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Further Reading

- Classic Papers on specific calculations
- Lewin, Smith, Astroparticle Physics 6 (1996) 87-112
- Kurylov and Kamionkowski, Physical Review D 69, 063503 (2004)

- G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996)
195-373, arXiv:hep-ph /9506380

- Books/Special Editions that Overview the Topic of Dark Matter

- Bertone, Particle Dark Matter Observations, Models and Searches,
Cambridge University Press, 2010. ISBN 978-0-521-76368-4

- Physics of the Dark Universe, vol 1, issues 1-2, Nov. 2012 (http://
www.journals.elsevier.com / physics-of-the-dark-universe/ )
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Evidence of Existance
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Gravitational Lensing

Evidence of the existence of dark matter comes from it’s
gravitational effects.
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Particle Nature e

- Observations of the Bullet
Cluster in the optical and x-ray
fields combined with
gravitational lensing provide
compelling evidence that the
dark matter is particles.

- Gravitational lensing tells us
mass location
- No dark matter = lensing

strongest near gas Clowe et al.,Ap}, 648, 109 blue = lensing
- Dark matter = lensing red = erays

strongest near stars
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Cosmic Pie
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Measurements from CMB + supernovae
+ LSS indicate that ~ a quarter of our
Universe is composed of dark matter.
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What Could

ark Matter Be?
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Motivated Candidate

Weakly Interacting
Massive Particles

. - New stable, massive particle produced

thermally in early universe

-
T O o s m e

- Weak-scale cross-section gives observed

T . relic density

WMAP 0.095 < Qh® < 0.129

~

III'II
10 100

x=m/T (time -)
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Direct Detection Rates

Assume that the dark matter is not only gravitationally interacting (WIMP).

WIMP Target Nucleus WIMP

from galactic halo in laboratory Elastic collision

v~220 km/s v~0 km/s | Or
Er~30 keVr

- Elastic scatter of a WIMP off a nucleus
- Imparts a small amount of energy in a recoiling nucleus
- Can occur via spin-dependent or spin-independent channels
- Need to distinguish this event from the overwhelming number of
background events
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Event Rate: Simplified WIMP

The differential event rate for simplified WIMP interaction is given

by:
event rate

|
dR

dER

/

recoil energy

If we integrate

total
event rate

|

RO e—ER/E()?“

log 24
5 4En

A

kinematic

most probable factor

incident energy

AM, My
(Mx + MN)2

* dR
/ ——dERr = Ry
0

dEr
and

<ER>:/
0

dR
Er—dEr = FE
RdER R or
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Event Rate Calculat1on

Let's plug in some numbers and see What we get
Mx = My = 100 GeV /2

The resulting kinematic factor is
AIM My 4(100)(100)
(My +My)? (100 + 100)2

T =

For a WIMP with velocity 220 km /s

B=v/c~073x103

Recoil Energy is then given by

1 GeV
Er = Eor = =M, 3*c* = 5(100 > )(0.73 x 107 3)%¢?

ER =27 keV
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Event Rate

The differential event rate:

. : : ~ . ~
[counts kg1 day-!]—> (dru = differential rate unit) | need input from
. WIMP-nucleon scattering astr OthSlCS,
local Wli\'/ﬂ) density Cross section particle thSiCS and
|
7 .
iR - P _ nuclear physics
=D (o) g (v, Er)do
dFE R o mym v dE R R Minimum WIMP velocity
X Umin which can cause a recoil of

L energy Er.
nucleus mass ~ WIMP mass WIMP speed distribution &Y @“’" _ /E;n;N]
7

in detector frame

Elastic scattering happens in the extreme non-relativistic case in the

lab frame
. N o My N
v“(1 — cos —
Er = Hy v ) where My + My
my
reduced mass
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WIMP- Nucleon Interactlon

Event rate is found by mtegratmg over all recoﬂ

Minimum WIMP velocity
which can cause a recoil of
> o > do energy Er
R = / dEg / vf(v)—=——=(v, Eg)dv 8y R
By mymx Jo, dER E N /ERmN]
mn 2“2

The WIMP-nucleon cross section can be separated

SI arise from scalar or
do do do -

_ ( ) | ( ) vector couplings to quarks.
— ST SD
dE R dFE R dFE R

Spin-independent  Spin-dependent

SD arise from axial vector
couplings to quarks.

