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Strategies for the Detection of
Dark Matter

What do we know?

What have we achieved so far?
Entering interesting domain

Strategies for the future

Exciting new technologies
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1. What do we know?

2. What has been achieved? S'l'andar‘d MOdel Of COSmOIOQY

3. Strategies for the future

A surprising but consistent picture

Non Baryonic
< Dark Matter
G
>
Qmatter
Not ordinary matter (Baryons)
Nucleosynthesis
Q >>0Q, =0.047=%0.006 from
WMAP

+ internally fo WMAP @,7*#Qx* How many o's?

MOSﬂY cold: Not llgh"’ neutrinos: small scale structure
m, <.17¢V Large Scale structure+baryon oscillation + Lyman «
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1. What do we know?

2. What has been achieved? O"gOing SYS"'ema'riC Mapping

3. Strategies for the future
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Light'Weutrinos WIMPs
Axions Wimpzillas
Most baryonic forms excluded (independently of BBN, CMB)

Particles: well defined if thermal (difficult when athermal)
Additional dimensions?
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1. What do we know?

s wmathesheenachice  OQngoing Systematic Mapping
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Most baryonic forms excluded (independently of BBN, CMB)

Particles: well defined if thermal (difficult when athermal)
Additional dimensions?
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2. What hos Eeen odi Standard Model of Particle Physics

Fantastic success but

Model is unstable
Why is W and Z at #100 M ?

Need for new physics at that scale
supersymmetry

additional dimensions

Flat: Cheng et al. PR 66 (2002)
Warped: K.Agashe, 6.Servant hep-ph/0403143

In order to prevent the proton to decay, a hew quantum number
=> Stable particles: Neutralino
Lowest Kaluza Klein excitation

QCD violates CP

Dynamic stabilization by a Peccei-Quinn axion?
New result by PVLAS (Zavattini et al.) 1-15103eV Myy® 2-6 10°GeV very low!
would need a way to escape horizontal branch limits

Gravity is not included and we do not understand

vacuum energy

Always the danger of a failure of General Relativity
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1. What do we know? 5 o
S Shrareges for e Forre Particle Cosmology
Bringing both fields together: a remarkable concidence

Particles in thermal equilibrium
+ ecouplin‘% when nonrelativistic

reeze'out when annihilation rate ® expansion rate
3107 cm’ / s a’
=Qh = =0, ~—F5 Generic
<O' Av> M
EW

Cosmology points to W&Z scale

Inversely standard particle model requires new physics at this scale
(e.g. supersymmetry or additional dimensions)

=> significant amount of dark matter

Weakly Interacting Massive Particles

2 generic methods:
Direct Detection: elastic scattering

Indirect: Annihilation products

v's e.g. 2v'sat E=M is the cleanest
v from sun &earth % elastic scattering

e',p  dependent on trapping time
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2. What has been achieved? AXions

ADMX

—p

N

~ . N
Region of mass where
axions are a significant
component of dark matter

» Completing phase I

construction.

- 1-2 years to cover
10-¢ - 10-° eV down to
KSVZ
Phase IT to cover same
range down to DFSZ

- Requires dilution

refrigerator to go from
1.7 t0 0.2 K

Beyond Phase II, they
hope to develop cavities
and SQUIDs making it
possible to operate’in
the 10-100 GHz range,
extending the mass
range of The search.
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2. What has been achieved? Direc"’ De"'eC"'iOn

Elastic scattering o, |
Expected event rates are low

(<< radioactive background)  xpected recil spectrum
Small energy deposition (¥ few keV)
<«< typical in particle physics
Signal = nuclear recoil (electrons too low in energy)
z Background = electron recoil (if no neutrons)

Signatures
* Nuclear recoil
» Single scatter ¢ neutrons/gammas
» Uniform in detector

Linked to galaxy
* Annual modulation (but need several thousand events)
- Directionality (diurnal rotation in laboratory but 100 A in solids)

