, ns



Statistical subtraction

B. Ahmed, et al., Astropart. Phys. 19 (2003) 691.

6 —7keV 7 — 8 kev

=
=
e
u

Number of events
=

y-calibration

Number of evenits
=

real data

Number of events




Bolometer

Bias current

LiF Voltage sensitiy Specific heat:
amplifier ;
DM T

\ ;f - Coc| —

b 4; g 7

=/

s r > Thermistor

Dilution Refrigerator @D : Debye temperature

10mK




Phonon — ionization
simultaneous measurement

T. Shutt et. al.,

Phys.

Rev. Lett. 69 (1992) 3531

Same response to e/y
but

to nuclear recoil,
g=1  for phonon
g = 0.25 for 1oninzation

e/ v - nuclear recoil
separation




Annual modulation

NER
30 km/s
65 - ()
f Only a few % effect
1.0x10° |
| Nal
5 1.0x107 | gﬁp{/b
@//_1 12AR % | ©
o 1.0x107% |
> L
2 |
2 1.0x10° |
% I )
3 ul N JUNE |
— — — HO0 T DECEMBER—\\ |
Vg = UsuN T VEs |

0 10 20 30 40 50 60 70 80
Recoil Energy keV



Direction sensitive detection

REMEORE & Strong DM wind
Vy = 8
N =
yN y
f(v,vy)
DARK HALO
‘I _

(Maxwell 53-7r) 09 1 Vg =244 km/s
Vo=220km/s 07 vy =220 km/s
0.5 2
0.2 RS 500"

0.1 S
800 e
X 600 800



—VE

&5 0
Eyy = OkeV ——,
| Ep=20keV ——
2 1.2x102 |
> -
§1.0402 | 0, =10%b
2 8.0x107 m, =50 GeV :
)
3 6.0x10 .
4.0x107
2.0x107
0.0x10° — '
y 05 0 0.5 1

Recoil Angle cosy



I Background shields

* Oxygen Free High Conductivity Copper
I (OFHC)
* Old-age(archaeological) lead

T,,(*"Pb)~20 years

* Pure water
* Active self shielding

— | fiducial volume
* Radon purge




I Tokyo Group (Minowa)

I * Bolometer experiments (SD-sensitive)

* Pilot run LiF Nokogiriyama(~15m.w.e.) ~1999
* Results LiF/NaF Kamioka(~2700m.w.e.) ~2003

* R&D, direction sensitive scintillators 2003~
* Pilot run stilbene Kamioka



Bolombeter SD limits in a, and a.

AT (J+1) My
SD X—N SD 2 2 SD
NN > (TX_p=4GFuX_NCN

0.75 2

—P

, J+1

CSD o (a (Sp(N)>+a (SH(N)>) y

a,, a, . -nucleon couplings

(S0 (Syy) - €xpectation valuesof p,nspinin N



<Sp(N)> and <Sn(N)>

Isotope | odd | <S> | <S>
7Li p 0.497 0.004
19F p 0441 | -0.109

23Na p 0.248 0.020

2Ge n 0.009 0.372

127) p 0.309 0.075

For a,, a, determination,

» PF 1s complementary to
23Na, 73Ge’ 1271
due to opposite sign of
(S /(S

» NaF 1s more sensitive to &,
than LiF.



I SD limits in a, and a.
I b (Syn) Sy} >0 b (Syn) H{Sun) <0
e.g. N.=2%Na, “ COMPLEMENTARY €.2. N.=F




