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Outline of Lectures at Astroteilchenschule

Part 1
 Evidence for Dark Matter

« WIMP Dark Matter
 Accelerator Searches
 Indirect Searches
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Outline of Lectures at Astroteilchenschule

Part 2

* Direct Detection Technique
- Kinematics
- Energy Spectrum

- Astro, Nuclear, Particle Physics Inputs
* Experimental backgrounds

* Detector techniques:
- Noble liquids
- Cryogenic germanium
- Cryogenic scintillating crystals
- Superheated liquids
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Outline of Lectures at Astroteilchenschule

Part 3

« Signals (?)
- DAMA / LIBRA annual modulation
- CoGeNT
- CRESST-II

 and Limits
- CDMS-II
- EDELWEISS-II
- COUPP
- XENON100

 Future
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Kinematics of DM Direct Detection

» Elastic scattering of WIMP y with a nucleus of M Vg,
mass m_(given by atomic mass A). 6 m. v
" N . CM ST S—
- Measure energy E_ of recoiling nucleus: system MV wWiMP O

2 V2 m,m,
E. (1—cos0,y,)E SE, cos’ 8,
(m +mN

My =rE, o
(m, +m,\,)2 m
1/2

E

R, max_

m., E,,

2u2
» Useful abbreviations:

» reduced mass: 4 = (mX mN)/(mX +m )

m <m:yd—m

m >m g —m

vV, . =

min

» kinematic factor r =4 (m m,)/(m, +m)* =4 p?/ (mX m,)

« Example:
»m ~ 10 GeV/c?, m =135 GeV/c®

»v ~230km/s, B =7.7e-4
> EX =29.4keV, E; . = 7.5keV

min. velocity to produce
a signal above threshold

m =mgp= mX/2

Laboratory short:v=v,
system m, V'

Kinematic Factor r

001 0.10 1.00 10.00100.00
Mass Ratio mp,, / m,



WIMP Dark Matter Direct Detection

 Scattering of WIMPs ¥ off of nuclei A.
» elastic or inelastic?

iN_i ~/AN2 iN- ? =
» spin-independent (~A?) or spin-dependent” g . — Xe (A=131)
« Differential rate per unit detector mass: g (E=5 keVF) _ Gen=7y)
2 8 evts(100-kg/year Ar (A=40)
( t) E ok (Eui=15 keVr)
O Vesc o -
dR — P9 e gy rep WU ey &
dE 2 mX M et 74 E
—(v+v,(t))
f(v,t)ocexp ( g( ) 10%F
20,
~ - 4 2 = - | P EPETIPTE IEFEIT BTN IR B A W
> mx 10 -10% GeVic?, 1 (mx mN)/(mx * mN) 1070 10 20 30 40 50 60 70 80
SV~ 230 km/S Recoil Energy [keVTr]
X :303_
» “Standard” spherical halo: -
Featureless recoil spectrum <E> ~ O(10 keV) il sola_[_gs.te_n? .
> p,/m, : local number density of WIMPs s T T —
" DM hal
» p, ~ 0.3 GeV/cZ/cm3, p/m, < 10/L o B ="
3 77 ~—-_ disk + bulge

» 0 scattering cross section per nucleus.

100 =/

Typical rate < 102 events / kg / day

- Klypin, Zhao, Somerville, astro-ph/0110390

Q b 10 15 20
R{kpc)
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Astrophysics Input



Structure of our Milky*'Way Galaxy

bulge

—— ._ disk with spiral arms

M81 Spiral Galaxy. NASA/HST

Edge-on (artist's) view of the Milky Way

Sun’s . - bulge
- disk location . ~ " halo
' » 1,000 light-years
R 2
28,000, light-years > globular
b " .. . clusters
< 100,000 light-years — - >
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Stellar Orbits in the Galaxy

Halo stars travel high' above and far below

the disk on orbits with random orientations. -
e S " Bulge stars also have

orbits with random
.- Ofientations.

“Solar .Syétem:
Disk staés*orbft?n *  ~15 pc above the galactic plane

circles with the same * REIIRLE '
orientation, except for . : - .+ ~8.0 kpc from the Galactic Center

a little up-and-down motion.

