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Pictures: NASA/WMAP Science Team;

. K Eney,
http://map. gsfc. nasa. gov/ o2 s gy
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The story

19908 144517 DAMA i
“ Annual Modulation =&

2000 »7PXJ7A CDMS
2002 25V EDELWEISS
“GNTHOAINY ~=BENE”
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DAMA region % Exclude

Spin Independent Interaction
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WIMP Mass (GeV/c?)
(Phys. Lett. B 545 (2002) 43)
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WIMP-Nucleon Cross-Section (pb)
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Dark Matter Candidates

Axion (KSVZ, DFSZ)

1 107%V < m, < 10 %V
m, o< ——

Neutralino f PQ

»Lightest Supersymmetric Particle
»R-parity DIRFNDSLIE

— FEYHICERSNIBES CEELUMBITD

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

gauginos & higgsinos DIREAEE DEIEIRRE
coupling SUSY EFIUIKE
39GeV <m



Searches, direct and indirect

INDIRECT searches
xx >WW.,ZZyy - e ,p ,d ,y,0,..
BESS, GLAST, AMS, SK, AMANDA, MACRO, . ..

DIRECT searches

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

\

recoil
E~ O(10keV)



Direct detection,
relevant parameters

* Fvent rate

R~0, Xn{v)ca, X

=T

><f v f(v)dy

Isothermal Halo Model




Cross section

) . :
* " 1-N depends fundamentally on the X —quark interaction strength.

e Spin—independent (SI):  H, h, squark exchange
e Spin—dependent (SD): Z, squark exchange

ST interaction SD interaction



I Spin Independent and Spin Dependent cross sections

I ® Cross Section

Ox N=O0x NTOx N
* SI interaction 5
SI 2 IJX—N SI
O'X_N:A > Ox_n A : mass number
Hx—p u :reduced mass

e SD interaction

SD _AzJ(J'I'l)“i—N SD
Ox_N— 0.75 2 O-X_P
: My,

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. o)
5D A J<J‘|'1)“x—NO_SD
X—N 2 X—
0.75 4 ;
X—p
Isotope | unpaired | abundance A2J(J+1)
Li 2.5% . .
| P 025 0411 | esmp [iF for SD
E P 100% 0.647
ZNa p 100% 0.041
BGe n 7.8% 0.065
L) P 100% 0.023

(odd-group model)



Spin Dependent (SD)
and
Spin Independent (SI)

¥ SD
10 X—p
SI
O-X—n
g0
C% = can be as large as
10 3 1o
10°~10
5
10 ﬂ'#-.l'r.{ph} 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 — e} B

* Expected energy spectra
R : countrate
AR _ c ﬁe“”zE’* 'E [count/keV /kg/day] B ctecoll enery
dE, ! E,r c,,c, : const
E, : kinetic energy of DM
361 (o, 0
R, = =N b 0 count/kg/da : i
"M M, ( Ipb j(O.3Gchm3 j(230km/sj [ g/day] %o : DMvelocity
M., : DM mass
M :target mass
| | | 4MXMN
o N
Target : °F | N
r Cxp = 0.1 pb ] P, : DM density
Pop = 0.3 GeV/c?/cm3| T
VO = 220 km/S |
VE =232 km/s
Vese = 650 km/s -
low threshold and
M% = 20 GCV/Cz ﬁ .
low BG are required
I | |\ ; i . '
0 10 20 30 40 50 60 70 80

keV
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Mean recoil energy E_r vs target mass

100 DM mass
_~|500GeV
0Q /,.t
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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



23
Na

3Ge (SD)-Ge (S)
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Recoil Energy [keV]
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I Running experiments and projects

I (not complete)

Bolometers

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

Scintillators/semiconductors

DAMA(Nal, CaF2, LXe)
UK(Nal)

HDMS(Ge), GENIUS(Ge)
Osaka(CaF2)
XMASS(LXe)




Evisible

Quenching factor q="—7

* g < 1 for scintillators and semiconductors

0.3 (Na), 0.09 (I)
0.25 (Ge)
0.46 (LXe)