B Bolometer

* \Wide choice of target
* High resolution

* Low threshold

* No quenching

(E - E recoil)

visible

Neutralino

BNTD Ge thermistor

* Neutron Transmutation
Doped Germanium

Bias current
Thermistor é

X

1 =——— Voltage sensitive
= amplifier

/ Absorber

'~ 10 mK | Heat sink

Schematic drawing of a bolometer



I out ¢— — « i
* Set Up i YO
- Outer Shields ! e
= s Dilution Dewar
Niw. M 21 .
.KamLAND L] . = l- . Air tight bag
:l- ——OFHC copper
R " e (10cm)
Dome | | S e
. «XMASS Entrance || ':l.-h Lead (facm)
___ LA B . .
¥ 41 +——Boric acid sheet
W™ Dark Matter _ - El._: (1g/cm?)
! By
A E———=_ L | —Polyethylene
» set at Kamioka Observatory -==_- (20cm)
(~2700m.w.e. ) = e

10cm
]

] I
|



* Inner Shield R o
o = refrigerator
old lead (>400yrs.) |
from a wrecked ship. Raulan sovd
21 Pb < 2.0 Bg/kg OFHC copper
0 ribbon

. (thermal link)
suspending it

with kevlar cords.

NakF crystal

vibration noise o
— : 1 — OFHC copper
reduction o = holder

i
—— Kanazawa lead

2cm
M—



°* NaF Bolometer Array NaF crvstal
y

= 8pcsx22g NaF crystals
(2x2x2 cmd)

‘o
|

Expected sensitivity in the a—a , plancTie s
Mwmvp = 50 GeV S

250
200
150
100

50

) Or
-50 r
-100
-150 r LiF result ——

-200 NaF expected —
-250 ' : :

60 40 2lo 0 0 40 60 \\
T, NTD Ge thermistor

P
Assuming the same spectrum as that of LiF target




* DAQ System

Dilution Refrigerator Amplifier Box
Bolometer 1 [ ( Bias | Signal —
[ Pre— i C_able ‘_\ CIrCUIt ) Bias —
—_Amplifier )— with LPF =, . Status
X8 { Amplifier|
Cryogenics |
Status LPF Computer
g |
VXIi — VXi
Rn detector Multiplexer —{16bit digitizer

* All data are taken without any online trigger with 1 kHz.
— complete off line analysis

* Data size is 74 Mbyte / hour.



°* Numerical Pulse Shaping with Wiener Filter

_[pulse detection in a detector]

input measured convolution
u(t) —=> — fre=] f@)gt—1)d
” smeared S(1)  + noise c(t) & Flo)G(@)
S(®) = UMR(®) c(t) = s(t) + n(t)

numerical pulse shaping

u(t),U(m):uncorrupted signal
/\/:a;/‘ deconvolutlon c(t) r(t), R(®): response function
with P(w) s(1), S(®):smeared signal

C
U = R() () D(w): Wiener filter | ¢(#), C(0): measured signal

NOE .
= IS((D)IZS- ?N((x))lz n(t), N(®):noise




* Numerical Pulse Shaping with Wiener Filter

raw data template fitting
0.05 | \ \ \ \ 0.05 I \ \ i i

, “ 0.045
004 i 0.04 m MMM i MM L) ﬂw/\ﬂ
M |- &g
0.025 - : 0.025 - Nl R
0.02 - . 0.02 - i templatyse fevioysly
0015 - 'Rewdsta - 0015 - " "“Rascline
%0 100 200 300 400 500 600 %0 100 200 300 400 500 600
msec msec
numerical
@ pulse shaping U©@)= S’I’(’:;)()C;:;O)
0.006 | | | | L))
0004 S A
o.oo% R . i in Fourier space
> 0004 -
:8:% - - U (@) : shaped waveform
) 6%(1)% -  Shapedsignal | O (0) : ideal signal waveform
20.014 | A | | C (@) : measured waveform

0 100 200 300 400 500 600 N((o)'noise

msec
used for this analysis.



of'p[Pb]

* Result (Sl and SD g, limit)

— Assumption : All events are

dark matter events

——— : 10* ¢ ———
— Kamioka (LiF) 4 ,
——  This work (NaF) ] 10° ¢
] S‘IM LEXC,CIFs)
10% |
o B .
-%_ 0 N e i
Q:@'e CRESST(ALO3) |

