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The Concordance Model

DARK
75% EnerGY

o, NORMAL
4% MATTER

- See talk by M. Dobbs




Dark Matter in Our Galaxy
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Distance from Galactic center (kpc)
toq M hac) Schematic flat rotation curve
Mass increases up\to 200 kpc for the Milky Way galaxy

1kpc = 3.259 103 Ly

2
Vrot r

M(r)=

~ 3
rom ~0.3my/cm

2MASS two Micron All Sky Survey é o0 n | M 0%bof matter is visible!



WHAT CAN DARK MATTER BE?

-

'Acannot be baryons (CMB and Ilght element abundance different)
' Acannot be charged (CMB dn‘ferent) ” e e '

Ano I\/IACHOS (are notthere)- . i 4 :

Astable or at least metastable (t > 10 Gyr)

Amust be cold or Warm to explaln structure

Amust clump on small scale (dwarf gaIaX|es M/L ~ 1000)

'_Ano sub- keV particles (unless axions or BE scalar condensates)

Aself-interaction constrained (s/m < 1cm2gt by halo structures)

-Guidance by'..theory?

Galactic halos - see talk by D. Rout



NolLackof Opti onsée

Theories of
Dark Matter

Therory - see talk by A. Ritz



The WIMP Miracle

Number density of religB shortly after BB: T >>M

Reduction due to
Hubble expansion

dn, _ 3Hn, - n?(sv)(xx - ordinarymatte) +

dt

DM selfannihilation Boltzmann

-

+nZ4(sv)(ordinary matter- xx)
' ; -
Particle production -»

- in equilibrium: creation = annihilation
- ordinary particles stay. longek in equilibrium

Cayveat éas yDVipeions etac- different story)



The WIMP Miracle

Eq : (mT)3/Ze n’kT | Increasing (o,/v])
After freeze out: =
. 5
. TN w 2
(, V)Q
In order to gét: 30 100 300 1000

x=m/T (Time - ))

0.17<WX<.0-25' éneed St‘bre par

: annihilates with electro-weak
<sv> ~ 3x1026 cm3 s scale cross-section and e.w.
- scale mass (100 GeV)

C a.v e adymetric DM, axions etc - different story)



Dark Matter Candidates

v
Q-ball
"4

neutrinos  WIMPs :
neutralino
KK photon

branon
LTP

axion 4 axino
SuperWIMPs :

fuzzy CDM gravitino

l: KK graviton

1071070107 107107 101010 10” 10®° 10”7 10° 107 10° 10° 10" 10" 10"

mass (GeV)




- The Neu.trélino: Th-e,p'referredCDM Candidét.e

Acl can be Ilghtest stable Super symmetrlc partlcle [ ESEe
AMajorana partlcle ' _ |
Amteractlon W|th matter electro Weak
Acan prowde closuré denS|ty

Arellc populatlon from early BB

T N11g+ lez + N13H + N14H O‘.- :

'nphotlnoo “ fzinfood
Mc 100 Gev -7 TeV

SUSY'struCIUre.A Ve Cosmdlogy"‘



NEUTRALINO INTERACTION CROSS SECTIONS

Sl e e e ,
a4 g q q o q'__
Sbin-dépendént s "A'Spin-‘ijnc.i’epvendent

“General fiorni’ofcrosé’seétions:‘ e 0 *

| e gl .'2' o Enhancement factor -
e é‘_l\/l M.
. ~ 2 S G b
Sp=4G."& QC F(

- ._% 'CAS'. Spln mdependentl coherentlnteractlon A2

. C,SP: Spin dependentlnteractlon <0 <S +c

F(g?) :.nucl: form facor - mportant for Iarge q? and Iarge A



SPIN DEPENDENT - SPIN INDEPENENT
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Spin dependent

Large SD X - sections possible for small S| x-sections !