Significant progress
Phonon mediated detectors: example of CDMS: best sensitivity
New technologies: Noble gas, high pressure gas
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A Blooming Field

Direct Detection Techniques

ZEPLIN II, I1I
XENON

WARP
ArDM
SIGN

CDMS
EDELWEISS

NAIAD
ZEPLIN I
DAMA
XMASS
DEAP
Mini-CLEAN

CRESST I

ROSEBUD

In U.S., Dark Matter Science Assessment Group (cf. Dark Energy Task Force)
+ HEPAP P5 prioritization
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2. whathes peenschieved? — Phonon Mediated Detectors

Principle: Detect lower energy excitations

15 keV large by condensed matter physics standards
Goals
- Sensitivity down to low energy Target crystal
Phonons measure the full energy
- Active rejection of background: recognition of nuclear recoil
Combine with low field ionization measurement
e.g. CDMS I and II
EDELWEISS
or photon (CRESST IT)

But: operation at very low temperature!
ex: CDMSI
1999

—>
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1. What do we know?

2. What has been achieved? . . . .
3 straregies for the futire CDMS  Backaground Discrimination

It works!
Use Ionization Yield (ionization energy
per unit recoil energy) to reject the 1334 Photons (external source)
background

B + 233 Electrons

u . . . 616 Ned{agr%efjex enrtr?a 0 Ir ré%

Particles (electrons) that interact in

surface “"dead layer” of detector

result in reduced ionization yield

lonization Threshold
1 B.Sadoulet

Strateqies for the Detection f Dark Matter Paris 27 October 06




2. What has been achieved? C D Ms II

Funded by NSF and DOE

Strateqies for the Detection f Dark Matter Paris 27 October 06 12 B.Sadoulet




1. What do we know?

2. What has been achieve>  Athermal Phonon Sensor Technology

3. Strategies for the future

q“ast‘r‘;?)”ic'e Measurement of
Al Colledtor quasiparticle Transitivcyn-Edge aj.her;mal p"'!Ol‘!OH
_ diffusiono o signals maximizes
Al ooy o information
A ~ 10mK .
JF B normal Voltage biased W
o b Transition-Edge Sensor
\:ﬁ i |
o 2 ,
i |
d t'_% E >
superconducting T ~80mK T (mK) /

1y photolythography
3"D, 1cm thick

1 1 tungsten
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Wi esbemaneer LAPge Amount of information

3. Strategies for the future

SQUID array

2 ionization signals (inner detector, guard)
4 phonons: Risetime and delay with respect ionization

gives information about the 3D position of the event, in
particular the proximity to the surface
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1. What do we know?

2. what has been achievet® - Athepmal Phonon Advan‘rag_e

In addition to ionization yield

Yield
<.

Surface

Q/C)c)w electrons
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2. What has been achieved? In Si‘ru Cal ibr‘a'rions

INCEL-VIIiR I EV NN IS ETERYl -

Calibration data, prior to After timing cuts
timing cuts s
| 72/73/25/Z9/Z11 | 72/73/25/79/Z11
O
[
>_
S .0 g 1.0
= >
Q -
o ©
N
0.5 = 0.5
S
0.0 0.0

93% acceptance of neutrons
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Recoil Energy (keV) Recoil Energy (keV)

Blue points: electron recoils induced by a !33Ba v source
Yellow points: nuclear recoils induced by a 2°2Cf neutron source
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2. What has been achieved?

L AL L C 4103 | LJ0 ] IC_ | L JJ L]} -

WIMP-search data

Prior to timing cuts

After timing cuts, which
reject most electron recoils

"% 10.4 keV Gallium line " 221Z3/75/29/211
=2 3 1.0

g >

c c

S 9

= ©

N =

D5 s 0%

0.0

01 candidate

(barely) O
72/123/25/29/z11 %0 1 near-miss

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

Recoil Energy (keV) Recoil Energy (keV)
ESTIMATE: 0.37 +0.15(stat.) = 0.20(sys.)