E low effective threshold

* =1 for bolometers



Techniques for DM detection

Pulse shape discrimination/analysis PSD/PSA
(e/ v - nuclear recoil separation)

Bolometry (g=1)

Phonon—ionization simultaneous

measurement (e/ ¥ — nuclear recoil separation)

Annual modulation
Direction sensitive detection

Bubble chamber (!)
Background shields



Number of events

PSD/PSA (Nal(TI))

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

10°
E nuclear recoil

10 2

[—
e
lllllllll B BLAL

-
F—
&

6-8 keV

200 300 400 500
Time constant, ns



Statistical subtraction

B. Ahmed, et al., Astropart. Phys. 19 (2003)
691.
6 —7keV 7— 8 kev

=
Tt

._
=
[F
T

v-calibration

Number of events
T

Number of events
=

10° 10°

T, NS ns
w 107 10 7g
E e g pd
- - -
real data 5 0% s 9

g 5 '
= =
E 10 t E 10 4
z z 'h‘

1 Er 1 E—

o i

10 10

10° 10’



Bolometer

Bias current

LiF Voltage sensitiy
amplifier
DM
\>fw\ >
=
/ “/ - > Thermistor

Dilution Refrigerator

10mK

Specific heat:
3
T
Coc|l —
Op

@ p : Debye temperature



—_l

__;.r’:_g_,:imm I_D s | _‘.LE*.H-.

I. Shutt et. al.,

Phys.

Rev.

Lett.

Phonon — 1onization
simultaneous measurement

_'-'- - :. "-r |. IK.-‘ .u
Phaonan: i | c) .' ,_:_-,:'1"-":-'I""'
-‘-. L | { I
N\ A ib |
N s | s [ e |

L4 il Bi
onization (keV)

69 (1992) 3531

Same response to e/y
but

to nuclear recoil,
g=1 for phonon
g = 0.25 for 10ninzation

e/ ¥ - nuclear recoil
separation




Annual modulation

NEL
30 km/s
65 <= (g
/® Only a few % effect
1.0x10° :
. Nal
] 6
o, 1.0x107 | . =10
/ 12 2 | 0 GeV
A
@—» %, 5|
T 1.0x1072 }
> |
[ |
3 1.0x10°2 |
% I |
3 ol S—JUNE
— — — T DECEMBER—\\ |
VE = UsuN + VEs o

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

EENEOR &

PN

DARK HALO

(Maxwell %>7r)
Vo =220km/s

—=
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00000000
OO —MNW O10) 00 —

Strong DM wind
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~—VE

BERE O
Eth = 0 keV —|
. Eth—20 keV _:
2 1.2x10° :
>\ -
5 1.0x107 5, o _10%b
2 gox10% | m =50GeV
-
S 6.0x10 3 |
4.0x107°
2.0x107°
0.O><100 gl .
1 0.5 0 0.5 1

Recoil Angle cosy



Heavy liquid bubble chamber

J. I. Collar/U. Chicago

CF3Br / CF3I heavy liquid bubble chamber
Total insensitivity to Minimum Ionizing Particles, yet sensitive to low-
energy nuclear recoils (tunable dE/dx and E-threshold)

[reep—p———se—y — ‘l dE/dX Nucleation Threshold
r E+ 4 1 10000
Pt /a & recoil ] —_
( " S ‘ﬁ W c nuclear recoils=2»
T _;; g 1000
B> E
= 9 %’; 100 _
Le X ClECtrONS meyp
o XTRS P
O 5 10 X
) :
| S MQ—'
_ =]
L__a._g;mﬂl e, 1

time —» — 0 2 4 6 8 10 12 14 16 18 20
. Vapor Pressure - Operating Pressure [bar]



Background shields

Oxygen Free High Conductivity Copper
(OFHC)
Old—age(archaeological) lead

T,,(*"Pb)~20years

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.) 72003

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



Bolombeter SD limits in a, and a.