Dark matter scattering
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Dark matter annihilation
———
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Dark matter production



DIRECT SEARCHES . : INDIRECT SEARCHES
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-~ ACCELERATOR SEARCHES ASTROPHYSICAL PROBES,
A, . : l'
Complementarity !!! -

ADiscovery of cosmol. WIMP does not proye\ yet SUSY - “accelerator searches
ALHC signal does not yet prove'CDM discovery - (in) direct searches

ACandidate must meet astrophysical constraints
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Searches for DM Particles

Dark matter annihilation
_—
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Dark matter production
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Dark matter scattering

Indirect detectlon via DM annlhllatlon in Sun, Earth Galaxy
n, g-rays, anti-protons , positrons

e TG ‘.-:7 .\ . -
EDELWEISS |* = NSRS S
Dlrect detectlon In u/g Iaboratorles

ICECUBE



ALPHA MAGNETIC SPECTROMETER (AMS)

Search for antimatter > AMS-02
] ) L ° PAMELA
Since 2012 installed on ISS s Fermi
= L | !
E.m. spectrometer 7.5t £ i1 |
: g |, et
Supraconducting magnet 1m @ S 4 o A4t :u,.é-;,.-w‘% |
107, o Tt :
Range 500 keV 1 1 TeV & b Wm -
\ : i ’DD . . @Q‘ ! i
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FERMI (LAT) LARGE AREA TELESCOPE =

A HE gray spectrometer
A Launched in 2008

1
* ——— - >
Regd (ULTRACLEAN), E. =129.8 GeV
" ey Signal counts: 46.1 (4.360) 20.5 - 210.1 GeV
/ 30 p-value=0.37, y2, =23.6/22

A Nov. 2012 s‘pik'e at 130 GeV -> gal. center
A Reanalysis: CRinducedgds i.n - ear e

A Larger systematic uncertainty - - no
significant feature (2013) '

.



FERMI (LAT) LARGE AREA TELESCOPE

Uncovermg a gamma-ray excess at the galactic center

Unprocessed map of 1.0 to 3.16 GeV gamma rays Known sources removed

-

A grays peaked at gal. cente}with 7-12 GeV "
A Consistent with therrhal relics
A*Em|33|on dlstrlbutedr ~F12 '. e .

'R Spectrum not consistent w. msec: pulsers

-+ and other- backgrounds e S
_ o " D. Hooper et al.; arXiv: 1110.0006



ICECUBE - MAGIC- HESS_—VERITAS
DM _-w1he WINPaditagle)
i | final

primary ,
~ channels products
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AR GO, y Strongest limit above 300 GeV from dSphs | Strongest limit above 500 GeV from dSphs

Phys. Rev. Le
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10WIMPson
_average iin 2L if
- 60 x mass.of

~ 10° particles traverse us on earth per second!

Summer

Count rate

Winter

ARecoil energies: < 100 keV (107 E,, (fruit fly)
ARates: << 0.1 count /kgd

AAnnual rate modulation © 57 7%

Recoil energy (keV)

A 4

A. Drukier, K. Freese, Spergel PRD 33(86)3495

e SUMMER. Jife
R I ‘ ;
g ' - 30km/s
i NORTHERN o
 WINTER




RECOIL SPECTRA & RATES
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U/Th/K/Rn

L\Jkr_/n.[’».y,n
Delecior o

Shielding

Velo

I\'Ieu!c.ron.- production by

Amspallation in det. material

Adet. shielding, rock

»
AU/Th (a,n) r_eactions. in rock

Aln det. mater'izal. (<< 1ppb-U/Th
required)

¥ K‘ " . > 4
1 ppb ~identify 1 person‘onthe earth!