Pearson Education
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Halo Models

Considering the standard halo model, an o 1 (U + T )2
isothermal sphere, the WIMP velocity f{ﬁf:'f} —-ferr gva7g EXP | —— —
distribution in the lab frame is: {mﬂ Lo ZJ;
" ', : Sun’s velocity
{ 0, = vy/V/2 : dispersion
v : circular speed at Solar radius  vg = 220 km/s
But the Halo can be:
- ellipsoidal, triaxial (change f(v)), (co)-rotating
- anisotropic, ...
The distribution of mass in the
halo can be described by the plr) 0,
. - = 2
Navarro-Frenk-White profile: Perit (/T X1 +1/ry)
I's scale radius 1H2
with the critical density Perit = 31
i W

Oc is a dimensionless parameter



Expected DM Halo Distribution — Spatial

» Average density may be described by
NFW formula

e Lumpiness:

» Numerical simulations do not resolve
scales tested by direct detection
experiments

» Baryonic matter dominates over DM within

the galactic disk.
Result: subhalo structures should be

smoothed out within the disk.

=10%E
E F~
-5-_‘-! = b
= T l Source region
I’ E
a F
2 __ Background region
10°E )
g — Einasto
o e
= -~ Isothermal
1 E— 'w\
1D-1 il il L1
10 107 107 1 10
r [kpe]

Log p/10"M, kpc-?

plr) 0,
Perit g (r/rs)(l + r/r.s)z

goocl gege e gy s Plseges grewgn g Sl g praganage S e cgnop g

2 3
Log radius/kpc
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Expected DM Halo Distribution — Velocity

Ag-A-1 7

0 150 300 450 600
v [km s™]



Annual Modulation

ber

dRi { dft

) 14+ A{Egr) cos alt)|

dEg - \AEg

where off) = 2w(f = 4)/T, T = 1 year and #y ~ 150 days.



Particle Physics Input



WIMP Scattering Cross Sections

Example: SUSY (but direct searches are sensitive to other models as well)
« Compute cross sections y — quark and y — gluon with various SUSY models.
Large parameter space, constrained by accelerator and direct search

experiments, and cosmology.
» spin-independent: coupling to mass of nucleus. Coherence = go A?

» spin-dependent: coupling of spins of nucleus and neutralino
interaction with paired nucleons in the same energy state cancel

=> no A? enhancement

E\/}E X - quark (S, scalar)

P
 Distribution of nucleons within nucleus: nuclear form factor.
» SI: Large nuclei gain ~A? at small momentum transfer, but lose at higher momentum

transfer due to coherence loss.

£ X v - quark (SD, axial)

q



Cross Section for WIMP-Nucleon Scattering
Spin-Dependent

32 . mme  J.+1y )
o= 26T Tt(, ()0 (s)
T (m,+my) Jy '



Spin-dependent vs. Spin-Independent
Scattering in the CMSSM

—=Na0

3
B3 QG ~ddN0D :

neutralino-nucleon SD cross section [cm?]

neutralino-nucleon SI cross section [cm?]

18



Nuclear Physics Input



Cross Section for WIMP-Nucleon Scattering,
Nuclear Form Factor

Scalar (spin-independent) scattering

N

At zero momentum transfer:

[pr+04—Z)QFJ

4u2

TT

o =

m, m,

reduced mass p =
m, + my

f,, f

»» I, o scattering amplitudes protons, neutrons

coherent

scattering

m, <my:u~m
m >>my,:u~m

131 /
7 Xe /
o£e '

3"

E, = q%/2M; [keV]

0 50 100

150

200

At finite momentum transfer:
Form factor:

Fourier transform of nuclear density

=J o (r)

3/, (qRy)|
(g R1)

r)exp

F(E,)=

_>_>

]dr
h

exp [—(gs)’]

2

Momentum transfer: g =+'s m,, E,
J4 - first spherical Bessel function

/ po(r)p1(r — v')d>z’

R,=VR:-5s° Helms form factor
R ~12fm A3 basedon:
o~ 1.
s~1fm
p(r) =
volume
33
po(r) = 4 ¥
0
1
)= (2ﬂ32}%



dR/dE, [1/kg/day/keV]