AT (J+1) By
SD X—N SD 2 2 SD
Ox_N— O-X—p:4GFIJX—NCN

075 12

, J+1

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

a,, a, .y -nucleon couplings

(8025 (S + expectation values of p,nspinin N



<S> and <Snny»

Isotope | odd | <S> | <S.0”
i | p | 0497 | 0.004
19F p 0441 | -0.109

23 Na p 0.248 0.020

2Ge n 0.009 0.372

127) p 0.309 0.075

Fora ,a,
determination,

> F is complementary to
23Na’ 73Ge, 127I
due to opposite sign of
(S (Su)

» NaF is more sensitive to &4,
than LiF.



I SD limits in a, and a.
I b (Syn) H{Ss) >0 b (S0 Sy <O
e.g. N.=2Na, Y COMPLEMENTARY €.g. N .=UF




I B Bolometer
* Wide choice of target

* High resolution Bias current
I * | ow threshold Thermistor

* No quenching '|:I'—|>—
. \ Voltage sensitive

= amplifier

(E visible = E recoil)

| / Absorber
B NTD Ge thermlStIQJutralino |

* Neutron Transmutation = |2 9 mK | Heat sink
Doped Germanium

Schematic drawing of a bolometer
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I * Set Up

— Outer Shields >
P =
L = Dilution Dewar
LECE
KamLAND LY ers 1 Alr tight bag
= R
i T ———OFHC copper
SK b"l'lf T (10cm)
Dome e oo
. «XMASS Entrance I}:i ': Lead (1scm)
— LW 53 . .
~ 0 I 1 —poric acid shee
G.W. Dark Matter 200m :-'-}::' _: =5 g/cm
A S L | —Polyethylene
» set at Kamioka Observatory r--h__ﬂ_- : (20cm)
(~2700m.w.e. ) EE |

10cm
=}

|
5
" =
.



* Inner Shield

= o L Dilution
presme =) refrigerator
old lead (>400yrs.) . —
from a wrecked ship. b - e pp—
0 _ — ribbon

: ) (thermal link)
suspending it

with kevlar cords.

NaF crystal

| vibration noise

reduction

OFHC copper
holder £k

|
Kanazawa lead

2cm
—



* NaF Bolometer Array

—  8pcs X 22g NaF crystals NaF crystal

(2X2X2cmd)

Expected sensitivity in the a —a nplane"ﬂ?‘:; =
MWIMP = 50 GeV —

250
200
150 |
100 |

50 r
& 0r
-50 t

-100 r
-150
-200
-250

N
60 40 20 0 20 40 60

. NTD Ge thermistor

P
Assuming the same spectrum as that of LiF target

NaF expected —




of'p[Pb]

e Result (SI and SD CTX_pIimit)

— Assumption : All events are dark matter events

SI

10° | DAMA allowed
F 7 (Nal)

—— Nokogiriyama LiF 1

This work (NaF)

o32,[pb]

CRESST(ALO;)’

CDMS(Ge) |

10° | 10!
M, [GeVc?]

» Best limits

( for 103 GeV)

10? 10°

SI: 0.036 pb
SD : 47 pb

10* ¢

107 |

1072 |

—

\‘"IMPL C,CIFs)

——  Nokogiriyama

——. . This work (NaF) |

_ 'CRESST(A1203),
~—__UKDMC(Nal)
ST DAMA(Nal)

10°

10°
M, [GeVc?]

10



 Result (SD limits in the a —a_ plane)

200 '1|0 Glch12 1 100 50 Gch -2 .
100 | . / A BT
5 O 1 07 i 0.05 |
-100 -
-200 i 1 1 1 1 1 ] -100 1 ] Qs: 0r
-40 -20 2p 20 40 -2 2 | predicte d\
| 100 Gch'2 i -0.1 .
100 ,_) 015 04 005 0 005 01 015
Kamioka LiF — _ a
amioka L1 < Of // | p
This work NaF — 100 - { | tan B =2,8
LiF NaF combined = . . : 10GeV <M, <1TeV
40 20 0 20 40 10GeV < p <1TeV
a
P