Muon Intensity, m*y"

Depth, Feet of Slandard Rock
2000 4000 000 BOOD
I |

WIFP

0.05n/kg-d

Soudan

RAMmioss

Boully B
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(Incomplete) Summary of Detection Activities
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: - ) ZeplnIIT Xe
Dark Matter Strategies Yeion 100 Xe

X - Xe: . |
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.,  RATES & LIMITS |
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i i\ geMC Qé%.BGeV/cm?@%ZBOkm/s; 8 kgQlay

® Edelweiss 98
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SCINTILLATING CRYSTAL DETECTORS

PrlnC|pIe

Acrystals (Nal Csl) L|qU|ds (Xe Ar, Ne, Can(Eu)) emit Ilght if h|t radiation

Ahght coIIected 0} photo multlpllers (e 15%) or photo- dlodes .
ADE / photon ~ 15 eV | |
Alight gain ~ 2-8 phe/keV | o v ; : Pou
> IR i ; : ﬂ A
(=
(<))
o >
A L
Background rejectlon

- Rdifferent pulse shape (time constant) fors B
nuclear recoil or ‘e, gamma induced events: =~ Time constant

-

Expériments
DAMA/LIBRA, NAIAD, ANAIS (250 kg Nal) KIMS (100 kg Csl),
DM ICE (17 kg Nal) AMORE (Nal) ‘



Residuals (cpd/kg/keV)

DAMA / LIBRA Nal (Gran Sasso) RSRMISNARNS sia

WIMP Wind Vije—
—_—

A250 kg of Nal crystals

A 13 annual cycles show a modulation at 8.9s

Aperiod T=1.00 ° 0.01 y; A= 0.0195 ° 0.003 cts/kg/d/keV
Amodulation at low energies 2-6 keV

Atotal exposure 1.17 ton y

ASignal: Mc ~ 10 - 50 GeV/c% sg~10° pb

R. Bernabei et al.; PLP 24(1998) 195, R. Cerulli, IDM2012
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http://www.lngs.infn.it/lngs/htexts/dama/fotolibra/Crys_all.html

Drukier, Freese, Sy | PRDS6
Freese et ll.l’l(l?&ﬂ“e June

DAMA / LIBRA Nal (Gran Sasso)

WIMP Wind
—_—

VH -

A250 kg of Nal crystals

A 13 annual cycles show a modulation at 8.9s

APeriod T=1.00 ° 0.01 y; A= 0.0195 ° 0.003 cts/kg/d/keV
AModulation at low energies 2-6 keV

ATotal exposure 1.17 ton y

ASignal: Mc ~ 10 - 50 GeV/c% sg~10° pb
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http://www.lngs.infn.it/lngs/htexts/dama/fotolibra/Crys_all.html

DM - ICE (South-pole)

. Expected DM peak (June 2)
ASame deteCtOI‘ as DAMA DAMApeagﬂay2617days)\* rBorexmomuon peak (Jul 6 + 6 days)
T 0.357
AAddressing diff. systematic effects Tl - LVD
L B ' i f
ADifferent background £ 033 LpwhgurT J i
; c | | i
« : \ _ | S 0.321 .
AOppOSIte m magulation s BN BE B U R R
' [ Progressive day in year
‘ ~ 1200 LA T L T " ) RIS |
% Ob;ar\%ed —
& 1100 [ e IceCubga
é 1000 | -
2 i~
2
O 900 EPI o TR (O Ty VT o MBI N RET PRV | Dt ey T e | SRR RO T ooy ot
01/01 03/01 05/01 07/01 09/01 11/01 01/01
2008 2008 2008 2008 2008 2008 2009

A17 kg of Na(Tl) part of NalAD (since 2011)
A2500 m depth in the ice

ANear the center of IceCube for additional veto

AData transmitted by satellite
AAnalysis under way!!

First data: arxiv-1401.4804 ANext 250 kg on Northern hemisph.



GE- IONISATION EXPERIMENTS
Princi.ple:v» |

AHigh purity Ge- ;:rystals (I_.N2 Température)_
ADE / e -ion pa'ir' 3eV

' Alow threshold: 0.5 keV.:
‘AResqutlon 3% @ 10 keV .

