Dark Matter,

Low-Background
Physics




1. Evidence (Astrophysical Detection)
2. Candidates, Properties

3. Direct Detection (Particle Physics)




1st Observation: 1930s
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Virial Theorem: kinetic energy « potential energy
implies 400x more mass than visible!




Confirmation: 1980s

implies 100x more mass
than visible!

Vera Rubin

Rotation velocity v(r) of
spiral galaxies

(M. Kamionkowski, astro-ph/9809214)

NGC 6503
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GALAXY EVOLUTION

FIRST STARS

FORMATION OF

THE SOLAR SYSTEM
8,700,000,000 YEARS
AFTER BIG BANG

Now

13,700,000,000 YEARS
AFTER BIG BANG
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CMB Acoustic Spectrum

CMB “Baryometer” Baryon Acoustic Oscillations
From W. Wu (Chicago) Angular scale
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Baryons compress photon-baryon plasma at recombination,

photons exert pressure, competition gives rise to pressure wave
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End of

electroweak

3 unification
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lines =
predicted
light element
abundances
vs. baryon
density

boxes =
observed
abundances
(1, 2 sigma)

vertical band =
CMB measure
of baryon
density

(PDQ)
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0.0456 £ 0.0016
0.227 £ 0.014
0.728 = 0.015 .

E. Komatsu et al., Astrophys.
J. Suppl 192 (2011) 18

Dark Matter is ~23 % of the universe.




Dark Matter
Candidates

strong
e.m.
weak
Interaction
strengths
gravity

fuzzy COM

1

Masses

7
Q-ball
"4

WIMPs :
neutralino
KK photon

branon
LTP 2

neutrinos

wimpzilla

4 axino
SuperWIMPs :

l gravitino
KK graviton
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AXIons

ADMX Achieved and Projected Sensitivity
Cavity Frequency (GHz)
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WIMP Number Density
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WIMP Mass Range

Fig. 7.11 Variation of the closure parameter
with WIMP mass. assuming conventional
weak  coupling. The shaded region,
corresponding to £2 = 0.1 — 1. 1s that in which
the contribution to the closure parameter
from massive neutrinos or WIMPs must
ltie, thus excluding the range of masses
100 eV-3 GeV. Accelerator experiments
suggest that WIMPs must have masses
exceeding M7 /2=45GeV, otherwise Z
bosons could decay into WIMP-antitWIMP
pairs. However, for masses which are
large compared with the Z boson mass, the
weak cross-section falls rapidly because of
propagator effects, so that WIMPs in the

J

\ 'l

|. f
TeV mass range are possible dark matter
candidates, depending on the precise values
of the WIMP coupling.

\ f
. J

| \ D. H. Perkins, Particle Astrophysics (2004)
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Neutralino interactions

* Production
— Accelerators such as LHC
— Searches for missing E+

lowe tqypr

« Annihilation
— into fermion pairs, photons, ... / ..“,W..’.’.,T"* u«m-s
\

gemma cp

’ —~® va m— "
Leptons ‘w
\

 Elastic interaction ,_Q Amm-
v e Sepersymmetric
— Spin-independent, ¢ ~ A? neutrokines -
— Spin-dependent, ¢ ~ J/(J+1)
— Direct searches with terrestrial detectors

— Indirect searches (FERMI, AMS,...)

energy lransfemed appears in
wake' of recoling nucleus




WIMP-Nucleon Scattering Event Rate

"’_'

Spin Independent:
X scatters coherently off of

the entire nucleus A: o~AZ2
D. Z. freedman, PRD 9, 1389 (1974)

Spin Dependent:

only unpaired nucleons contribute
to scattering amplitude: o~ J(J+1)

2
kinematics: v/c ~ [ E-3/ %

os; = 1E-44 cm? 1




Direct Detection Experiments
Signal: XN =>xN’

Backgrounds:
nN=nN’
Ye—>ye'
N=> N+ &, e
VN=>VN
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Backgrounds

In dark matter experiments...

Anything else that does this
can fake a dark matter signal!

photon
10,000 scattering
events background

radon
10,000 decay
events background

neutron
1,000 scattering
events background

neutrino
100 scattering
events background

1 event smallest dark matter
scattering signal?



EM Backgrounds
(D. McKinsey)
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Geiger counter Sodium 1odide crystal Germanium

Gamma ray interaction rate is proportional to
(# of electrons in detector) x (gamma ray flux)

Typical count rate = 100 events/s/kg = 10,000,000 events/day/kg
in a good lead shield, rate drops to 100 events/day/kg

Best dark matter detectors: sensitive to 0.01 events/day/kg
(0~1E-44 cm?)



