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Detection Methods

* Neutrinos (from Core of the sun and/or earth,
Galactic Center,)
— Underground/underwater Neutrino Detector
— Super-K, lceCUBE, ANTARES etc.

e Charged Particles (Halo)

— Balloon, Satellite, Space Station, Cherenkov
Telescope

* Gamma (Galactic Center, Dwarf, Halo)
— Satellite, Space station, etc
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Situation

* No positive convincing results in neutrinos,
charged particles and y’s
* But,
— PAMERA and other experiments: see excesses
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Neutrinos

From the sun and the earth and from the
Galactic center

* |ceCUBE South pole (under ice)
 ANTARES Mediterranean (under water)
e Super-K Japan (underground)

12/02/08 Y. Suzuki @44 BI5EE (GRK)

Neutrinos from the sun

Ref) G. Wikstrom and J. Edsjo, JCAP 04,009(2009)
Ref) K. Greist and D. Sedkel, NPB283, 681 (1987)

Detection through the upgoing muons

Muon flux measurements (limits)
—> Elastic scattering cross section (S, SD)
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Solar WIMPs (SK)

* SD interactions
— Below escape velocity = Accumulation in the sun

— Annihilation
XX — bg Soft channel
WW+ Hard channel
Z/,HHetc.

— Decay to produce neutrinos

Capture and Annihilation

* WIMPs capture and annihilation in the sun

dN
E :OC—CAN2—CEN

* C., C,, C: capture, annihilation and
evaporation rates (constants)
* M, >5GeV — Evaporation can be neglected.
Ref) see Griest and Seckel, NPB, 283,681(87)
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Capture and Annihilation

Annihilation rate:

1 1
Ty = 5CAN? = 5Cc tanh?(¢/7)

r=1/4/CcCx

WEODKBDEE t=tg=4.5x10°yr: tg/t >>1
Annihilation and capture = in equilibrium: T'y=(1/2)C,
Annihilation rateld. scattering cross section?=[F[Z &k

6000

* u-rate > scattering cross section pomewos S D (m )
X
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Scattering Cross Section

ooP = /if?D(mX) : <I>£

Wikstrom & Edsjo 2009

o Wikstrom & Edsjo 2009
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FIG. 3: The conversion factors 7" = T a2y T (left panel) and k7~ = S 2y T (right panel) as a function of m,, for
annihilation channels f = W*W =, v+~ tf, and bb. Lower lines for each channel are from the standard calculation and

i re from the conservative calculation. For the muon flux we have used a threshold of 1 GeV.
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Super-K results

e Super-K 1, 11, 11l (3109.6 days)
— Ref): Tanaka et al., Astrop. J. 742, 78 (2011).

— Look for neutrinos from WIMPs annihilation in the
Sun

— Upward going muons < Very high energy
neutrinos@SK: 4351 events

* Stopping: 919 events
* Through going non-showering: 2901 events
* Through going showering: 531 events
12/02/08 Y. Suzuli @ B (A) 15

Super-Kamiokande

50,000 tons of Imaging Water Cherenkov Detector

@ | — Inner: 32,000 tons
g (Outer Vol: ~2.5 m thick)

— Fid. Vol: 22,500 tons
11,146 PMTs (ID)

— 50 cm in diameter

— 40% coverage
* 1,885 PMTs (OD)

— 20 cm in diameter

j* 1,000 m underground

~130 Collaborators from 36 inst. (5 countries)

12/02/08 Y. Suzuki @I (RTK) 16




“ Brief history of Super-K “

96 |97 |98 |99 |00 |01 |02 |03 |04 05|06 O7 |08 09 |10

SK-I SK-I SK-III SK-IV
K2K T2K

* SK started on April, 1996 (SK-I)
— 12t Anniversary
* 4 phases: SK-1, SK-II, SK-III, SK-1V
— Accident (lost more than half of PMTs)
* Nov-12, 2001
— SK-11 (5,182 PMTs (19% cov.))
* Dec-2002 - Nov-2005
— SK-1ll (11,129 PMTs (40% cov.))
* July-2006 >
— SK-IV w/new front end electronics
* Sept-6,2008 >
* K2K: March-1999 = Nov-2004
* T2K: 2009 >

12/02/08 Y. Suzuki @%FRIEER (RK)
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Energy Range (datafrom sk

 Trigger: 100% eff. for E_,, > 4.5 MeV
(50% efficiency @ 3.7MeV)

* Trigger Rate: 1,700Hz = 15 Hz (recorded)

¥ swperk |||
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= | : « SUpernova’(8:5Kkpc) :
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Atmospheric Neutrino Events
in Super-K

* Event cateqgory

Fully Contained (FC Partiall
ully Contained (FC) a — Partially

(<Ev> ~ 1GeV) T Contained (PC)
subGeV: Evis<1.33GeV //‘ (<E,>~ 10GeV)
Multi-GeV:  >1.33GeV '\
NN
Upwa ¢ Upward
pward .

— sy Stopping

| Nfougn-going U -

<E.> ~ 100GeV) Interaction (<Ev> ~ 10GeV)

in the rock
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Atmospheric Neutrino Events
in Super-K

Parent neutrino Energy
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Number of events
F=
o

Results (directional plots)
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: Non-showering

* 3109.6 days
 Total 4351 events.

e Red lines are
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Process to be considered

» Soft process (softest spectrum)
— Annihilation into bb

* Hard process
— Annihilation into W*W- (hardest neutrino

spectrum)

12/02/08 Y. Suzuki @ RIEEE (RK)
% 60 30
$ 40 =
3 20 g 90% Acceptance
5o :
; 2 .l
2 20 1
200 F F \
150 F i
100 £ 15 N\
50 F
0 - N
1 g proc
50 i - S~
40 EShowering ] sl - ~
30 F L i
20 F ﬁ [ Hard procss. " -+ = = = &
N e TR ! |

12/02/08

0-5 0-10 015 020 0-25 0-30

2 3
cone half-angle (deg.) 10 10

Mass of neutralino(GeV/c?)

* As a function of the cone half-angle
(acceptance for individual WIMP mass)

* Red line: atmospheric neutrino BG
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Flux limit

Flux limit

$(90%C.L.) =

e: efficiency, T= live time
A: detector cross sectional area (depends upon sun’s position)
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Numerical Results
Table 1
Event Summary to Calculate the Flux Limit (¢)) Assuming the Soft Annihilation Channel is Dominant
Stopping Non-showering Showering
my 0 Nobs npG Nobs ngpG F Nobs ngG F Noo d(x107)
(GeV)  (deg) (%) (%) (%) (em=2s~1)
10 30 63 62.5 98 184 2003 2 39 33.7 0 14.8 8.9
100 10 10 6.7 78 19 225 16 5 38 6 10.9 6.5
1000 6 3 2.7 59 8 72 29 1 14 12 6.41 38
10000 5 1 1.9 28 7 4.6 52 1 0.9 20 6.99 42

Notes. The numbers of events (n0ps) and estimated background (ngg) for each cone half-angle (6) which corresponds to a certain
WIMP mass (m ) are shown for all categories of upmu. This cone half-angle is defined by the criterion that more than 90% of
the WIMP-induced upmus are contained for the assumed WIMP masses. We also show the estimated fraction (F) of each upmu
category for the given WIMP mass. The calculated result of Nog and the flux limit for each WIMP mass are shown in the last
two columns.

Table 2
Event Summary and Upmu Flux Limit Assuming the Hard Annihilation Channel is Dominant
Stopping Non-showering Showering
my ] Nops npG F Nobs npg F Ngps npG F Nog d(x10-19)
(GeV) (deg) (%) (%) (%) (em=2s71)
80.3 8 4 42 44 14 134 40 3 25 16 84 5.0
100 7 3 33 42 10 9.9 41 2 22 17 6.9 4.1
1000 3 0 0.5 40 2 2.1 41 1 03 19 42 25
10000 3 0 0.5 24 2 2.1 54 1 0.3 22 45 2.7

12/02’@8 The meaning of each column is the same as IQ(TEBQ?J I!i' @HERIEE (=K)
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Flux limit to SD cross section

e Flux limit <-> SD cross section limit
— Ref: G.Wikstrom, J.Edsjo JCAP 090;009, 2009
* Assumption

— One annihilation channel dominates

— Accumulation & escape : equilibrium

— SD interactions only

— DM density and velocity is constant

12/02/08

Y. Suzuki @45 FIFER (RK)
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Conversion factor
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Charged Particles

Annihilation signal from Halo
* PAMERA Satellite
* Fermi-LAT Satellite

Cosmic Ray positron

* 1928, P.M.A.Dirac: Dirac equation, invention
of positron

* 1932, K.D. Anderson: discovery of positron
* 1964, J.A.De Shong, R.Hildebrand and P.
Meyer: e*/(e*+e’) in CR
— Ref) Phys. Rev. Lett. 12, 3 (1964)
* Fraction decreases up to ~10 GeV and

increases above ~10 GeV (HEAT, CAPRICE,
AMSO01, PAMERA)



Cosmic Ray positron

CR positron production

* Mostly secondary production:
— CR + Inter stellar gas (ISG) 2 ©t* 2 e, v

— Fraction decreases with energy
* Ref) R.J. Protheroe, ApJ, 254, 391 (1982)
» Ref) I.V.Moskalenko and A.W. Strong, 493, 694 (1998)

» Effects of Rising spectrum:
— Pulsars

— CRs interacting with giant molecular clouds
— Dark Matter

12/02/08 Y. Suzuki @45 3553 (R K)

Cosmic Ray positron

et /et +e7) Moskalenko and Strong AplJ, 493, 694 (1998)
I T T T T 1T T 171 T T T 1T 17 l T T T T_

01F "

[ O Failow 69
r O Agrinier69 X Golden %4
" & Daugherty 75 ® Golden 9
- A Buffington 750 Clem 96
* Hartman76 V MASS2 i
001 * Muller87 ¥ Barbiellini 96 =
[ O Golden87 W Barwick 97 ]
L ll || Il | | | Il 1 L1 11 | 1 1 | l—
0.1 | 10 100
Energy, GeV

* Positron fraction (no reacceleration): Solid line: Protheroe (1982),
leaky-box (dashed-dot), diffusion (dashed).