-

Background rejection:
Ahigh intrinsic purity | AR Y

Aanti-coincidence veto

Phys. Lett. B, 195 (1987)

LIMITS ON COLD DARK MATTER CANDEJ[’BE

FROM AN ULTRALOW BACKGROUND GERMAI\!o MMV#‘TFR

Counts/0.2 keV

S.P. AHLEN * F.T. AVIGNONE III *, R.L. BRODZINSKI ¢, A.K. DRUKIER " , G. GELMINI *&!
and D.N. SPERGEL "

|
S : : 0.8 kg, 33 kgd
Experiments: IGEX, COSME, CoGEAH'NeCaPSI b s <10 pb
TEXONO, MALBEKE® :




COGENT (SOUDANB)

ASingIe 440 g HPGe crystal

APoint contact electrode: C® low noise

AOptimized for low E, low backg.

AThreshold @ 0.4 keV
M,, = 7 GeV/c? spectrum!

L-shell EC
v

10°
13 ]
3

......................

- ——————————————

counts / 0.05 keV,, 0.33 kg 442 days counts/0.12 keV,, 0.33 kg 442 days

o 2 " 0.5.2.0 keVee BULK
1o ,.g
ok - S arXiv 1401.6234
e ;5 f
100 : Ec 8 + +
| = g 0F SN e
80 . 4 s  m D ey tane
: b :d)l? g 20 ~Za T _ ...,
ook 1 : X N E = 0 . S T POt LT3 (PR
I ! a3l B
of™vIerad b, . g 5 0 200 400 600 800 1000 1200
—_— 1’ ,/"LJ\»‘[\“J\“\/L/U‘\. days since December 3, 2009
20 '
l { gt |
AP :
B e Last 2 years of dataappearf | at t e

oncrg\ (ko\' )



COGENT (SOUDANRB)

ASingIe 440 g HPGe crystal

APoint contact electrode: C® low noise
AOptimized for low E, low backg.
AThreshold @ 0.4 keV,,

GO T L 1 1

P B

M,, = 7 GeV/c? spectrum! 30

3 0], LRl EC | 3 g, 6] 105

2 i \ﬂ'ﬂ’/

2L Wliis [lalls | 20 h

-39 3
&§'10 | BRREH T e T 310 "= . . =aat Vv 1
E - CREE i~ 8 P 2011: DAMA like modulatiot "~
= QACDMS-IIGE - it DAMA - ] S Y T
2. 40 (201) VNl o (2013) -4uc=) : l ! !
310 h e S Saa 31073
& X S O ; @ ¢ LIRS B T DRl R TR A AT 2
2 -~ e ] @ 0.5-2.0 keVee BULK
3 T . T, i o 7
= an41 L SuperCDMS o ST R W . -5 0 ] ]
10 (2018) . e 1107 ¢ arXiv 1401.6234
% ’.~..‘-‘\ '...: \\:‘ - -:‘A\__ CRESST : % + +
Soaa2 | b NN, e s i
?10 ?‘ “‘; """""" '~ " & \\ ,,,,,, —g 10 n.-
Q- CDMS-IIGe ] s
= ;
S PN R (2010) =

43 i N —— | *%%eas,, -7

10 7 ¢ XENON100 (2013\. e '}10 » 200 400 600 800 1000 1200
LUX (2013) ; days since December 3, 2009
-44 1 ] ] ] ] ] ] -8
10 g 4 5 6 7 8 910 20 300

WIMP mass [GeV/c?]

AR PR AN W

st 2 years of data seem flatter



SUPERHEATED LIQUIDS

Principle:
ABulgble chamber technique Py,

AE,, ~ 1 keV for nuclear recoils P,

Atull efficiency for nucl. recoils ] >
. - . 2l

Background rejection:

AdE/deragg - discriminates recoil nuclei fr('g e, m

Agamma rejection better than 10%° at E,,.= 5 keV

An rejected by multiple scattering

Experiments: b
ASIMPLE, MOSCAB, PICASSO + COUPP = PICO



http://hepweb.rl.ac.uk/ppUKpics/images/POW/1998/980211a.jpg

PICASSO 1 PICO at SNOLA

10 0 CF3| (various) ] I Low hackground data
N . a0+ Low background signal region |
10 8 *CFSI fit AmEBe neutron source
. Hon “ CaFé3 ('varlous) or
> 10 & e __G.F, fit go b
8107 all
<] . anl
o g Preliminary
10 ~ ¢
ant
107'% 20t
—11 nor
10 2 6 8 10 12 0 o
Threshold (keV) -1 -0.5 0 05 In(.;P) 15 2 Z5 3
Excelleng- discrimination Acoustica - recoil discrimination