To calculate add coherently the spin and scalar components:

dO' 1N F(Er) = Form Factor
- — 5 2[O-SIF§[(ER) —|— USDng(ER)] encodesthedependence
dbrp  2p4v

on the momentum transfer

Spin-independent term Spin-dependent term
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4,U2 2 best sensitivit
os1=——[Zfp + (A= 2)ful m“— with high A ~
32'“2 p J +1 2 need a nucleus
osp = —G% [a an@] .
T J with spin
Nucleus | Z | Odd Nucleon | J (Sp) | (Sn) | C4/C) C%/Cy
BF 9 D 1/2 ] 0477 [ -0.004 [ 9.10x10° T | 6.40x1077
| ®Na |11 p 3/2 | 0.248 | 0.020 | 1.37x10°! | 8.89x10~*
S| *TAl |13 p 5/2 | -0.343 | 0.030 | 2.20x10~" | 1.68x10~*
S| ®si |14 n 1/2 | -0.002 | 0.130 | 1.60x10° | 6.76x10 2
NI ®C |17 p 3/2 | -0.083 | 0.004 | 1.53x107% | 3.56x107°
2 FK |19 p 3/2 | -0.180 | 0.050 | 7.20x107% | 5.56x 10~
S| ™Ge |32 n ['9/2] 0.030 | 0.378 | 1.47x107% | 2.33x10~"
S[TWNb | 41 D 9/2 | 0.460 | 0.080 | 3.45x10 1 | 1.04x 102
S| ™Te |52 n 1/2 | 0.001 | 0.287 | 4.00x10°% | 3.29x10°?
R 1271 | 53 p 5/2 | 0.309 | 0.075 | 1.78x10~" | 1.05x10*
Vlif 1¥9Xe | 54 n 1/2 | 0.028 | 0.359 | 3.14x10° | 5.16x10~*
[ BTXe |54 n 3/2 | -0.009 | -0.227 | 1.80x10~% | 1.15x10 !
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Standard Halo Model

- Energy spectrum and rate depend on details of
WIMP distribution in the dark matter halo.

- Local Dark Matter Density

po = p(r = Ry) = 0.3 GeV/cm? /"/

-
-

Dark Matter Halo Solar System

- Speed Distribution - isotropic, Maxwellian Galactic Disk
| |7]?
f(v) = Zmea?p(—f‘g)

where
3
T = Opms = \/;Uo =270km/s and wvg = 220km/s

This corresponds to an isothermal sphere with density profile

P X P2
- Note Particles with speed greater than the local escape speed are not gravitationally bound. The standard

halo extends out to infinite radii and thus the speed distribution in this model must be truncated “by hand™.
We take vesc = 650 km/s.
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Total Event Rate

- Elastic scattering of WIMP (my =100 GeV/c? 0yn=10* cm?)
deposits small amounts of

energy into a recoiling nucleus
(~few 10s of keV)

1.00
- Featureless exponential

spectrum with no obvious peak,
knee, break ...

0.50}

0.10%

- Event rate is very, very low. |
0.05

R(Ethresh)[counts / 10kg / yr]

- Radioactive background of mos |
materials is higher than the 0 10 20 30 40

event rate. Ethresh [ keV]
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Detection Principles

- Various experimental methods exist for measuring such an energy
deposition

- Scintillation in crystals/liquids
- Ionization in crystals/liquids
- Thermal /athermal heating in crystals
- Bubble formation in liquids/ gels
- Easy in principle, hard in practice

- Significant uncertainties /unknowns in estimating DM event rates and
energy spectrum

- Background rates overwhelm the most optimistic DM scattering rates.