* (Divided by the electron spectrum used by Protheroe (1982))

12/02/08 Y. Suzuki @45 BIEE (FTK)
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PAMELA

a Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics

* Antiparticle study: hundreds of GeV
* Antiparticles < dark matter particle

 |If WIMPs are Majorana = can annihilate - particle
and antiparticles in the halo of the Galaxy = signature
of DM

* BG € secondary particle production by CR interactions
with the inter stellar medium.

* CR transports
 Solar activities
» Additional astrophysical sources

Launched by a Soyuz-U rocket on 15 June 2006
Data from 11 July 2006

12/02/08 Y. Suzuki @45 RIEEE (LK) 37

Ref) M. Boezio et al., PA IVI E LA
New Journal of Physics 11, 105023 (2009)

' 470k acceptence . C
8 ccooptanc TOF: ~300ps res. and dE/dx

e LU measurement
:"';ICARD — e(e*) and p(p) separation up
/’ to 1 GeV/c
-\ * Tracking: sp. res. ~3um

— Maximum detectable rigidity
Anti-coincidence (MDR) > 1 TV

saen A5 ||| Ok N

(6 planes) 43T (Rigidity: momentum/charge)
Si - tracking . .
1\ * Calorimeter: for same sign

. backgrounds
AW I_G? * Trigger: ~25 Hz
Scintill. S4 \

Neutron * Data: 14GB/day

3He counter detector
\

1.3 m high

Spectrometer | /
— |

[0)

=

[o)]

@

=

CAS

Note: 3He counter
12/02/08 Proton Antiproton . Suzu%@ﬁ%g Pt + 764 keV 38



Design PAMELA performance

Table 1. Design PAMELA performance.

Particle Energy range
Antiprotons 80 MeV-190 GeV
Positrons 50 MeV-300GeV
Electrons up to 500 GeV

Protons up to 700 GeV

Electrons + positrons up to ~1 TeV (from calorimeter)
Light nuclei (He/Be/C) up to 200 GeV nucleon ~!
Antinuclei search sensitivity of 3 x 107® in anti-He/He

Ref) M. Boezio et al.,
12/02/08 V. Suzuki @I (BTK) New Journal of Physics 11, 105023 (2009) 39

Particle identification

 Particle Identification
— Rigidity (spectrometer)
— Energy deposits
— Interaction topology (Calorimeter)
e Spill over:
— protons in anti-proton sample
— electrons in positron sample
€ mis-assignment of charge (deflection uncertainty: spectrometer)
e Mis-identification of like charge particles:
— Protons in positron sample
— Electrons in anti-proton sample

€ Electron hadron mi-identification (calorimeter)
12/02/08 Y. Suzuki @4FAIFER (HK) 40
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Figure 2. The event display an ~29 GV antiproton interacting in the calorimeter.
The bending (x) and non-bending (y) views are shown on the left and on the
right, respectively. A plan view of PAMELA is shown in the center. The signal
as detected by PAMELA detectors is shown along with the particle trajectory

12/02/08 (solid line) reconstmc%;cslulz) k.%%ﬂu}%%xg (%r%edure of the tracking system. 41

Trucker

car

[
B9
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] Calorimeter

BEEzEarTs T 1

ND

Figure 3. The event display a ~92GV positron. The bending (x) and
non-bending (y) views are shown on the left and on the right, respectively. A plan
view of PAMELA is shown in the center. The signal as detected by PAMELA
detectors is shown along with the particle trajectory (solid line) reconstructed by

12/02/08 the fitting procedure of the tracking gystem, 42
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Spill over
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deflection (GV™)

Figure 4. The deflection reconstructed by the track fitting procedure for
negatively and positively charged down-going particles that did not produce an
electromagnetic shower in the calorimeter. The shaded histogram corresponds to

the selected antiprotons.
12/02?08 P Y. Suzuki @%FRIEER (RK) 43

Anti-proton proton ratio

* Agree with the pure
secondary production of anti-

%107
0'4; ----------- Donato 2001 (D, ¢=500MV) prOtonS
I Si 1998 (LBM, $=500MV) . . .
035 musnce eo.0sony | ® Theoretical prediction
0.3 ® PAMELA
: — : X
e LBM: Leaky Box Model
0.25
o (ref) M. Simon et al., ApJ, 499,250(98)
B 02 . . .
hmsi — D: Diffusion model with
E reacceleration
0.1 (ref) F.Donato et al, ApJ, 563, 172(01)
0.05F

— PD: Plain diffusion model
(ref) A.S.Ptuskin et al, ApJ, 642,902(06)

\\
LN
: «

10
kinetic energy (GeV)
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Anti-proton proton ratio

; * No excess of p/p was
u found
GEEE T ] e 4x10° @2GeV
gmo;g”w i (1.5~2)x10*@10GeV
L | e | then level off
R
104k -+— { * Agree with other
: | experiments
L Lol M|
1 10 10°
Kinetic energy (GeV)
12/02/08 Y. Suzuki @435 (RA) 45

Positron signal

_ BG reduction
electrons positrons ]
l —}——~—— ¢ e:spillover
e — 300 GeV maximum
* P: mis-identification
— by calorimeter (16.3X,)
* p/et=10° @1 GeV
* p/et=10* @100 GeV

— Additional information
from neutron counter
residual protons and dE/dx measurements

Fraction of energy along the track

04 06 08 1
Deflection [ GV™']

D < 0.6 Moliere radius (calorimeter)

12/02/08 Y. Suzuki @I (RTK) 46



Positron fraction

. * Line: theoretical
s | prediction (pure
g secondary positron
o production)
; (ref) 1.V.Moskalendo et
% al., ApJ, 493,694.
* Discrepancy in low
energy < a few GeV
. ::;k:inkoandstmng.l\m493.694(1998) e Solar modulation
O ('G”&ﬁ;z * Disagreement above
~10 GeV
12/02/08 Y. Suzuki @4 513 (5TK) 47
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Dark Matter Signal ?

. ) Bergstrom, Bringmann & Edsjo (2008)
Bergstréom, Bringmann & Edsjé (2008) T T T
T T T T

0.2} -
1 : full signal @_{ PAMELA
< - HEAT
&7 01
58 0.1 .
&
=
0.01 T 7
[ BM3 (m,=233 GeV) ] © ‘1
. . , ‘. ‘ + 4
0 0.2 0.4 0.6 0.8 1 + 0.05 l\
T = B+ /my I :
* Pronounce spectral © ‘. .
signature TTTTT OBMS (my= 132GeV) S
w/ radiative corrections 0.0z ]
BM3 (my= 233 GeV)
 BUT, Need boost factor of - ~
1X104 background
* (ref) L. Bergstrom et al., Phys. Rev. 0.01 5 0 3'0 50 1'00 3'00
F78, 103520(08) E,. [GeV]
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! [ ; ml=700GeV. BF =400 l L l v v LN
[ o Mz 08w B =70 AN PP  mgw=600 GeV, BF=700, x*/dof=0.86
: o pdete B 0.20 . mgw=800 GeV, BF=1800, x*/dof=0.80
m7= —_
- 300 & 700 GeV o - _ .o'o 0.10 -
v ,;i" Pom,= + 1
o o1} = 100 GeV{ e ]
< T oosFlEECIT -
‘9‘ T e
| e*e channel o 0.02 — Propagation Model B —
001 ) ) 0.01 1 L L1 ] | L 1 l 1 1 L1 [ I
10 100 5 10 20 50 100 200
Energy (GeV) E‘ (GeV)
* : light boson interact * KK dark matter of the mass of
only in dark sector 600 and 800 GeV.
* Need large boost * Need large boost factors
factors
12/02/08 Y. Suzuki @%% BIKE (FTX) 50
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Pulsars ?
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..-""ﬁeminga

D>500 pe

dN,+/dE,- E3 (GeV® m™® s7' sr™?)