» We improved LiF limits in 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

J\81 30km/s
&
232 km/s KB@
DARK HALO
(Maxwell 3%1)
V,= 220km/s

thEk ) B 5 DM DASTHEDBZE1t
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DM wind is fairy strong
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VE =244 km/s
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Neutron source
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Another challenging DM search
XMASS experiment

® Goals

¥ Direct detection of Dark Matter
— Discovery of Dark Matter

¥ Real time observation of low energy solar v (pp, 'Be)

— Precise determination of v oscillation parameters

» Observation of Ov[3[3 decay

— Majorana property and absolute mass of v

XMASS = Multipurpose Ultra low—background detector
with liquid Xe



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

Volume for shielding

Fiducial volume

Reconsti b ormation
— 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

~ 2.5m

Dark matter search

M
Multipurpose detector




e Sensitivity of 800kg detector for DM (SI)

Spin independent interaction

-4 .
10 .’ . ~  Discover!

DAMA (Nal)

, rhﬂ'_'“',) Exclude
106 L._.-r"'f o bo 4,

Cross section for nucleon (pb)

105 XMASS 800kg detector (Xe)
(SkeV threshold, Syear)
. Annual modulation (3¢ discovery)
10-10 T — — Raw spectrum (3o discovery)
10! 102 103

WIMP Mass (GeV)

>10% improvement of sensitivity for existing experiments




END
XMASS Project



Stereo photography of

First prototypes:

~20 ml active volume bubbles
gagg'!n'}]i};*“ff,hy Pressure: 0-150 psi Three triggers: acoustic,
s Temp: -80 to + 40 degrees C  pressure and video

filte!
sensor
=

Propylene glycol buffer
liquid prevents cvaporatipn
of superheated lgyid.

——

.

Exhaust to Room

a

; 1
Glass dewar with”? 1 . 3-way valve

heat-exchange fluid '
) Compressed Air @ 140 ps

Camcra

=

Quartz pressure vessel (1of2) N .
Piston

Acoustic sensor

J.I. Collar IDM2004, September 6-10, 2004



= Old Bubble Chambers radiation-ready for only few ms at
a time (coincident with beam spill)

= (Gas pockets in surface imperfections and motes can act
as inhomogeneous nucleation centers.

= A BC dedicated to WIMP searches must remain

supernheated indefinitely, except for radiation-induced
events. Low degree of superheat helps, but is not enough.

= Recent progress in neutralization of inhomogeneous

nucleation sites (from work unrelated to bubble chambers!).
E.g. use of liquid “lid”, outgassing in presence of buffer
liquid, cleaning techniques and wetting improvement via
vapor deposition.



Kavli Institute

for Cosmological Physics

AT THE UNIVERSITY OF CHICAGO

Fancy: Position Reconstruction

» Bubble positions can be reconstructed in 3 dimensions by scanning images taken
by two cameras offset by 90 degrees.

» Position resolution is currently 530 microns r.m.s. (approximately 1/4 bubble diameter)

« Uniform spatial distribution of background events, consistent with background neutrons.

20

¥ [mm

intermediate step in automatic
inspection algorithm using

NI Vision Development Module
(2 kg chamber)

J.I. Collar

Projection into YZ Plane
311]

Projection into XY Plane
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Sensitivity necessary for the
discovery of DM (SI)

* How can one reach il >2X10 “pb |?

 Current typical limit with Nal(Tl) — PSA by UK
group IS:

dR
dE

<4x10 'events/kg/day/keV(@4—5keV)

visible

— O, <2X10"pb(@M ,~100GeV)



Well experienced experimentalist

I would not say that
I ®* One has to go down to
ng <M x10 “levents/kg/day/keV (@4 —5keV)

visible

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



I To go further,

even with PSA.
> exposure[kg * days] more than
several X {background rate[/kg/day]}
IS hot necessary
* 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)
> Even cleverer detection technique to be
discovered (e. g. Bubble chamber)

I * Huge mass conventional detectors never help