DMC(Nal)

107 | t CRESST(A1203)'; 10° ¢ — “DAMA(Nal) ]
1074 L | 1 i
i 1 -1 [ i
0° | DA gloned__(— TS a — _ Kamioka (LIF)
10° 10! 10° 10° 10° 10’ 10 10°
My [GeVc?] M, [GeVc?]
» Best limits SI: 0.036 pb

( for 103 GeV) SD : 47 pb



* Result (SD limits in the a —a, plane)

200 (10 GeVic?
100 +
§=: 0 =
-100
-200 |\

a,

Kamioka LiF
This work NaF
LiF NaF combined

100

- §:: O
1 -100
-40 -20 0 20 40

|50 GeVe?r
20 0 20
a
p
_IOOI Ge\}C'2 I i
40 20 0 20 40

a,

predlcted\

In MS SM \'.;'-

-0.15 -0.1 -0.05 0 0.05 0.1

a,

tanf3 =2,8

10 GeV < M, <1TeV

10GeV < p <1TeV

0.15

» We improved LiF limits 1n a part of the parameter space.

» Combined limits with the results of LiF are more stringent

than UK2000 limits for 10, 50 and 100 GeV-2.



Direction sensitive scintillators
R&D

J8\8r 30km/s

Az

DARK HALO

(Maxwell 9% )
Vo= 220km/s

232 km/s

kD B & DM D ASTIRDBEZEAL

IKDOBEGIAESDBEMBEDY IS IV EED
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BRI FOAFDDAICK D TEMENERD  Z Phys. 162 (1961) 122

— RBRFEZODEICXT DIRBRENHRTND

BRlsgER SBites

trans-stilbene H ,O
c=c,
H

FHitE . 309% of Nal
HWCERE 410 nm
B=REBE - BIEMD 5ns

foeedlic’ ICXITDBEICKIDIER
&)

m,0(10GeV) DISRYIE (TR
DEBRRBICONWTAEZET O

EDHDETRILF— (100keV UTR)




I R ERAIE DIRIE

En

E visible

-

Neutron source

hMEFEER 6. ZBELT(O =120° )

I G

TOF TASITRILFE—E, EBETRILFE—E,

ZAIRE

RERFZ
REETRILF—E,
REEE O,

[FI—RICSRZED

kinematics
PHEFW I MP

KODNESED

FICRDZRD ¢ BHITXTT DRBEAB 0 kF 1%

Relative efficiency q(Eg,0) =

E visible

Ep

Target crystal

counter

‘ Recoil direction



counts

2cm x 2cm x 2cm  ARFILANHEE

3500
3000
2500
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500

V X-ray

59 ke

1 1
Fg 5.9keV X ray
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Recoil energy : 100 ~ 105 keV  ~
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E, = OkeV ——
1.6x102 | E. !
VE 1.4x102 | Ein=20keV ——
2 1.2x102 } :
>
------------------- 8 1.0x102 0,5, =10%Db |
© 1P
H%%#&’EO)@ ..g 8.0)(10_3 L mX - 50 GeV 1
1
= BkIR 3 6.0x107° ,
4.0x10° |
O e 2.0x10° |
W N =s
AFILNYDOFEE=(E 0.0x10° ' :
B 0.5 0 0.5 1
C, // VE ) C‘:_ gﬂgﬁu \ Recoil Angle cosy

c 1 VE ODEEERK
BEMBICI T TIVIENEDZANRD RVLICIRND
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Cygnus. MDFJ[Q

RA21 h12m, SIS
deC +48 1 90 N Stilbene in Kamioka
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I * Goals