Contribution from ) SOOI R DU T ER VT
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Fermi for electron and positron

— Ref) arXiv: 1109.0521V1(astro-ph.HE.)
* Fermi LAT
— Detector ref) arXiv: 0902.1089

12/02/08 Y. Suzuki @RI (RK) 92



Fermi Large Area Telescope

¥ | incoming gamma ray

electron-positron pair
12/02/08

e 1.8mx1.8mx
0.72m

* 650W
e 2,789kg

* A pair conversion
telescope

* Tracker and
calorimeter, each
4x4 = 16 modules

* 20MeV~ 300 GeV
* Field of view; 2.4 sr

» Sky exposure is
almost uniform in 2
turn, 3 hours (35)

Y. Suzuki @4FHIERE (RK)

Tracker

(©

e Vertical 18 x,y
staking planes

’ * Silicon strip

'
‘ { W

< X

Si

(@

o * Tungsten
converter

1 Tray

T L8

1
Ty
i

,

;
,
,
'1

Y’ IJ’I I;'l

| //(b) /(d)

lwa L lllll
o — i
Y

FIG. 5.— Illustration of tracker design principles. The first two points dominate the measurement of the photon direction, especially at low energy. (Note that
in this projection only the x hits can be displayed.) (a) Ideal conversion in W: Si detectors are located as close as possible to the W foils, to minimize the lever
arm for multiple scattering. Therefore, scattering in the 2nd W layer has very little impact on the measurement. (b) Fine detector segmentation can separately
detect the two particles in many cases, enhancing both the PSF and the background rejection. (¢) Converter foils cover only the active area of the Si, to minimize
conversions for which a close-by measurement is not possible. (d) A missed hit in the 1st or 2nd layer can degrade the PSF by up to a factor of two, so it is
i th inefficiencies well localized and identifiable, rather than spread across the active area. (¢) A conversion in the structural material or Si can
m for multiple scattering, so such material is minimized. Gqod<2;hit, fesedwlidrreanthelp identify such conversions.
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Calorimeter

* 96 Csl(TI) crystals, arranged in 8 layer
hodoscope

* Total depth 8.6 radiation length

CDE: Csl Detectors +PIN diodes (both ends) Carbon Cell Array Al Cell Closeout

Readout Electronics

Al EMI Shield

FIG. 6.— LAT calorimeter module. The 96 CsI(T1) scintillator crystal detector elements are arranged in 8 layers, with the orientation of the crystals in adjacent

1@27027@8 90°. The total calorimeter depth (at normal i'ucin,eélﬁ% s %)q?_;fqgﬂag%% l&%\ggés) 55

Detector Photos

28 Atwood et al.

F16. 3.— Completed tracker array before integration with the ACD.

12/02/08 Y. Suzuki @I (RTK) o6



Detector Photos

12/02/68 4.— (a) A fight tracker ray and (b) a completed uacke\?l%%(‘:s%%ﬂgg% :‘%%ﬁl 57

Earth’s Horizon

e Earth’s (atmospheric)
horizon:

— R=6378 (FREF &)

- RRDIES~60km 2743 km

— Fermi®D & E~565km

— Nadir angle

. ggcosin 6438/(6378+565)= 6378 km 565km

— Dist. to the horizon=2743

km

— View width of the horizon
from the satellite:

* arctan(60/2743) = 1.3° 2

12/02/08 Y. Suzuki @I (TK) o8

60 k




Electrons and Positrons Separation

= LAT position
-- allowed et

90° longitude
> —forbidden &

NN

0°longitude

270°longitude

FIG. 1: Examples of calculated electron (red) and positron
(blue) trajectories arriving at the detector, for 28 GeV parti-
cles arriving within the Equatorial plane (viewed from the
North pole). Forbidden trajectories are solid and allowed
trajectories are dashed. Inset: the three selection regions
(electron-only, positron-only, and both-allowed) for the same
particle energy and spacecraft position as the trajectory traces

* No magnet
=>» Make use of earth’s
magnetic field
West (blue in fig):
— Positrons only allowed
— Electrons forbidden
* East (redin fig):
— Positrons forbidden
— Electrons only allowed

* Every 30 second at the

instantaneous latitude and
longitude (altitude 565 km)

=>» the regions for every
energy bins were set

12¢492/@&n the instrument position in the Equatorial plangks s (=)

Deflection Horizon

e Deflection Horizon:

— the curve that separates the allowed and

forbidden regions

— Depends on a particular energy, charge, and

spacecraft position.

* Low energy: differ significantly from the actual

Earth horizon.

* High energy: asymptotically approach to the

un-deflected horizon.

12/02/08 Y. Suzuki @45 BIEE (FTK)
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* Earth’s (atmospheric)
horizon:
— R=6378 (FEH %)
— REDEZ~60km N 2743 km
— Fermi®D & E~565km RN
— Nadir angle %
. ggcosin 6438/(6378+565)= 6378 km 565km
— Dist. to the horizon=2743
km
— View width of the horizon
from the satellite:
* arctan(60/2743) = 1.3° 0
12/02/08 Y. Suzuki @4FHIERE (RK) 61

60 k

Selection of e*

T T T T T T T T T T T T | T T T T I T T T T T T T T
600 5% 7
- o
20 < Energy (GeV) < 200 N\
. |
.S 4001 -
wn
o
) X
\3, ) o.\’é‘\ ©
2 0«5“\\
S ©)
@
2001 -
O /| I | 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
=30 -20 -10 0 10 20 30

D, = (Event nadir angle) - (positron horizon nadir angle) (°)
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Positron Fraction

10‘1

Positron Fraction

T |
—=— Fermi 2011
—e— PAMELA 2009

—e— AMS 2007 +
% —&— HEAT 2004 +

M

FIG. 5: Positron fraction measured by the Fermi LAT and by

other expellments [10, 14, 35].
tainty is shown with error bars and the total (statistical plus

102
Energy (GeV)

systematic uncertainty) is shown as a shaded band.

12/02

Y. Suzuki @4FHIERE (RK)

Gamma

e Galactic Center
— Point like w/diffuse BG

* Halo
— High statistic

e Clusters
— Semi-point like
— Low statistic
— Low BG

* Extragalactic

12/02/08

Y. Suzuki @4FAIFER (HK)

The Fermi statistical uncer-

Positron
fraction
beyond 100
GeV up to
200GeV

It
continuously
rises as
energy
increases

Boos;FnEJ%b\ﬂb;b\'cﬁ*J%l,t —hDark MatterDIEB &9 5. B=(5200GevEl £
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Dwarf spheroidal satellite galaxies (dSphs)
Fermi

* Ref) Fermi-LAT M. Ackermann et al. astro/ph1108.3546v3

100000 Iy
| m— |

tUrsa Major |

dSphs Fermi measured
* Bootes |

* Carina

* Coma Berenices
* Draco

* Fornax

* Sculptor

* Seguel

* Sextans

* Ursa Major Il

* Ursa Minor

1Urga Major Il

Milky \Way

12/02/08

Dwarf spheroidal satellite galaxies (dSphs)
Fermi

e dSphs: Dark Matter dominant
— w/o0 active star formation
— w/o detected gas content
— Good signal to noise ratio
— But small signal rate

BB, p) = =2

(8mm2)

X Ny (E) x J()

NX(E): y energy distribution
W)= [ o)
l.o.sAQ
- line of sight integral of squared DM density, p
Y. direction of sight
AQ: solid angle



Dwarf spheroidal satellite galaxies (dSphs)
Fermi

* 24 months data: Limits range 10%°cm3/s @ 5
GeV~5x10%3cm3/s @ 1 TeV

* Ruled out some region of 3x10-2°cm?3/s

r limits, bb channel . . -
100 Uppe S, %% channe ” Upper limits, Joint Likelihood of 10 dSphs
s 31077 — - Draco - - Sextans 10 r .
— Bootes | ~ - Fornax ~ - Ursa Major Il - 3.107% == u*u~ Channel
102 - - Carina — Sculptor = Ursa Minor — bbChannel +
== Coma Berenices - Segue 1 == Joint Likelihood, 10 dSphs 2 b Channel W*W" Channel
—_ _ 10 == 77 Channel
L. (Y
o 1070 oy
5 5
107 c 107
S s
g F
n 10 0 g2
0 0
0 7]
5 o
O 1924 o
-9 < 2
: g on
= 102 =
107° 107
10t 10° 10! 10° 10°

10?
WIMP mass [GeV] WIMP mass [GeV]

12 /@ ifIP annihilation cross section for. all selested dSphs and for the joint likelihood analysisi7