90 kg.days electron recoils,

34kg.days after cuts 0.05 recoils from neutrons expected
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1. What do we know?

2. What has been achieved? CDMS II (2005)
Ratagicsforthe-futucs

3. 5%

10 times more
sensitive than
any other
experiment

Scalar couplings

Zeplin-I result in doubt
astro-ph/0512120

) See PRL 96 (2006) 011302

N

Ellis et al 2005
CMSSM
Entering in interesting
Adding 1st Soudan run, 53kg.day-> 19kg.day after cut territory
Ta+tal B ko davnafteon ~ut
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1. What do we know?

2. what has beenachiee®  COYMS TT Reach

Larl'Jge background rejection margin
sed for this analysis urrent methods

Surface events

r recoils

Nuclea

/ \

5 Towers
5 Kg Ge, 2kg Si

OX —

Run through December 2007
=> X 10 further 2 10-* cm? @ 60GeV/c?
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1. What do we know?

2. What has been achieved?  Other Phonon Mediated Detectors

EDELWEISS II

Mounting 21x350g Ge +NTD
detectors in new cryostat

Most detectors: no athermal
phonon rejection of surface
events

7x350g Nb/Ge fast phonon

CRESST II
CaWO,

Scintillation + phonons

Excellent rejection, no dead
layer
Insensitive fo W recoil

scintillation
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1. What do we know

2. What has been achieved? Goa's . Cover‘ Supersymme-rr‘y

3. Strategies for the future

ZEPLIN 1

«—_ EDELWEISS

4/4_—-——‘World—best limit today

ZEPLIN 2
CDMS 1I 2007

SuperCDMS 25kg

—
25 kg of Ge 2011

1045 cm?
10-46cm?
10-*° cm? next step
10-47cm? Requires depth >
Gran Sasso
25-100kg
Ultimate 1047 cm?
2-8 tons

21 9 " B.Sadoulet
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1. What do we know

; Smmegesr e iraeWhy 1 Zeptobarn = 10-%° cm?

Bulk Focus Point
(5 < tan B < 45) L (tan 3~10)

“~Higgs Funnel
(50 < tan 3 < 60)

Stau Coannihilation
(tan B~ 10)

Low cross sections correspond to fine tuning
The Higgs funnel and stau coannihilation are fine tuned to enhance annihilation
The lower the elastic cross section, the finer the tuning!

10-%5cm? is a natural scale
Complementarity with LHC: Rich physics in region of overlap

Elastic scattering: Larger mass range
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3. Strategies for the future Strategies for' the FUture
Lessons from CDMS & Edelweiss

Search for rare events requires maximum amount of information
Large signal/noise => identification of background
z threshold detectors (Simple, Picasso, COUPP)
Active discrimination of the background event by event:
-> zero background
# Statistical methods (cf. DAMA, ZEPLIN1)

> 2 promising technologies
Phonon mediated detectors: demonstrated, but need to master complexity

Liquid Noble Gases: graceful scaling but need to demonstrate threshold and master
complex phenomenology

Other ideas: high pressure gas

Several experiments with different technologies/targets
Beware: "A background may hide another one” R&D at real scale
Importance of the physics requires cross checks
Interesting science in target comparison 2A?
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1. What do we know

s i reseencciee - Phonon mediated detectors

Current technology capable to go to 25kg region
Super CDMS 25kg -> 10-45cm?
EDELWEISS II, CRESST II -> EURECA

Significant change of production testing methods -> 1 Ton
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3. Strategies for the future NOb | e Liqu idS 1

Single-Phase Techniques

DEAP, Mini-CLEAN, XMASS

*  Pulse shape discrimination
to discriminate electrons
from nuclear recoils.

Recent breakthrough

Gets better
as size
increases.