U and Th Decay Backgrounds

can't shield a detector from U and Th inside, recoiling progeny and
associated betas can fake nuclear recoils

- _ RADON-222
@ 222 i 3.8 days )
- 221
b=
g 220 alpha
= 5.48 Mev
£ 219 POLONIUM-218
g 218 — { 3 minutes )
E 217 shont-lived
2 218 racdon progeny
T 90 ey { principal hazard
g 215 to uranium workers )
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£ 213
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w
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S 208 alpha
o 5.30 Mev
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ATOMIC NUMBER { number of protons in the nucleus )



Neutron Backgrounds

v v
N*

D.-M. Mei, A. Hime, PRD73:053004 (2006)

LI

eg. Study for CDMS-II Detectorg
Cosmic muons )

spall neutrons:
~10* neutrons/
(100 GeV W)/
gm/cm?
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V Backgrounds

can’t shield a detector from
coherent elastic scattering of
solar neutrinos

(D(BS) = 5.86 x 10® cm2 s-!

# Over Threshold / Ton-Year / keV
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100 events/ton-year =
~ 104 cm? [imit

unless you measure
the direction!

JM, P. Fisher, PRD76:033007 (2007)



Backgrounds

photon
10,000 scattering
events background

radon
10,000 decay
events background

the best

experiments
neutron

are here 1,000 scattering
events background

neutrino
100 scattering
events background

1 event smallest dark matter
scattering signal?

lllil- Jocelyn Monroe October 13, 2012



CDMS

Phonon side: 4 quadrants of phonon
sensors for energy & position (timing)

Charge side: 2 concentric electrodes
(inner & outer) energy (& veto)

37 (7.6

(material thanks to E. Figuroa)

Transition Edge Sensors, operated at ~40 mK on Ge
and Si crystals, in Soudan

arXiv:0907.1438v1
arXiv:0912.3592v1

Detector re-design a la
EDELWEISS to reduce )
surface backgrounds x10* b SULTUBGNN®

EDELWEISS FID - 133Ba calibration (411663



Xenon100

Two-Phase liquid Xenon TPC, .
yroportional®
operated in LNGS ’ F

Gas Xe

..

- ..
N N
1

Ll | ' l"' ‘ ‘ Liquid Xe
X

Ol L

(E. Aprile)

arXiv:
1104.2549v2

cay

“S2”: primary scintillation

“S1”: amplified, drifted
ionization signal

both read out with PMTs

(S2/S1)-ER mean

log

Energy [keVnr]




Experimental Procedure

1. using calibration data,

define background /

electronic recoils
and signal regions

i

log (ionization/scintillation)

2. using calibration data,
define a region

with zero expected
background events

nuclear recoils

nuclear recoil energy

(any events in the blind region are signal candidates)



Experimental Procedure

theorist:

experimentalist:



The Low Background Frontier

limit, excludes this region

Dark Matter
Direct Detection
Parameter Space
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10
/ WIMP Mass (GeV/c?)
Complementary with High-Energy Frontier

1 event/
kg/day

1 event/
(_1 00 kg/day

1 event/
<€ 100 kg/
100 days

need 100-1000
dark matter events
to measure mass,
Cross section

New Techniques for Backgrounds




Spin-Independent Cross Section: Latest Experiment Results

E. Aprile et al., arXiv:1207.5988

XENONI100 (2012)
— observed limit (90% CL)
Expected limit of this run:

+ |1 ¢ expected

+ 2 ¢ expected

\ '?\: it “ A 1 event/
XENONI0 (201 | kg/day

\\‘\

1 event/
100 kg/day
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tonne-scale detectors likely required for discovery




Spin-Independent Cross Section: Latest Theory Results

O. Buchmuller et al., arXiv:1207.7315

10°
mgo[GeV]
Figure 17. The | m\-:l».fwil) planes in the CMSSM (left panel) and the NUHM1 (right panel). The Ax? =
2.30(5.99) contours, corresponding to the 68(95)% CL are coloured red (blue). The solid (dashed) lines
are for global fits to the LHCs;m,, BR(Bs — p"p~) and new XENON100 (LHC);p,) data, and the

r"u?'?‘t"-*'].’l.'.’lll(f”l}] bf.“.\‘f'fl.f Puén!s are indicated by solid ."'t.’pt’fn J green stars.

CAVEAT: many more exotic models (Asymmetric DM, Dark Forces Models,

Magnetic Inelastic DM, Sterile Nus + Freeze-In, Isospin-Violating DM, Emergent
DM and L# models




103 is alotof O

10-2¢ cm?: O(neutron-A elastic scattering)

10-28 cm?: Oo(total inelastic pp at TeVatron)

O 10-3> cm?: O(gg = H) at LHC (Standard Model)
s
@)
o
[© 10-3% cm?: O(single top) at TeVatron
B 10-40 cm?: O(V QE) at MINOS
Z
10-4> cm?: o(v-€ Elastic) for solar Vv

O (DM coherent scattering)? 10-48 cm?