Diffuse galactic y-rays
Fermi

* Inner Galaxy:
Extending 10~20
deg away from
the Galactic Plane

* Mask the plane

* Avoid
astrophysical BG

e 21 months of Fermi-LAT data

* DM signal vs BG:
— substantially different signature

12/02/08 Y. Suzuki @I (RTK) 68



Diffuse galactic y-rays
Fermi

0.010

O 250GeV DM ] Back Grounds
“ ¢ S DM DM->bb
”‘E 0002 F i * CR prOtonS on Interstellar gas
> U'm- - p>>2
2] 001 | -
2 * CRelectrons
Sx107" 1
g — Bremsstrahlung
W ax0t 1 — Inverse Compton Scattering (ICS)
1x1074 .
o Signal
E [MIeV} . * bb-channel (similar for other
750 GeV DM guark and gauge boson
" o : DM DM productions)
g — Hadronization, T = 2y
3w * u+u—channel
5 — Inverse Compton
% 1078 — Final State Radiation (FSR)
104
12/02/08 E [Mev) V. Surski @ BIE GRA) 69
1x10’f‘ 1x10’f‘
S} NEW, bb T 150, 6b
@ 1x107 @ 1x107
E Sx107% % Sx107®
¢ x10% $ 1x10%
e e Those allowed regions:
1x10°%1"  Preliminary — __ SNR, z=4 kpc 1x10°%}  Preliminary — __ SNR, z=4 kpc ° Purpl e: PAMERA
10 50 100 500 1000 5000 10 50 100 500 1000 5000

mIGev] miGev] DM interpretation
: * Blue: Fermi-LAT

1x102}  NEW, gy 1x1072 1SO, u'u~

5%107 5%10° DM interpretation
@ @
E 1x10 s E 1x10%
< 5x10 A Sx107
> i > i
v 1><1oiji v 1xlof:

S0y . SNR, z=4 kpc, FSR only ] S0 SNR, z=4 kpc, FSR only ]

s Preliminary— SNR, z=4 kpc, FSR+IC s Preliminary— SNR, z=4 kpc, FSR+IC
X107 100 200 500 1000 2000 5000 10700 200 500 1000 2000 5000
m([GeV] m([GeV]

* For masses around 20 GeV the thermal relic value of the annihilation
cross section is reached, irrespectively of the DM Halo profile.

12/02768 DM interpretation of the PAMELA/Fermi CR features is ruled out. 4

Y. Suzuki @%
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END

Y. Suzuki @%FRIEER (RK)

Y. Suzuki @4FAIFER (HK)
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8. Direct Search Experiments

12/02/08 Y. Suzuki @45 AIE & (R KW IE)

8. Direct Search Experiments

* Technology

* Backgrounds

e DAMA

* CoGeNT

e CRESST-II

« CDMS-II

« XENON

e Other experiments

* Low Mass Dark Matter?

12/02/08 Y. suzuki @5 RIS E (A MER)



Direct Detection

s 10 .
$ [ For 10 GeV |[locgtotem
Dark Matter 104N NIMPs —1
AN &
O 107 7 Y —— Na
: e —2
NudearRecoH<§j - 10°E
- C ,IE
e Direct searches : Observe Q
Nuclear Recoils L gl O
e Recoil Energy: o ol
2 E 1093
€Kinetic energy of DM S 100GeV:10 e’
L) — |
Ep— Mw? 4AM, My (1 — cosb) g %f%_ Ak — e
2 (MX + MA)2 2 &U 10°g A\:' ok — Na
E : R — 0
— 1~100 keV g —_
c S — R
— For low mass DM, sp. become v F ~ —~
very soft for large target masses |2 ¢ N
like Xe, Ge,, 100k
* Loose efficiency unless lowering the \ ]
threshold “0 70 © 40 © 60 ° 80.%4

120800 : ev/kg/keV/day, ... orsims s Recoil Energy (keV) 3

Current Experimental Situation

=
Q
—Ww
oo

ESST Collaboration ArXiv: 1109.070

CRESST 1o

CRESST 20

' e CRESST 2009

kN sEE : + =« EDELWEISS-II
¢ CDMS-II

XENON100

DAMA chan.

DAMA

s COGeENT

=il

—y
1 oI 1
U'IA w
|
[

—_
o
-
-

' '
~

—_
o

WIMP-nucleon cross section [pb]
=)

—
ol
[e-]

10 100 1000
WIMP mass [GeV]

10_451 » -
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Current players of the game

Positive Indication

Experimentd Target Threshold Total Recoil Main body of Modul
Exposure Identification Signal ? ation

DAMA/LIBRA Nal 2.0keV,, 427,000 kg-days (NR+EM)
CoGeNT Ge 0.5 keV,, 140 kg-days (NR+EM) O byfitw/BG O
CRESST CaWwO, 10.0 keV >700 kg-days NR O byfitw/BG —

Negative and set limit

Experimentd Target Threshold Total Recoil Main body of Modul
Exposure Identification Signal ? ation

CDMS-II Ge/Sl 10.0 keV 612 kg-days

EDELWEISS Ge 20.0 keV 384 kg-days NR

XENON100 8.4 keVyz 1471 kg-days
12/02/08

Y. Suzuki @4FRIEER (RRME)

Technologies for Direct Search
Experiments

* Various Detection Technology
— Scintillation, Heat-Phonon and lonization

— Usually combined technologies to reduce
backgrounds

— Self-shielding may work for some materials

Cawo,,Al,0,,
RoseBuD BGO; LiF ‘
CRESST-II, EURECA

Scintillation

NAIAD, ZEPLIN-I, DAMA/LIBRA
XMASS DEAP/CLEAN

Nal, Xe, Ar

DRIFT, DM-TPC
Emulsion, NIMAC
EWAGE

LUX, WARP, ArDM,
SIGN Xe, Ar

12/02/08 Y. Suzuki @44 385 (RAMIE) 6



Backgrounds

Key Issue of the experiments |
* Many:
— detector dependent

— but common techniques t
reduce backgrounds

Shields&Detector parts
=> External BG, y, n, B, o
€U/Th, K,...

=>» Material sereening
=» Purification

External BG (y, n)

Internal BG:

Detector depende eR
U/Th, K, .....
=>» purification
12/02/08 v Losmo;genic € LR 7

Natural Radio-Activities

* U/Th decay chain (Internal / External)

— o.: a few MeV

— Maximum f3/y energy ~ 5MeV

— Serious for experiments detecting energy < 5MeV

— Contamination: usual material O(1~10ppm)

— = ~20Bqg/kg (for 1ppm 238U (v =4.47 x 10° yr))

[assume radiation equilibrium =» 0(200) Bqg/kg,

depending on kinds of radiation o/f/y to detect and
acceptance]

12/02/08 Y. Suzuki @RI % GRAMIE) 8



Radiation Equilibrium

o Ny(T,Y2=1/0) D Ny(r,72=1/0,) > EHRELTHLREEZS

dcji\él = —)\1N1 (:> N1 = N?G_Alt)
dcji\tfz = _>\2N2 -+ )\1N1 = _)\2N2 -+ )\1N{)€_>\1t
GAQt% = —)\2N2€A2t + AlN{)G_(Al_AQ)t
d(Nyer2t (N —
( i; ) >\1N§6 (A1—X2)t
N26>\2t — %e—(Al—Ag)t + C
0
N, = /\>\21i\/'£1 e~ Mt Cle— A2t
t=0T. N,=N,0E7E BRI CZiRD D
0
]\]’2 — )?\;ivil (e—>\1t _ 6—>\2t) _|_ Nge—)\gt

Radiation Equilibrium

o T,Y25> 1,12 (A, << \,) DEF,
_ MY
A2
2> NyA,= N, &Y BRERBARILIZES,

No



233U 234U
238U 4 5x10%rs 5 551 O%yrs
234Pa
1.2 min
“Th - “Th § adeca
24 days 7 5x1 0%vrs y
226Ra a ﬂdecay
—I——=1 2 1.6x10°
BIE-ETEDFE
o 214p;i_ 214 N 220N
Bi P()/ii 38 daye
— B—a coincedence — — —
Po Po Po
— 164us 3.1 min 164 us 138 days
d 210Pbo) BG?b\ 24g 210, h
. i I Bi
serious: RnM ARIE 20 min 5 doye
e %
= 1] 24Py A%y "®Pp
27 min 22 yrs stable
12/02/08 Y. Suzuki @ RIS (RAME) 11
232Th 228Th
1.4x10'%rs 1.9 yrs
232
Th 238AC u
6.2 hr
228, a 224 ' a decay
5.8 yrs 3.7 da Q B decay
— I — =] : 2200,
c RIE-E=ENAE e
e 212Rp;i_212 N
Bi F)C)Aii T
— B—a coincedence 145 ms
— 0.3 us .
e 220RN-216pgi%k o
— a—a. coincidence Ty, T
— 145ms 11 hr Btable
28T
3 min

12/02/08

Y. Suzuki @FFAIFESR CRKIE)
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BG @) Level

f=EZ [EXMASSD B #EBGIE, 104
dru (ev/kg/keV/day)

100keV@energy spanZx& A dE&.
1.2x107 Bq/kglZ% %, 0.12 uBqg/kg

10-100 Bg/kg H\olE108~10%4ELY,

1ppm 238U

Rn

Rn (Gas) : T,/,= 3.82 days, E, = 5.59 MeV
most problem for many cases

* 10~1000 Bg/m3

« SKDAIK: 3 mBg/m3

« XMASSD i&IRF /> th: #mBg/m?3

=B[22 DR
BTk CHRETREE
TIARDGIE, HRIRE



40K

19K(0.0117%): t,,,=1.25x10%r
> Problem for PMT glass

ST e 1.277x10%y

7 o £ & A0 %
§ 19K T%ec 19K =
& Qg=1504.9 | 10.72% 80.28% 0+
-~ 10.72% a0
1.12ps 2t % 1460.859 _10.67% 11.67
Qg 1311.09 2OCa
Qec1504.9
stable 2% 0 .0.048% 21.08
40
18Ar