—
o
CJ

Singlet killed in nuclear recoils "¢, . —
 ror S| 108 simylated e's
5 F IR N N & T R N -
E n —— electrons g 108 [ 000"@ T —
s 1F g F . e |— nuclearrecois
e I,/1,~0.3 L i
sl < NN nuclear recoils | @ _,F .
@107 100
- I,/1;~3.0 o R
102 L 0
Wb .-, 100 simulated
- Late/Triplet . P WIMP
I~ i - : Poe L S :
107 ~i-—Light (T ~ 1.6 ps LA, 0L S RN N
; "- 20 mis LNe e
10'4 i L |||| L |||| L1 |..I.:;| Il |||| Lo |||| Il \\|\ L1 ||| 1 §~I.‘III i VI || | ill IIi VI”I”'IV | ill IIiIII VI ﬁ . III ||| Iil | | ||||
107 ] 10 102 10° 10° 0 01 02 03 04 05 06 07 08 09 1
Tphoton (ns) prompt

M.G.Boulay and A.Hime, Astroparticle Physics 25, 179 (2006)

but 39Ar', radial resolution (Rayleigh scattering +few photons)
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3. Strategies for the future LiqUid NObIe GGSCS 2

Another breakthrough: extraction of electrons from liquid

Argon :WARP, ArDM: can use ionization
+ scintillation +pulse shape

Hot out of the gr'ess Lig.Ar

WARP prototype 97kg days

Tonization + Scintillation

including pulse shape
No event above 40 keV
Soft neutrons below?

But energy scale?
Why scintillation yield is 80%

180kg module in fabrication

Xenon:ZEPLIN II, Xenon ionization +
scintillation

% 10kg taking data: results
soon!
Complex phenomenology
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3. Strategies for the fu‘rur'e: > ver.y Lar'ge mGSSeS

Hope: “easily” scalable to >1 ton
WARP 140kg in Ar shield Zeplin IV

But: Have to Master complex phenomenology
Demonstrate discrimination close to threshold
Obtain good spatial reconstruction against edges
Exclude 3°Ar, 82Kr
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3. Strategies for the fu‘rur'eGamma Rays : A SmOking gun?

Simulation of the v ray sky
from Dark Matter
annihilation

Ted Baltz 2006 (Taylor/
Babul 2005)

SUSY: often maximal o
Hierarchical clustering

55-days GLAST in-orbit counts map (E>1GeV)

’ LSP WIMP (SUSY)
Galactic GLAST 5-yrs
Center

Optimistic LCC2

case: 70 Focus Point

counts signal,

43 counts
background LCC4

Coannihilation
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1. What do we know?

2. What has been achigved? Conclusions
Essential to detect Dark Matter

A key ingredient of the standard model of cosmology
At least show it is not an epicycle!

WIMPs is the generic Thermal model

Interesting alignment between Cosmology and Particle Physics

Well defined roadmap for WIMP searches
Elastic scattering

.10-%5cm? identifying event by event nuclear recoil
Phonon mediated detectors can do it (e.g.SCDMS 25kg) +tests Noble Gas

107%-*7cm?® Need large mass, 0 background technologies
Liquid noble gases appears to be best complement to phonon mediated deft,
When we have a discovery: link to galaxy (low pressure TPCx5000 m? )

Interesting role of indirect detection
GLAST could be an interesting smoking gun:
High energy neutrino from sun as probe of p spin dependent

Importance
Instrumentation (high information content)
>2 technologies (Technical risk, Cross check, A% dependence)
Take full advantage of complementary information (LHC,GLAST,HE solar V's)
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Danger of statistical methods DAMA

If WIMPs exist, we expect @ modulation in event rate

dE
g Eart \une 2
Dec 2

2000: DAMA m'rer'pr'e'rs a +2% modulahon as evidence
for WIMPs

Now 7 years data with 100kg NaI impressive modulation

Source DAMA
Astro-ph/0307403

Essentially excluded
by other experiments
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Technical Questions about DAMA

Efficiency?

The signal is a a region of sharply increasing efficiency

Method of determining and monitoring efficiency
Local source
Spectrum of gammas

Shape of the spectrum?