DAMA/Libra

56 days

10+

counts / 0.125 keV 0.33 kg
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dark matter?

backgrounds?
arXiv:1109.2589
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dark matter? local astrophysics?




Annual Modulation

WIMP Wind
R

June-December event rate
asymmetry ~2-10%

Drukier, Freese, Spergel,
Phys. Rev. D33:3495 (1986)

Eur. Phys. J. C56:333-355 (2008)

v e DAMA/Nal (0,29 tonxyr) —————> ' December
(target mass = 87.3 kg)

—V

DAMA/Libra
positive result,
>80, inconsistent

Residuals (cpd/kg/keV)

with many expts

CoGeNT

(dashed
7 line)

CoGeNT modulation

result, 2.80, ~consistent

yrin DaMA Libra DAMA
. Collar, , o ViR
arXiv:1106.0650v1 L (solid line)

400 500

Events/30 days

Days Since Dec 3, 2009



Annual Modulation

WIMP Wind
R

June-December event rate
asymmetry ~2-10%

Drukier, Freese, Spergel,
Phys. Rev. D33:3495 (1986)

—V

Eur. Phys. J. C56:333-355 (2008)

" [e——————DAMA/NaI (0;29 tonxyr) ————> : December
(target mass = 87.3 kg)

DAMA/Libra
positive result,
>80, inconsistent

Residuals (cpd/kg/keV)

with many expts

BUT...
CDMS modulation search

not consistent with CoGeNT

or DAMA/Libra (98.3% CL)
arXiv:1203.1309

CDMS
(solid points)

Rate [kg day keVor]™

200 400
Days Smce Jan. 1st



Directional Detection

The Dark Matter Wind “blows” from Cygnus

+ search for a dark matter source

Simulated
Dark Matter
Sky Map 130

simulated reconstructed dark matter _
sky map: search for anisotro .
Y P Py -90 astro-ph/0609115

L R |

P O Recoil RatelE>20ke Vg day s
. > I
Unambiguous proof:

Correlation of WIMP-induced nuclear recoil signal with galactic motion



Directional Detection

Daily direction modulation:
asymmetry ~ 20-100%
in forward-backward

event rate.
Spergel, Phys. Rev. D36:1353 (1988)




MIMAC-He3: ILL/Modane (FR)

D. Santos, et al., J. Phys. Conf. Ser. 65, 021012 (2007)

NEWAGE: in Kamioka (JP),

first directional dark matter limit!
K. Miuchi, et al., Phys.Lett.B654:58-64 (2007)

DMTPC: in WIPP (US)
CCD readout
D. Dujmic, et al., NIM A 584:337 (2008)




Spin-Dependent Cross Section: Latest Experiment Results

limit
(Kamioka)
K. Miuchi et al.,

Phys.Lett.B686:11-17
(2010)

directional
searches

DRIFT
sensitivity,
Astropart.Phys.

DMTPC limit 25 (2012) 397

(surface, 38 gm-day)

S. Ahlen et al.,
Phys. Lett. B 695 (2011)

10°
WIMP mass (GeV)

Theory region:
Rozkowski et al JHEP 07 (2007) 075
Ellis et al PRD63 (2001) 065016



Spin-Dependent Cross Section: Latest Experiment Results

l[imit

(Kamioka)

K. Miuchi et al.,
Phys.Lett.B686:11-17

(2010)

DMTPC limit
(surface, 38 gm-day)

S. Ahlen et al.,

Phys. Lett. B 695 (2011)

Theory region:

1072

1034

10°%°

108

100

Rozkowski et al JHEP 07 (2007) 075

Ellis et al PRD63 (2001) 065016

\_/

DMTPC 10L surface

cMSSM theor
10°

WIMP mass (GeV)

directional
searches

DRIFT
sensitivity,
Astropart.Phys.
25 (2012) 397

1D results

courpp
PRL.T06, 021303
(2011)

arXiv:1106.3014
PICASSO
arXiv:1202.1240



Spin-Dependent Cross Section: Latest Experiment Results

limit _ \_—/
(Kamioka)

K. Miuchi et al.,
Phys.Lett.B686:11-17
(2010)

DMTPC limit
(surface, 38 gm-day)

S. Ahlen et al.,
Phys. Lett. B 695 (2011)

' 1w

1m? at WIPP
(DMTPCino)
projected
sensitivity

Theory region:
Rozkowski et al JHEP 07 (2007) 075
Ellis et al PRD63 (2001) 065016

DMTPC 10L surface

1
l,'IHHlIIHHIlIIIIuI|IuI|\HI.IHhIHIlIﬂhIﬂkl

cMSSM theor
10?