K-Shell (X) ~ 3 keV

12/02/08 Y. Suzuki @45 AIE & (R KW IE) 15

Secondary Radio-Activities

* Example:
(n, a), (n, p), (p, N),,,,.s.,, € Cosmogenics, Nuclear Reactors,
A-Bomb
» 85Kr (U-fission): T,,,=10.8yr, 0.687MeV/(f’)
=>» problem for Xe and Ar detectors
> “2Ar: t,,,=32.9yr, 0.600MeV(f), *°Ar: T, ,,=269yr, 0.565MeV(f)
=>» problem for Ar detectors
> 14Cwt, ,=5730yr, 0.156MeV/(f))
=» cannot use organic scintillator < a few 100 keV
» %0Co:(5.3yr, 1.33, 1.17MeVy) € cosmogenics in Cu
270 days exposure on the ground = 2.1 mBqg/kg
=» produce Cu underground factory, if this level is a problem

Radio-activities: the source of Internal BGs
= need PURIFICATION

Cosmogenics 2 go underground
12/02/08 Y. Suzuki @513 (RAMIE) 16




Undergrounds

Clean radioactive environments -

 Small flux of cosmic muons s
2 km w.e. (Kamioka) - 0.8x107
6 km w.e. (SNO) —>1.9x108

— Reduced production of radio-activities

— small neutron flux

— small gamma flux (mostly high energy) |
* But, U/Th in rocks

. A.Hime@SNOLAB Workshop (05]

Muon flux vs overburden

Typical neutron flux at Kamioka

—_ B/'Y 8.26+0.58x10¢/cm?/s (thermal)
. 1.15+0.12x105/cm?/s (non-thermal)
— Neutrons through (o, n) reactions 10MeV neutrons
* Need Shields: Pb, Cu, CH,, H,0, etc o MG GeNEHATION:10
— But, Pb: 219Pb (22.3yr, 47keVy) € U-decay chain oo I : 10
— Cu: ®Co (5.3yr, 1.33, 1.17MeVy) € cosmogenics — ofs; ; .
— Water may be best for both y and neutron E o ik ,
* Many experiments have proposed to use water L, o: detector | 10°
=» Self-shielding may be effective N = -
. 100E H d ter
no extra vessel or extra structure for shields w0\ Watel o
» Ex. Xenon single phase detector BN am
“25850.200-150-100-50 0 50 100150)(2([)%]50 L
12/02/08 Y. Suzuki @45 5IEE CRREE) X [Cm] 17

DAMA/LIBRA

12/02/08 Y. Suzuki @RI (RAMIE) 18



Annual modulation

* Sun’s velocity in the halo: ~232

km/s 15km = 30k 60°
* Earth’s velocity around the Sun x m = SUKm X €os
cos60°: +15 km/s WIMPs
 ——
June
Evidence for the annual modulation ——  ~*15 km/3
1) Modulated rate according cos(t) w/
a proper time period (1 year) Cygnus SUN
2) A proper phase (Max @ about 2 V~232 km/
June) E—
3) Modulation amplitude <7% L —15km/s
4) Define to be in a low energy range December
5) Single hit events in a multi-detector
set-up
12/02/08 Y. Suzuki @45 RIEE (R KPYE) 19
Detector
DAMA/LIBRA:

* High purity low BG Nal(Tl)
— 5x5=25 modules,
(10.3x10.3x25.4)cm?3
— Each module: 9.70 kg
— ~250kg Nal(Tl) for DAMA/LIBRA

* 10 cm light guide at both end and
equipped with 2 low BG PMTs

— Coincidence at 1 pe level

e Shields: Cu/Pb/Cd-foils/
polyethylene/paraffin + 1 m
concrete

¥ =

View at the end of DAMA/LIBRA

* 5.5~7.5pe /keV

12/02/08 Y. Suzuki @RI (RAMIE) 20



Radioactive impurities in Nal(Tl) crystal

e a: (7 ~afew 10) /kg/day

232Th (if equilibrium): 0.5 ppt ~ 7.5 ppt
238 (if equilibrium): 0.7 ppt ~ 10 ppt
natKk < 20 ppb

210ph: (5 ~ 30) mBq/kg

Operation

* Total exposure: 1.17 ton-yr (13 cycles)

— 427,000 kg-days

 DAMA/LIBRA (Setp 9, 2003 - Sept 1, 2009) 0.87 ton*yr
exposure

 DAMA/Nal 0.29 ton*yr exposure



Analysis

* Calibration by y and X-ray sources
* Software energy threshold ~2keV_,

* both single-hit events (one module fired) and
multiple-hit events (more than one module fired)

are acquired
* Data selection

— Noise cuts: remove noise pulses (mainly PMT noise,
Cherenkov light in the light guides and in the PMT
windows, and afterglows) near the energy threshold
in the single-hit events

— Single hit selection

12/02/08 Y. Suzuki @45 AIE & (R KW IE) 23
. . g R. Cerulli
Noise rejection near the energy threshold  @tipp2011
Typical pulse profiles of PMT noise and of scintillation event with the ~ _ 0?
same area, just above the energy threshold of 2 keV g j: PMT noise
The different time characteristics of PMT noise (decay time of order T R R

of tens of ns) and of scintillation event (decay time about 240 ns) can

be investigated building several variables

Single-hit

pr‘od}_l_(:_ilpn data

©

2-4 keV

I

4-6 keV

CEsEEiEREEE

12/02/08

. scintillation

s
£
ar
s 06

Time (ns)

e

o

RAARIA i

Scintillation event

Amplitude (V)
S5 8 8
o R @ N o=

T

E L L L . L L
0 250 €00 750 1000 1250 1500 1750 2000
Time (ns)

From the Waveform Analyser

2048 ns time W|ndo‘f}-‘&rea (from 100 ns to 600 ns) _

Area (from 0 ns to 600 ns) ~
_ Area (from 0 ns to 50 ns)
2" Area (from 0 ns to 600 ns)
paration between noise and scintillation
pulses is very good.

1

+ Very clean samples of scintillation events

selected by stringent acceptance windows.

* The related efficiencies evaluated by

calibrations with 2!Am sources of suitable
activity in the same experimental conditions and
energy range as the production data (efficiency
measurements performed each ~10 days;
typically 104-105 events per keV collected)

This is the only procedure
applied to the analysed data 4,




Results

Farly9®  Residuals (cpd/kg/keV) Sers 09

01 e — T DAVEUNaI = 100 kg DAMA/LIBRA =250 kg ——
0.08 & 5  (0.29 tonxy); : ‘ ‘ (0 87t0n><yl) 3 | ‘

Sl e b

Residuals (cpd/kg/keV)

]
) NN AN NN NS NN
o0y B URST G B TS 7 R N R Y N | 9.02
_0.04 B | i JT{N : et i Tt e 1 | 1 3 ! ! .
—0.06 - : | 2~6 keV
ool 0 R PO N O I YO OO O AV N0 OO ¢ MO B G N O
> 1000 2000 3000 4000 5000

Time (day)
e Annual modulation (13 — Amplitude: 0.0116+0.0013

annual cycles) cpd /kg /keV
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— 8.9 o for Single-hit events " DMy clune-2: 152.5 days
in (2~6)keV — Period: 0.999+0.002 yr
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Residuals for DAMA/LIBRA

2-4 keV
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Residuals over six years

2-6 keV

Single hit events

§ "
% 0.02

% 0.01 F

2 F

g o—+—%—+—¥ v

L2 n

g -001 —Oo—4—0—
=] F

7 =

S -002 E

&~ u

L0y PRI S B R

W Multi-hit events

L

[
300 350

Fig. 5 Experimental residual rates over the six DAMA/LIBRA annual
cycles for single-hit events (open circles) (class of events to which DM
events belong) and for multiple-hit events (filled triangles) (class of
events to which DM events do not belong). They have been obtained
by considering for each class of events the data as collected in a single
annual cycle and by using in both cases the same identical hardware

12/02/08

Ll
600 650
Time (day)

|
450

and the same identical software procedures. The initial time of the
figure is taken on August 7th. The experimental points present the
errors as vertical bars and the associated time bin width as horizontal
bars. See text and Ref. [31]. Analogous results were obtained for the
DAMA/Nal data [13]
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Residuals in higher energy region

%0_04_ 2-6 keV
%.0.02-
) e
v
S iy, ,
=
0020
0,041
300400 500 600
a) Time (day)

Fig. 4 Experimental residuals in the (2-6) keV region and those in
the (6-14) keV energy region just above for the cumulative 1.17 ton
X yr, considered as collected in a single annual cycle. The experimen-
tal points present the errors as vertical bars and the associated time
bin width as horizontal bars. The initial time of the figure is taken

12/02/08

%W g 6-14 keV
io.oz—
)
2 |
S = NS
= — ’ ——
)
&
0020
0,041
300 400 500 600
b) Time (day)

at August 7th. The clear modulation satisfying all the peculiarities of
the DM annual modulation signature is present in the lowest energy
interval, while it is absent just above; in fact, in the latter case the best
fitted modulation amplitude is: (0.00007 & 0.00077) cpd/kg/keV