Another challenging DM search
XMASS experiment

v¢ Direct detection of Dark Matter

— Discovery of Dark Matter

w Real time observation of low energy solar v (pp, "Be)
— Precise determination of v oscillation parameters

w Observation of Ov[3[3 decay
—~ Majorana property and absolute mass of v

XMASS = Multipurpose Ultra low-background detector
with liquid Xe



* Key idea

Self shielding for y ray background by liquid Xe (Z=54)

Volume for shielding

Fiducial volume

Reconstruct the vertex of events from PMTs information
— v ray backgrounds are absorbed in outer volume
— Dark matter can go into fiducial volume



* Strategy of the scale-up
100kg prototype 800kg detector ~ 10ton detector

A\

~ 2.5m

Dark matter search

M
Now Multipurpose detector




* Sensitivity of 800kg detector for DM (SI)

O_48pin independent interaction

= Discover!

\3 | —n DAMA (Nal)

3 [T —  Exclude

Tg) 106 | L--._..-"""r i |

qg L

=

e .

2 108

7 | XMASS 800kg detector (Xe)

% (SkeV threshold, Syear)

& | Annual modulation (3o discovery)
10-10 * Ce b Raw spectrum (3¢ discovery)

10! 102 103

WIMP Mass (GeV)

>10% improvement of sensitivity for existing experiments

>10?% improvement of sensitivity for existing experiments




R&D status with 100kg detector

. WY ki

* 100kg liquid Xe detector éi" r;; .
Liquid Xe in ~30cm cube (30lite - SNESEE | Sk

High purity copper chamber %““ oy’

* Targets of 100kg detector -

w Confirmation of 800kg detector performance estimation

Reconstruct vertex and energy of events by fitter
Demonstrate the self shielding power for y ray BG
Measure photon yield and its attenuation length
Understand the environmental BG inside the shield

Measure a content of radioactive impurities in Xe



I * Compare real data and MC estimation

cpd/kg/keV

p—

10!

102

All volume

v Real data
MC result — Live time ~ 0.9days

/!
Real data

"L w MC (y ray background)
Outside of the shield

0

500 IGGCO 1500 2@@'{) 2500k3@\9:0 * RI sources |n PMTS
(& . .
210Pp In the lead shield

Good agreement!




* Purification of Xe by distillation

w Test using 1.6kg Xe in September 2003
v XMASS succeeds to reduce Kr concentration in Xe

from 310[ppb] to < 5[ppb] with one cycle (~1/100)

Gas Kr

Ty

/"\/.a

Temperature

b4
High

Boiling point

Kr

169K
120K

— Full process of 100kg Xe next week!




* Radioactive impurity in Xe

I Content of radioactive impurity in Xe
1 st 100kg run Target
Kr (ppt) <2000 ==  0.35
Th—chain (g/g) | <84x10" = 20x10 "
U-chain (g/g) 64x10"° = 1.0x10 "

- J¢ Kr reduction
— ~2 cycle purification by purification tower

¢ Th-chain, U-chain
— Target value of 800kg detector is close at hand
— |dentify the source and

remove it by cleaning up and filtering



END
XMASS Project



Sensitivity necessary for the
discovery of DM (SlI)

°* How can one reach aff_nzzx 10" pb
as shown in Nihei's talk?

° Current typical limit with Nal(Tl) — PSA by
UK group
dR
dEVisible

m— g <2X10 7 pb(@M ,~100GeV)

X—n

<4x10 'events/kg/day/keV (@4 —5keV)




I Well experienced experimentalist
would not say that

I * One has to go down to

ng <4 x10 ‘levents/kg/day/keV (@4 —5keV)

visible

° with 6 p.e./keV (Nal(Tl))
5p.e. 'lkeV (LXe)
* even lower p.e.'s for larger volume detectors




To go further,

°* Huge mass conventional detectors never
help even with PSA.

* Bolometr background rate is too high.

* Annual modulation effect is too small.

* Innovation needed

= Direction sensitive (and, hopefully, SD-
sensitive) detector

= Self-shielding ultra pure material(e.g. LXe)