WIMP mass (GeV)

directional
searches

DRIFT
sensitivity,
Astropart.Phys.
25 (2012) 397

1D results

courpp
PRL.T06, 021303
(2011)

arXiv:1106.3014
PICASSO
arXiv:1202.1240



Global SI Dark Matter Programme, Sensitivity Reach

DEAP-3600

_ LUX

EDELWEISS Il

f f miniCLEAN
Proposed | XM ASS
B Being designed COU PP-60
f SuperCDMS-10

Under construction/in operation

B Current results ZEPL

ted

§|§
FN
e

AN

comp

NV

107 10 1 10 10?
Spin-independent sensitivity (x10™° cm?)

results: 2012

NB: projected sensitivities (all except green) assume zero background.
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Setting a Limit

1. The theoretical dark matter interaction rate is:

dR  [c1Ry o —cER Er = nuclear recoil energy,
dEg Eyr P Eyr Eo = dark matter particle energy

2. Experiments measure:

o = [(22) (2220 [ xposr

Op = G()FZ(ER,A)IC, F?(Eg,A) = nuclear form factor, I. = A?

3. vary 64 until (90% of the time) theory predicts observed rate

4. Normalize to oy _py to compare limits:

(1)’
Ow_nN = <—> (_> o\ u = Mp Miarget
A A (mD + mtarget)

lllil- Jocelyn Monroe October 31, 2007




... in the Presence of Background

step 3: vary 64 until (90% of the time)
theory predicts observed maximum
gap between background events

S. Yellin, Phys. Rev. D66:032005 (2002)

dN/JE = Expected Event Number per Unit E

Yellin gap method: a way to make a “zero-background” measurement
over a restricted range of an experiment’s acceptance (zero signal too)

Illil- Jocelyn Monroe October 31, 2007



Savage et al.,
arXiv:0808.3607

SI vs. SD

o = Og] t+ I8,

/

T0,81 = 4“ [pr (A - Z_)fn]2 -

2
& ,
dps] — O pSI( ) .-”12
Hp

a = o0y |F(.E‘)|2 (nuclear form factor)

32u°G%
2J +1

O'SD((]) [ap ppt q) + apan \pncqt —l-a San (@ )] .

Many of the parameters that factor into the expected recoil rates for a scattering detector
are unknown, including the WIMP mass, four WIMP-nucleon couplings (SI and SD cou-
plings to each of protons and neutrons), the local WIMP density, and the WIMP wvelocity
distribution in the halo. In this paper, we shall fix the halo model to the SHM and the local
density to 0.3 GeV/em®. In addition, we shall take f, = f, (equal SI couplings) so that
there are only three independent scattering couplings; the SI coupling will be given in terms
of the SI scattering cross-section off the proton, o, 5. The parameter space we examine will
then consist of the four parameters m, o, 51, a,. and a,,.

!EIHS etal., Nuclear physics uncertainties are important!
arXiv:0808.3607



Scale Parameters

Table 5.2 Energy density and scale parameters for different regimes

Dominant regime  Equation of state Energy density  Scale parameter
L N :
Radiation P =

- poxX R o R «
b
..-.’ \ ) /
Matter P = ( 2 ) pPe= X

m— poxX R o1+

Vacuum P

. ‘“(._

0 constant




SNTA Data
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- (OQmw)
= (0.3, - 1.0)

(0.3.-2.0)

Empty 1

Fig. 7.13 Hubble plot from Type Ia
supernovae at low and high redshafts, after
Clocchiatti et al. (2006). The upper panel
shows the measured values of the distance
modulus (or logarithm of the luminosity
distance) plotted against redshift. The lower
panel shows the difference in magnitude as
comparced with the value expected for an
empty universe. For averaged values, see

Fig. 7.14.

Fig. 7.14 Differential Hubble plot from Type
[a supernovae, after Riess er al. (2004),
The experimental points represent averages
over several supernovae. An emply universe
(2 =1, Q,=8,=0) is represented by
the horizontal dotted line. A fiat, matter-
dominated (so-called Einstein—de Sitter)

umiverse (£2,, = 1. 24 =82 =0) 15 shown
by the solid curve: while the dashed curve
represents their best fit, with 2, =0.27
' . y—
0S5 - -
0on L eepte S ... —— —Q-—_-_--~-?‘N‘a~—“‘ ................ .
| Q=10 i
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