Y. Suzuki @5 RIEEE (R KME) 28



Modulation Amplitude (differential)
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o
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(cpd/kg/keV)
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Energy (keV)

Fig. 6 Energy distribution of the S, variable for the total cumulative
exposure 1.17 tonxyr. The energy bin is 0.5 ke V. A clear modulation is
present in the lowest energy region, while S, values compatible with
zero are present just above. In fact, the S, values in the (6-20) keV
energy interval have random fluctuations around zero with x> equal to

27.5 for 28 degrees of freedom
12/02/08 Y. Suzuki @F3IEEIE (RAMIE)

Energy spectrum of total events

10 |

% 8 :— + 3.2keV Auger

i o from 4°K EC(10%)
6 C 1.46MeV y escape

g -

=9 L

g a4t

520 - & Rate ~ 1 cpd/kg/keV
0 : “' 1 1 1 “--.-I.- *|- -| ...... |- -|- -’I‘ .-lo-‘

Energy (keV)

Fig. 1 Cumulative low-energy distribution of the single-hit scintilla-
tion events (that is each detector has all the others as veto), as measured
by the DAMA/LIBRA detectors in an exposure of 0.53 ton x yr. The
energy threshold of the experiment is 2 keV and corrections for effi-
ciencies are already applied

12/02/08 Y. Suzuki @ RIS (R AWE)
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Question: Where is the un-modulated part of signal, S, ?

ERUE * Must be in somewhere
B 3.2keV Auger
SIS from 'K EC(10%) underneath of the spectrum !
g r 1.46MeV y escape .
E * In most of the elastic
g o | spectrum scattering cases, S,(E)
ORI SO SN ESUUUR monotonically goes down as
+ [ . . . | ) . . .
2 4 8 n energy increase, then
Energy (keV)
Ex. M. Fairbairn anQd T. Schwets, arX v:0808.0704v2[hfep-ph] b a C kg ro u n d S m u St S h a r p Iy
= e | goes down below 3~4 keV.
2 F ’ e | =»This may not be natural
g 05 spectrum | =@ Simple Elastic Scattering
o , dulated signal . .
0y iy g interpretation may have a
0.04 ‘ - "M e internal inconsistency?
. t . .
B oo spectrum .| Inelastic ? - also strong tension
0.01 ios ???
! Y -> Other scenarios ???
-0.014 2 = + Also similar study: V. A. Kudryavtsev et al.
2 6 8’ = ©*= . OfPhys. Conf. Ser. 203(2009)012039
12/02/08 Energy (keV) v suuiemmms crns 31

Effect to mimic modulation

e Effects to mimic modulation ?
(~1.2x102dru)

Temperature: < 104 dru No!
Rn: < 2.4x10°% dru No!
Noise: < 104 dru No!
Energy scale <2 x 104 dru No!
Efficiency: < 10* dru No!
Backgrounds No!
€ > 6keV & multi-hits: <104 dru

uon flux variation: < 3x10~ dru No!

12/02/08 V. Suzuki @I (RAIE) 32
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intensity (m?

Muon flux variation

1 | 1 1
1 H 1 g 1
ot Lol
| I || .

M. I

1 ih 1 1
[ P 1 1 | 1 1
002 ! l2003 |1 2004 1 2005 1 2006 I 12007 ! 2008 ’
1 L 1 "

1 i 1 A L "
500 1000 1500 2000 2500
Progressive day since 1 Jan, 2001

Muon flux variation in LVD @Gran Sasso,
— Eu>1.3TeV,

— Amplitude; 1.5£0.6%

— Maximum: Beginning of July

Questions

What are the remaining (un-modulated)
backgrounds

Where is the main un-modulated fraction of
DM signals?

More information of the multi-hit events
Inner 9 module vs outer 16 modules



Incompatibility with other negative
experiments

* Inelastic DM: y + N =2 x* +N
— 0: mass splitting
= Vi, = (20/u)2
 Higher target atomic number is better (Ge =2 1)

* Enhanced annual modulation: higher energy side is
effective

* Escape velocity becomes important factor

* Processes w/ e-m radiations are lost in other
experiments

Inelastic scattering

5 (keV)

140

120

100

DAMA Allowed
CDMS Excluded
ZEPLIN Il Excluded
XENON100 Excluded

80

60
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CoGeNT

Coherent Germanium Neutrino Telescope

12/02/08 Y. Suzuki @45 AIE & (R KW IE) 37

Detector

> []

* P-type Point Contact
(PPC) germanium
detectors:

—440g
— High resolution (low C)

pppppp
———————

— Obs. Cosmogenic peaks

12/02/08 Y. Suzuki @ RIS E (R IE) 38



Cosmogenic peaks

12 ¢ — ——————
9k / typical 1 kg
B A coaxial HPGe
F electronic
s, 6 Fnoise (TWIN detectors)
o3 3 F threshold
T E¥
ap O == : ‘
A4200FH T vetoed & 0.5 kg PPC HPGe -
% 1o . Ga K-shell BE ]
(| i CuK-shell BE ("Zn EC) # 6571 ]
~4 150 i 8.98 keV (50% E =1115 keV) ( (,’e EC) )
-~ [ ' 10.36 keV 1
0 |t Zn K-shell BE ]
: I P,
+ 100F| ™ GaL shel BE // " 8Ga BC) ]
= N I T SN 9.66 keV ]
Ge EC
s Y ( 1e ) 7 ]
@) //-':.. 1.29 keV H QG K-shell BE ]
© i g ("AsEC) .
RN () 11.10 keV ]
R " & I '"'u:'S?U'—-J“:,,.‘_;‘-—w::'-i“v-'b'-q;::;

15 20
energy (keVee)
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Detector

* Threshold ~ 0.4 keVee (lowest)
* No Nuclear Recoil separation

* 330 m w.e. 2 Soudan (2100m w.e.)
— Order reduction of BG

12/02/08 Y. Suzuki @RI (RAMIE) 40



Surface BG o[ g T )
* Must reject
surface events g 1)
[=] v.,d.’-» %w wirs
(~externaly’s) ¢ sl
— (n+) Imm dead, ‘go. :;:::::::::::',:'.:“""
Imm transition & T M ot
. . . '|= a"\h\wﬁw_'{ e L ) U
Rise time difference:w S —
Bulk (0.3 us~2us &

@low energy)

Surface (2 us ~ 4us
@low energy)

90% acdep‘t
K ‘uu‘].ll#'"“antI.ﬁl P N ¢57,"(“1)¢'.’8CT(K.) L
2 4 6 8 10 12

lonization Energy (keVee)

Leakage from surface events

should be evaluated
12/02/08 Y. Suzuki @S RIS (R IE) 41

Analysis

Surface events: Partially collected
— 1mm dead region
— 1mm transition region

440g - 330g fid. (2mm cuts)

After the timing cut (surface BG cut)

— found irreducible excess below 3 keV (unknown
BGor....)

— Observed cosmogenic peaks.
Either electron events or NR

12/02/08 Y. Suzuki @ RIS E (R IE) 42



Before rejection
of surface ev. 442 days

(=}
T

e L-shell EC

102;“JEE§L'E :\-"'"---."-,5-§:'-.-.."F 1 "-"_VJ M1 i
| e b * BG level:Read
. B — from figure

- - - - - - = = — = = = —— -

Spectrum

counts / 0.12 keV 0.33 kg 442 days

20p ' '%_:__'Ttt:ltj\l‘/;{:l]!'I;-;; plb'— 1%® d TO p: 40 COou ntS
= T 5GeVic", 3E-4pb _] 1o, 9 2 - 3 d ru

* Bottom: 20
counts

I - 2.7 dru

KLouaroiyje pau;qwbo

12/02/08 Y. Suzuki @$5 5 EE (R AMIE)

Remaining Backgrounds

* Known Backgrounds
—L-shell EC below %Zn (<10%)
—Neutron(~0.1%)
— Leakage of the surface events:
no evaluation

They said that any such contamination should
be modest (PRL106,131301)

= Need clear and quantitative evaluation of
the leakage from the surface events

12/02/08 Y. Suzuki @ RIS (R AWE)



* Fit

Results

— Free spin independent cross section, free
exponential and constant terms and two gaussian
for the L-shell EC (°°Zn and %8Ge)

12/02/08

region

og; (x10™ pb)

=]

i1

12/02/08

4 5 6 7 8 9

Y. Suzuki @45 HIEEE (R AYE)
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FIG. 2: ROI extracted from the irreducible spectra in Fig. 1
(inset) under consideration of a light-WIMP hypothesis. A
small dotted line bisects it, separating the domains favored
by the black dot (left) or white circle (right) spectra in Fig.
1. Additional uncertainties and ROI definition are mentioned
in the text. The DAMA/LIBRA ROI includes present uncer-
tainties in its position [11], with the exception of ion channel-
ing [14], conservatively assumed to be entirely absent. A solid
line indicates limits from CDMS [15]. The dotted line corre-
sponds to CDMS limits [7] disputed in [16]. Dashed lines
correspond to most recent XENON100 results [8], under a
number of cases described in [17] (trace a) corresponds to the
sensitivity claimed in [8]). Recent exclusions by XENON10

v. subl8] @ pxamined infh7].
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counts / keV kg day
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12/02/08

Y. Suzuki @4FAIEE 2 (

Y. Suzuki @4FRIEER (

CoGeNT modulation

Data: Dec-4th 2009 ~ March-6t" 2011
(442 effective days)

Assume: all the unknown excess is
‘signal’
Modulation (0.5 — 3.0 keVee)

— x?%/d.o.f.=7.8 /12 (80% C.L. Accept.)