Spectrum before cut? Claimed
Detailed explanation of shape: signal
e.g. why does it decrease at threshold? K
Stability?

Is threshold stability sufficient? (<1%)
DAMA: No modulation of multiples

Monitoring of other quantities (noise
etc..)
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Threshold Detectors

Similar concern: little information, spectrum by weeping threshold
Superconducting granules (Bern)
Metastable droplets Simple, Picasso

COUPP: Bubble chamber

Long duration metastable state broken by large ionization events
nuclear recoil or nuclear recoil from alpha (purity level # Borexino)
2.5 kg prototype CF3I bubble chamber at Fermilab (300 mwe)

Likely to be an excellent way to lower upper limit.
Much more difficult o get a convincing positive signal
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Directional Detectors

DRIFT: Low pressure TPC
(Temple U.), Occidental Coll. + UK.

Sensitive to axis of nuclear recoil provided low enough pressure

=Link to galaxy

1m3 prototype at Boulby with some (hon fundamental) technical
difficulties. De-emphasis by U .K.

Challenge: mass
e.g. CS, (40 Torr) 1 m3, 0.167 kg,

20 micron diameter wires 2 mm pitch.
Need 5000m3 to be in to region

Develop technology

Note high pressure + high density of
information works

Wait for discovery before a major
detector
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2. Importance of 1074° cm? Over'lap r'egiOn: RiCh PhYSiCS

If both seen at LHC and in Direct Detection

If observed at the same mass, direct detection provides ultimate proof that it is
dark matter: stable and here in the galaxy

# SuperWIMP e.g sleptons -> gravitinos

Eventually Complete Self consistency

2 Non minimal supersymmetry, or more complex particle physics models
z Non standard cosmology:not tested above Tz1GeV

In the initial stages, when incomplete information
direct detection can bring additional information

At formal level: no right to apply cosmological relic density unless we detect dark
matter particles

By giving an idea of the mass (if not too high): help unravel the decay chain
Initially likely o be multiple solutions: help choose the right one

Before ILC 2x500 GeV, even if low masses, many
quantities are not available

Direct detection brings unique information
mass of Heavy Higgs
mixing of neutralinos
tan B

Strateqies for the Detection f Dark Matter Paris 27 October 06 34

B.Sadoulet




2. Importance of 107*° cm?2 MUItiPIe SOIU'l.ionS

Even after full study at LHC

Some masses are too large
e.g. LCC2: Baltz et al.

Reconstruction by LHC -> several solutions

Direct Detection/Relic density
chooses the right solution
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Complementary Information Example

Direct Detection provides unique information

Mass of axial higgs
LCC1 (favorable to LHC)
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Neutrinos from Sun/Earth

Capture by sun & earth
Trapped
=> annihilation in center

Observable: high energy neutrino

Elasfic scatter
dn 2 . eqey 2
= I, n—-I,n =mequilbrium I', p" =T, n
= measure elastic scattering

More or less proportional
Sun (also spin dependent)

m
o)
=3
-+
o

Macro
Macro

CDMS 1l 2007

km?3 array km?3 array

CDMS 112007

Depletion of
‘ I v lm‘{,ﬁelocity
EMPs

00 DD

STr‘aTeé;ysqgf ﬁ(elgé%élé\;lﬁgrk Matter Paris 27 October 06 37 S up €I"CU M S Z ‘)Kg B.Sadoulet




Neutrinos from annihilation in Sun

WIMPs captured in Sun, eventually annihilate-> Neutrinos

In general

Not competitive with direct detection for scaler (spin independent) coupling
Important input for spin dependent (Sun is made of pl)

w_n

n" scattering

CRESST |

PICASSO

CDMS Il Si

ZEPLIN
| CDMS Il Ge

astro-ph/0509269

w_nu

CDMS Si

CRESST |

Super-K

p" scattering

CDMS Il Si

CDMS Il Ge

PICASSO

NAIAD

Strateqies for the Detection f Dark Matter Paris 27 October 06

38

B.Sadoulet