O_ Vesc
R _ 2% ey [ el gy
dE 2 m, p? VoV
Recoil Spectrum (v +v, ()P
f(v,t)cexp >
20,
. ﬁ -
* For standard halo model approximate spectral 3 ¢ 18 s 100 kgl — Xe (A=131)
form: 2 [k Eeskew Ge (A=73)
° - 8 evts/100-kg/year |~ Ar (A=40)
dlcy dEg /i 4 . E -
10°F
* Including form factors: i T T T W
0 10 20 30 40 50 60 70 80
Recoil Energy [keVr]
_1""""'|""""'| """"" | P T R e T _2""""'l """"" L L O ER S B L O T & 5 B el o W T
= Mp=10GeV/c5 1
| Mp=100GeV/c
Mp=1000GeV/c | B \ :
10 Mp = 100GeV/c -
= o = 1x10"¥cm?
1 =
131x e target 3 1074 i
o= 1x10"%3cm? 1 2
g | s I
{ 3
5
107 131 |
i o | 73%e
| N = L gelE— . B, TN
0 50 100 150 200 0 50 100 150 200
E, [keV] E, [keV]



Detector Effects:
Smearing of the Threshold, Efficiencies

1 e
& os}f e Sy :
w -
S 04E >4
E R Bl Efficiency -
0 :::::::::|:::::::h:1:|:l::1:65(::%::\:f:f::é::|:r:“::::::n_:;té::::'2:|_i\,.'3:1::::::,:::::::::
D= eV/c, o =1x10""cm*, "~ Xe
3 Detected Spectrum
5x10
>
2
=
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3>
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Backgrounds in Direct DM Search

Cross-sections are very small: <10 cm? or 107 pb (spin-independent)
Without background, sensitivity «c (mass x exposure time)
With background subtraction o« (M t) 2

until limited by systematics. : N
Backgrounds: - d F FapoeeaNUSL Homonie i
Gamma-rays & beta decays: - :
~100 events/kg/day 1 s
Need very good 3 and y background — 10° 2 Soutam™ =
discrimination. E &/
Shielding: low-activity lead, water, noble T - AR
liquids (active), liquid N, ... > '3 3
2 B
Neutrons from (a, n) and spontaneous g
fission (concrete, rock, etc.): £ o* Homestake %, paksan  E
~ 1 event/kg/day (LNGS) 5 (Ghlorne) "8 Mont Blanc |
Neutron moderator (polyethylene, =
paraffin, ...) DE_?  Sudoury
Neutrons from CR muons: 1 \ [
Rate depending on depth. 10" | L
M-veto, n-veto, shielding 5878 4 2 R T

a decays from Rn daughters, ... Depth [meAte;é \i/viétér'éduivalent]



Backgrounds in Direct DM Search

— 'I"'.'.'-I.""-I'-I- SR :'n-w i1
4 — TWIN4 SOLO (0.9 kg=dov) (TP Pb & Rn)
1O | — TWING SOLO (39.60 kg—day) (less TP) |
— TWINJ DBD (147.6 kg-day)
1o
: » Ge spectrum unshielded
= underground
;F:*m:
B
=
= 10"
.
= 10°
o
T
10 - r,r hh i'
o H m | | |+ Ge spectrum underground with Pb
T ” | ,,m | shield and purge for Rn

Energy [keV]



DM Detector Overview
Detection Principles

Bubble Formation Tracking
COUPP, PICASSO, Drift, DM-TPC,
SIMPLE MIMAC, NIT
lonization
CoGeNT
CDMS-Il, Super-CDMS LAr: WARP, ArDM
Edelweiss-2 LXe: XENON, LUX, Zeplin

4 3

-
CRESST-II, Scintillation

(Phonons ) ¢qm  SRESSTAL ¢ | SciBtIalO
EURECA KIMS, XMASS,

- DEAP/CLEAN )




DEAP/CLEAN §
PICASSO

PANDAX

Techniques:
Cryogenic (Ge, Si etc.)
Solid Scintillator (Nal, Csl)
Noble Liquids (LXe, LAr)

ZEPLIN

DRIFT

CRESST

WARP
XENON
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