— x?/d.o.f. =20.3 /15 (85% C.L. Reject.) for
null hypothesis

— 99.4% C.L. (2.8 0)
Amplitude: 16.6£3.8% (347129 days
periods)

— Minimum: Oct 16£12 d

Modulation between 0.5 -3.0 keV may
be too strong

=» Wait more data

CoGeNT Next:
=>» 4 crystals (C4)

RRYHE)

CRESST-I

RRYHE)

47
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CRESST-II

* CaWO,(Multi-material
target)

— 40 mm in diameter and
height

— 33 crystals, (0.3kg each)
— up to 10 kg
— phonon (~10 mK)
— Scintillation

* Cross section > A2 e 10mK
dependence, but heavy .

nuclei = small nuclear
recoil energy

* Energy interval: 12 to 40
keV

Phonon - Transition
Edge Sensor
 Scintillation light = TES

12/02/08 Y. Suzuki @5 R (A W)

Scintillation light

—_

light yield

o 22%
O 10.4+0.5 %
W' 3.91+0.48-0.43%

P U S S Ca: 6.38+0.62-0.65%
50 100 150 200 Lead: 1.4%

. . . . energy[keV]
 Scintillation light:
=» Reduced light output for nuclear recoils
=>» Light output decreases with increasing mass number of recoiling

nucleus
12/02/08 Y. Suzuki @ RIS E (BAMIE)

A 1 i A i
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0.5

Light Yield

Operation

e Data used (July 2009 — March 2011)
— 730kg*days
— 8 detector modules

A -iirade'd(x

Results

r o
rB ,,f. « . 10
0_"' " . W
/ . [ 7p5=> B6pp(103keV)ta
0 20 40 60 80 100 120 140
Energy [keV]
M1 M2
e/vy-events 8.00 £ 0.05 | 8.00 £+ 0.05
a-events 115128 11271235
neutron events 7.5 fgg 9.7 fg}
Pb recoils 15.0152 18.7 749
signal events 29.4 iiﬁ 24.2 f?é
my [GeV] 25.3 11.6
gogy [Pb] 1.6-107% | 3.7.107°

e O-band events
— 67 events

* 4 source of BG
— Leakage from e/y band

— Leakage from a related
* Degraded o events

— Neutron events (O)

— Pb recoils:

210pg— 206ph(103keV)

+a(out)

IH

* “room for signa
—36~44%



Current Experimental Situation

IR
Q
W

CRESST 1o
—— CRESST 20
- = (CRESST 2009
= EDELWEISS-II
= CDMS-II

= == XENON100
DAMA chan.
DAMA
CoGeNT

H T H H HE
SRR - SN YU YU S W
- 1 1 T 8 3

WIMP-nucleon cross section [pb]

—
ol
[e<]

1095, -

WIMP mass [GeV]

12/02/08 Y. Suzuki @45 AIE & (R KW IE)

CDMS-II

12/02/08 Y. Suzuki @ RIS E (R IE)
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Detector

* Ge(&Si) detector (~10mm
thick and ¢$=76mm)

e 230g x19 (Ge) ~ 4 kg
(11 Si detector: not used)

* Lead and polyethylene
shields, surrounded by plastici
scintillators

e Soudan Underground
Laboratory, USA: 713 m depth

12/02/08 Y. Suzuki @45 AIE & (R KW IE) 57

CDMS Collaboration

Detector

5 towers (T1-T5) and 6
positions (Z1-Z6)

* lonization and phonon
(<50mK)

* Top surface: 4 phonon read W

out channel

— Each: 1036 tungsten
transition edge sensors
— Ground reference for
ionization
 Bottom surface: lonization
electrode

— Two concentric grids o — T,
g0 6s 79I'erzgera8t8r9 isﬂsm'go 9 100

12/02/08 V. Suzuki @5 BIEE (R IE) 58



Operation

 July 2007 - Sept 2008
* Only Ge detector: aiming for Sl interaction (A?)
* Data: 612kg-days

Analysis

10 keV ~ 100keV in a single detector
No deposit in other detectors

No activity in Scintillation veto

Acceptance calibration: Nuclear recoils
induced by a %°?Cf neutron source



30 T
! 33py Bulk Gammas
T +  '*Ba Surface Events
ey O  *2Cf Neutrons
BG reduction g =
T
S 10
E
+
z 0 o: ¥ P
_10 i i 1 L i
-10 -5 0 5 10 15
* |onization and phonon Normalized Timing Parameter

— Nuclear recoils: less ionization yield
=>» 1in 10*raj. fory’s

— Surface electron events (<um): reduced ionization
collection

—> first arrival of phonon
=>» Timing cut =» surface events

12/.02,Q2Ver a” >106 raje?ﬁ?ﬂw%a

HAMIE) 61

lonization Yield

FRecoiI threshold
1 :

1.5

. + Fail timing criterion
Pass timing criterion
L . H

12
3 v-ray band
E' 09r---
8
S os Acceptance region: Nuclear Recoils
o

03f

... lonizaton threshold
i .

* Round red marked

1.2___,. - . ---»:---»- 7

5 events: to satisfy the
g oo timing criteria for the
8 osfy # bulk events

0.3

 Two events remained

0 :
0 20 40 60 80 100

Recoil energy (keV)
12/02/08 <Phonon> Y. Suzuki @¥5 R E (RAYE) 62



Timing Parameter

i + ai ti;ning criteric;n . .
wl. e E;%;g:ggng;en‘on Normalized yield:
3 | - number of standard
220 deviations from the mean
310 nuclear recoil yield
£ . ..
S . normalized timing
parameter: timing
-10 relative to acceptance
o region
£ The solid red boxes: the
8 signal regions.
Y The blue histograms:
Z o calibration neutrons
10 -1;0 5 0 5 10 1.5
Normalized timing parameter
12/02/08 Y. Suzuki @4 BIEE (RAME) 63
Results
e 2 events found
— 12.3 keV, 15.5 keV
* Backgrounds: 0.9+0.2 events
— 0.8+0.1+0.2  surface events
—0.1 neutron events
* 23% probability to have : more than 2 BG events
o LIMIT (for 70 GeV/c?)
* 0,<7.0x10% cm?
* 0,<3.8x10% cm? for combined with prev.
results
12/02/08 Y. Suzuki @ BI 6% (RAMIE) 64
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Spin Independent cross section
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EDELWEISS-II

12/02/08 Y. Suzuki @RI %E GRAMIE) 67

ababababa g

| r EDELWEISS-II

: ‘Fiducial’ EDELWEISS - 2'°Pb calibration

; 400g x 10 Ge= 4 kg (1.6kg:fid.) W E — 7

! Phonon+ charge collection electrodes  ** | e

b o | w/ interleaved geometry (Ge-ID) o b

cdcdcdlcde h => reject of near surface events st

@) Rej, Rate: 6x10°  3%L )
* Threshold: E,, < 20keV B B
* ~14 months of running: 5 N S S
384kg*day b L. I

* Found: 5 Nuclear Recoil events ] -, 3

Recoil Energy (keV)

* <3.0BG events

- 1.4_
v-BG leak (<0.9), surface (0.3), muon  §r2fF
induced(0.4), neutron(1.4) g £
e Combined Analysis w/ CDMS-I o
* Next Step: ook
— Next EDELWEISS-III oaf
" 26kg (40 800g) aiming 10*cm? (s1) 02f lonization thr. of 2 keVee
* Startinstallation in 2012 Degraded FE—oge st Av-&worst
12/02/08 s S



ababababa g
L F s e e
EDELWEISS-II
‘Fiducial’ . EDELWEISS - “'°Pb calibration
400g x 10 Ge= 4 kg (1.6kg:fid.) 4 E — g
-. Phonon+ charge collection electrodes  **£ peloreelection 2
i, NS w/ interleaved geometry (Ge-ID) 0 £
cdcdcdlcdc h => reject of near surface events ot
® Rej, Rate: 6x10° 3" L
* Threshold: Ey < 20keV 1
e ~14 months of running: b 3
384kg*day oo | ]
. 02 F g After rejection
* Found: 5 Nuclear Recoil events 0 b x s
Recoil Energy (keV)
* <3.0BGevents 3 1p
v-BG leak (<0.9), surface (0.3), muon 52
induced(0.4), neutron(1.4) § b
« Combined Analysis w/ CDMS-II osf-
* Next Step: s A A
— Next EDELWEISS-III oaf
. mi -45 2 5
26kg ‘40 X 800g) _almmg 10"em (SI) 0.2~ . lonization thr. of 2 keVee
* Start installation in 2012 Degraded E oot o @v-&worst
12/02/08 Y. Suzuki @ﬁi@m‘%@ 2000 a0 o0 a0 i il et e
90% CL Limits: Simple Merger of CDMS and EDELWEISS Data
-
§
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XENON