2ESC35Y

2.7 kg C4F10 e _ }
PICASSO PICO 2L COUPBKO PICO 250

talks by A. Robinson, C. Jackson, C. Amole, R. Podviyanuk, P. Mitra, M. Laurin



Probability

PICASSO |

PICO at SNOLAB

Low background data
Low background signal region |

AmBe neutron source

10 CF | (various)
108 L CF | fit
. " CaFé3 (various)
10 ¢ _ C_F_fit
107 36
10
g Prelimi
10 ¢
- .37
107'% 10
~11 -
10 : ; i
2 4 it

5D proton cross section per nucleon[cmz]

2.7 kg C4F10
PICASSO

—
= .

—
= .

-~
o

>~
-

2ESC35Y

PICC2L

10
\WINP mass GeWc

> 3000KGEE |

COUPP 60

PICQ250

talks by A. Robinson, C. Jackson, C. Amole, R. Podviyanuk, P. Mitra, M. Laurin



LIQUID NOBLE GASES

. Principle
: .ASingIe phase: LXe,LNe, LAr - Asc_i‘ntillation .
ADual phase liquid /gas = - scintillation + jonisation

A Background rejectlon

: Apulse shape dlscrlmmatlon / smgle phase ~

AXe +Xe recomblnatlon el g(Sl) 10 1 nuclear eIectron

Adouble/phase part of e- drifted into gas phase
Asec. lon. in strong field (10kV/cm) - delayed scint. gd. s

' 23 Single Double
Advantages:- i
phase phase
Alarge mass —
; B S ZEPLIN I, ’
: A|al‘ge A i ’ XMASS XENON'

LUX

WARP/
DarkSide,
ArDM

Aself shielding
e _ _ DEAP,
Amultiple n scatters ‘ CLEAN
ARe-purification

AGood particle ID SIGN

proportiona

Gas Xe

WIMP

=
|

drift ime

drift tme



—— 2x10° 511 keVy's
—o— 219 AmBe events

Events/bin
—
=)
[

-
53 w
IIHII| T T TTTTI T

DEAP 3600 (SNOLAB)

ADetects scintillation light in LAr at 85K :
AThreshold ~ 60 keV, B .

AExcited dimers of Ar’, in singlet/ triplet states L “ im
ADifferent lifetimes and S/T fraction depending on ionisation e

ADesigned for 10°PSD and 0.2 bkgd. /ton-year

prompt

- | A3600 kg LAr, 1000 kg fid.
e W 7 " e AB0cm light guides
““““““ L ENSET T AN, = A253 P MT & §5% coverage
‘ AResurfaced in situ (Rn)
AVessel inside 1 nm TPB WLS

| ADetector in 8m water shield

i

Installation under way

- talks by A. Hallin, J. Bonat, P. Pasuthip



Under assembly
A 360 kg LAr
h i A 39Ar spike
— S a7 & A Later LNe

VA e




XENON 100 (Gran Sasso)

A30 cm drift x 30 cm A TPC
A162 kg LXe (A=131)
A241 16 P MT

ALXe veto around

AKr: 19 ppt
S1[PE]
5 10 15 20 25 30
2012 Results : ] ' IR & IR
4 E -l . 1o E.n '. .l
AFid. Vol. 34 kg 224 days e N T L N IR T R ﬁei"‘. A
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LUX at SURF (HOMESTAKE)

A300kg LXe

ATwo phase detector

AZ- position from S1-S2 timing

A3D imaging (mm resolution)

AGamma,n background red. By self
shielding

ABeta - gamma rejection > 99.5%
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CRYOGENIC EXPERIMENTS

«  WIMP

- Principle:

ACrystals (Al,Os, Ge, Si, TeozfaWO4 at sev. mK
AParticle interaction produces ionisation + phonons (heat)
AEnergy per phonon ~meV - FWHM 4.5 eV @ 6 keV,

ATemperature rise measured by semi/superconducting thermometers

-

Background rejegtion.