12/02/08 Y. Suzuki @ BIEE (R IE) 71

Detector

Top PMT Array

i & B B B |

Proportional
Scintillation: S2

* 2 phase

* liguid Xenon detector

* Simultaneous detection of light (S1) Gas Xe \
and charge (as S2) S

— lonization e’s = S2 (prop. Scinti.)
e S2/S1 =>NR and EM discri: ~1/1000 k\ /

S1 S2
WIMP

&Recoil
ely V ' Scintillation: S1

Primary

(52/51) < (S2/51)
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Detector

~30cm height and ~30cm diameter
161 kg: 99 kg active veto, 62 kg target
48 kg fiducial mass

100.9 live days (Jan and June 2010)

Pos. Res.:

— (x,y):<3mm (10) (hit pattern of the top PMT
array)

—2:0.3mm (10) (drift time)

Operation

100.9 live days (till June in 2010) w/ 48 kg
fiducial mass (62kg) = 1471kg-day

BG <5x1073 ev/keV,./kg/day before signal
discrimination
242 PMTs: Hamamatsu R8520-AL



Characteristics

* Rnin passive shields < 1 Bg/m3
* Event Trigger: by S2
e Trig eff: >99% at 300pe in S2
* Continuous xenon purification € a hot getter
* Mean electron life time t_: 230us to 380us
— Weekly 137Cs calibration
— Time evolution =S2 z-correction : syst < 2.5%
» S2 (x,y) corrections by a map obtained with *3/Cs
12/02/08 Y. Suzuki @RI (RAMIE)
Scintillation Efficiency
*  L,(122keV,)=(2.20£0.09)pe/keV,, ° loand2cbands
* B =SY/Syn) L /Sec)(1/2er) " oitrapdiated o 40 at LkeV,,
= Sw0-95, 5,,=0.58: electric field QF * G.Plante et al. (2011), arXiv:
— 4 Scintillation efficiency 1104.2587
* Mean € by Gaussian assumption of
the data
- I o1 =
035 =
- X Bernabei 2001 =
03 4 Akimov 2002 —
- v Aprile 2"005 =
025E o \phe 000 L
g 02 . Plante 2011 ?”?* :
0.15F =
015 E
0,05 =
0F 2 3 4 5678910 20 30 4050 100
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Energy Calibration

» Spatial dependence of the light correction for
S1, by maps from:
— 40 keV,, line from neutron on 1%Xe
— 662keV,, line (w/in 3% agreement)
— 164keV,, line 131MXe (neutron activated)
* L[(122keV,.)=(2.20£0.09)pe/keV,
—at 530V/cm

Event Selection

U(S2/S 1)-ER mean

1

log

10 2(0; 40 50
nEergyi?/i i'ieVNR]

e 3 events remain after S2/S1 selection (99.75%
EM rejection)



Results

* Expected BG: 1.8%0.6
— 8KR:1.14+0.48
— Others: 0.56(+0.21/-0.27)

e >7.0x10%°> cm? for 50GeV/c2 @90% C.L.
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Spin independent cross section
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10, 20 expectations
for zero signal

XENON100 (2011) Buchmueller et al.
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* XENON is moving to XENONI1T in preparation
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Acceptance
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Vertex Distribution
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Current players of the game

Experimentd Target Threshold Total Recoil Main body of Modul
Exposure Identification Signal ? ation

DAMA/LIBRA 2.0keV,, 427,000 kg-days (NR+EM) Not identified (0}
CoGeNT Ge 0.5 keV,, 140 kg-days (NR+EM) 0? 0]
CRESST WCaO, 10.0keV >700 kg-days NR 0? (not official)
CDMS-II Ge/Si  10.0 keV 612 kg-days NR

CDMS-II (LE) Ge 2.0 keVyz 241 kg-days (NR+reducedEM)

EDELWEISS Ge 20.0 keV 384 kg-days NR

XENON100 Xe 8.4 keV,z 1471 kg-days NR

XENON10 (LE) Xe 1.4 keVy 15 kg-days (NR+reducedEM)

12/02/08 Y. Suzuki @45 RI3E S (A ER) 84



Current and Future direct WIMP Search exPeriments
35 programs (not complete list : sorry for those projects

have missed)

Experiment Target & technology Achieved Sensitivity Status & Year to start

s mass (cm?) (cm?) comments

Xenon

ZEPLIN-III Boulby Xe: 8kg two phase Sl: 1043 Stop in 5- 2011 results soon

XENON100 LNGS Xe: 48kg two phase Sl: 7x104° On going

XENON1T LNGS Xe: 1t two phase Sl: 1047 2015

XMASS Kamioka Xe: 100kg single phase Sl: 104 commissioning On going

XMASS-1.5  Kamioka Xe: 1ton single phase Sl: 1046 2013

XMASS-II Kamioka Xe: 10ton single phase Sl: 107 2016

PANDA-X Jing Ping Xe: 25kg two phase SI: 104 >2013

LUX SUSEL Xe: 100kg two phase Sl: <104% Surface lab 2012

LzS SUSEL/ Xe: 1ton two phase SI: 1047 2015

SNO

Ar

WARP LNGS Ar:140kg two phase Sl: 5x104° commissioning

DarkSide50 LNGS DAr: 50kg two phase Sl: 104 prototype

ArDM Canfranc Ar: 850kg two phase Prototype 2011

DEEP3600  SNOLAB Ar: 1ton Single phase SI: 1045 2012

MiniCLEAN  SNOLAB Ar: 150kg Single phase SI: 1044 2011

DARWIN Europe Ar or Xe: tons two phase Sl: <107

MAX DUSEL Ar and Xe SI:<10%7 R&D
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Experiments site Target & technology Sensitivity Achieve Status & Year to start
mass (cm?) (cm?) comments

Ge

Super-CDMS ~ SOUDAN Ge: 15kg char+phonon Sl: 5x104° 2011

Super-CDMS ~ SNOLAB Ge: 100kg char+phonon Sl: 3x1046 2015

CoGeNT-C4 SOUDAN Ge: 4kg charge installation 2011

CDEX Jing PingL PC-Ge:10 kg charge SI: 1043 1kg test

Bubble Chamber

PICASSO SNOLAB C,F1: 2.6kg BC SD: 2x10737 On going

SIMPLE Rustrel C,CIF5: 26 kg BC Test 0.2kg Install 2012

COUPP SNOLAB 60kg BC 4kg test 2011

Scintillation (+phonon)

DAMA LNGS, Nal: 250kg Scintillation Sl: 1040 On going

KIMS Yang Yang Csl: 104.4kg Scintillation SD:1038 On going

CINDMS Jing Ping L Csl(Na) Scintillation R&D

CRESST-II Sintill+phonon On going

ROSEBUD Canfranc AlLO, etc. Scintill+phonon R&D

DM-Ice South pole Nal:>250kg Scintillation Test DAMA Prototype: 17kg ?

EURECA LSM Multi-T: 1ton many Sl: 1046 Phase-I: 150kg 2015

Tracking

Drift-11l Boulby CS2:4kg,24m3 TPC SD: 100 ?

DM-TPC CF4 PMT+TPC Prototype test

NewAGE Kamioka CF4 microTPC Prototype test

MiMac LSM CF4 microTPC Prototype 2011 1m?3
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Test directly DAMA and GoGeNT

10 __Cosmic ray muon modulation

X

o
w
a

DM-Ice

Eg E GranSasso (LVD): selvi, Prod. 31¢ ICRC (2009)
< 0.34 |
e Test directly DAMA -
* Nal detector E -
@South pole:
= 1200
L% * Cosmic modulation 3
is opposite s
E
* Dec-2010 ~: g 1000
(6]
\;I — Feasibility test 8 gop boeeund i i i |
01/01 03/01 05/01 07/01 09/01 11/01 01/01
— 8.5kgx2 Nal from NAIAD 2008 2008 2008 2008 2008 2008 2009
*E * Inside BG: 5~10 times
U higher than DAMA * Need to make low BG crystal
e ICEis clean: v" U/Th may be ok, but
u/Th t. v Kis more serious: need <ppt?
o 'bpp * R&D for low BG PMT
— Kipp
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* Pl Nal in KamLAND B i .
ace Nal in KamLAND (or Borexino) CEDX: Point Contact Ge detector
KamLAND-Nal . o
* Jing Ping Lab. in China
Nal-1ton
q\‘-‘:“fa‘:“?‘?'?«" : : .
SR
s
i_g :
}gﬁ : * 20gis running
3 + 1kgis testing !
R ¢ Aim to check GoGeNT results
‘Standard’ WIMPs search experiments should go on
100kg =>» 1tons =» multi-tons ; sensitivity down to 107 cm? (SI)
XENON, XMASS, EURECA, Darwin, MAX, LZD, .........
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Experimental Incompatibility ?

DAMA < CoGeNT

— Na vs Ge
— Isospin dependence ?

CDMS-II < CoGeNT
— Both Ge: really in trouble

Xenon < (DAMA/CoGeNT)

— Isospin dependent
— |Inelastic interaction

Many thought to reconcile the results

END
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