Alonization / scintill. light yield depends on recoiling particle

ACompare phonon with ion. / scintill. Signal

ASurface events suppressed by interleaving ion./phonon sensors

APotential for backg. free experiments

. ' Thermal phonons
! I (Heat)
Experiments: : -

~ CDMS, CRESST (scint), ROSEBUD (scint.), CUORE, EDELWEISS,..




A250 g Ge, Si ZIP detectors at 50 mK

A5 towers w. 6 mod. sinceOct . 0
ATotal mass 4.5 kg Ge, 1.1 kg Si
Alonisation + heat + risetime

A mejection > 99.9998 %, 99.75 for b s
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ALuke Neganov amplification - E,, <170 eV
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Dan Baner - Fermilab A0.6 kg sensitivity < 4 GeV

- talks by W. Rau, W. Page



A250 g Ge, Si ZIP detectors at 50 mK
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Light Yield

CRESST Il (Gran Sasso)

A300 g crystals of CawO,

o YO YOS PR e W

tungsten TES Silicon

light channel / light
‘ absorber

Z
e i e
. . scintillating %
ATransition edge sensors @10 mK target Z §

APhonon (energy) + light signal

A3 different targets - M,, ~ 12, 25, 50 GeV/c?

s r -

1
S L2 o . - ."O
SRR 3 w

| " | L | L | |

A PO [ A
20 40 60 80 100 120 140

Energy [keVl

C. Strandhagen, IDM 2012 ; arXiv 1109.07020:

crystal

(Cawo,) /\N\w; WA

%4, | scintillating
-4

and
/ reflective
tungsten TES

housing
phonon channel
Results: TR P W S

A8 Modules - 730 kgd

A67 accepted events
ATwo solutions:

M1: 25.3 GeV/c? s, =1.6x10°%pb @ 4.7 s
M2: 11.6 GeV/c? s, =3.7x105pb @ 4.7 s

‘ Light WIMP or Background?
2012: M1<25s M2 <1.9s

- talk by P. Nadeu
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CRESST Il (Gran Sasso)

A300 g crystals of CawO,
ATransition edge sensors @10 mK

APhonon (energy) + light signal

WIMP mass [GeV/c?]

A3 different targets - M,,~ 12, 25, 50 GeV/c?
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' absorber

scintillating
target /
crystal
4 \N\W\

tungsten TES /

phonon channel
WOREN W RN N R

730 kgd

scintillating
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., =3.7x105pb @ 4.7 s

Light WIMP or Background?
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M1l<25s M2 <1.9s

talk by P. Nadeu



CURRENT STATERININDEPENDENSECTOR
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CAN THESE RESULTS BE MADMPATIBLE ?

Proposed sources f onodulathoMAOG s
AAmbient temperature variation

Amflux depends on atm. temperatugeforessure

A Spal |l at ifommitwsinrocko n s

ARnN diffusiomyfreu{ ¥6tks may be varying with time _
Astrophysical effects?

A Bt ©o'blank runs yet ! _ .
Adifferent halo compositions, streams

Detector Effects? Av. andr _ different than expected

AQuenching & channeling (directional R \E
sensitivityin the crystal))
AThreshold effects, PMT noise? =

Due to nature of DM?

ADifferent exp.diff. sensitivities to candidates ol

Alsospin violating DM:

Ae.gif f,=-f,- no Xe effect! sl




DIRECTIONAL WIMP DETECTION

47

Sensors
outside
of active
volume

AStrongday/night modulations
expected
ALowpressuret¢ t / CQBACS

+DRIFTII (140g) MIMAC,NEWAGE,
DMTPC

DMTPC:Nuclearrecoil track



SUMMARY SPINNDEPENDENSECTOR

- Talk by S. Oser