- And did I forget to mention - neutrons look just like the DM in our
detectors.
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Looking for a Small Needle in a Very Large Haystack

Somewhere in the Midwest!
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General Detection Principles
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General Detection Principles

g

T

Recolling
electron or nucleus
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General Detection Principles
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Direct Detection Principles

SuperHeated
COUPP, PICASSO

Co6eNT  IONIZATION

~ XENON, LUX,
\" Recoil  parkSide. ZEPLIN

e« Energy

CDMS, Edelweiss

PHONONS
CRESST LIGHT
DAMA/LIBRA, XMASS

DEAP/CLEAN, KIMS
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Detection Principles

,,,,,, ——————

Signal Background
Nuclear Electron
Recoils Recoils

E
@ -0 N
N ~ vic = 0.3

Dense Energy

- Sparse Energy
Deposition

Deposition

July 2013 - Invisibles Summer School - Jodi Cooley 24



Particle Identification

- Scattering from an atomic nucleus leads to
different physical effects than scattering from an
electron in most materials.

- Sensitivity to this effect reduces background.

- Dark Matter is expected to interact with the
nucleus and backgrounds interact with
electrons™.

*CAVEAT: Neutrons interact with the nucleus.
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Neutrons: Unrejected Background

e P s e = ——— = = -

- Neutrons recoil off atomic nuclei Relative Particle Flux at Undeground Laboratories

thus appearing as WIMPs 10° | ® Muon Flux
- WIPP - |
- Neutrons come from | - = Neutron Flux|;
_ Soudan — 5
- Environmental radioactivity oo Kamioka __
- X éBouIby
Slow /low energy E Gran Sasso
- Can be addressed by R
1 g = 10 ¢ .
shielding s |
0 [
- Spallation due to cosmic muons -
: 107} 3
- Fast/energetic = not : - - : _
shieldable | Sudbury
- Must go deep underground 10 — —- —
: 1000 2000 3000 5000 10000
to avoid Laboratory Depth [m.w.e.]
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Minimize Backgrounds
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Active Muon Veto:

rejects events from cosmic rays

* Scintillating panels
+ Water Shield
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Minimize Bac

. l{ (W f‘|

Pb: shielding from Ancient lead

gammas resulting from
radioactivity

Polyethyene:
moderate neutrons
produced from fission decays
and from (&,n) interactions
resulting from U/Th decays

A

SCDMS - Layers of Polyethylene and Lead

Use Passive Shielding
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-

mobile radon extraction unit @ MPIK XENONIT purification loop with large charcoal tower.

Krypton and Radon Mitigation
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Minimize Backgrounds

== — e —— s _ e —— = — - .

http: / /radiopurity.org

Search About
copper o
» EXO (2008) Copper, OFRP, Norddeutsche Affinerie ™ < 2.4 ppt U < 2.9 ppt . x
» EXO (2008) Copper tubing, Metallica SA Th < 2 ppt U < 1.5 ppt x
» ILIAS ROSEBUD Copper, OFHC .. »
» XENONI10O (2011) Copper, Norddeutsche Affinerie Th-228 21() muBg/kg U-238 70() muBa/kg , x
» XENONI10O (2011) Copper, Norddeutsche Affiinerie Th-228 < 0.33 mBa/kg U-238 < 11 mBa/kg x
» EXO (2008) Copper gasket, Serto Th 6.9() ppt U 12.6() ppt , x
» EXO (2008) Copper wire, McMaster-Carr Th < 77 ppt U < 270 ppt - x

Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

Use Clean Materials
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All Hope is Not Loss
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If Our Needle 1s VERY BIG!
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Signals

=

- As we have seen, the recoil rate is energy dependent due
to the kinematics of elastic scattering and the WIMP speed
distribution.

- In addition, the recoil rate is time- and direction-
dependent due to the motion of Earth w.r.t. the galactic
rest frame.

- Variations can happen in the
- Energy spectrum
- Event rate

- Recoil direction
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Signals: Energy Dependence

For the standard halo model, we can write the differential event rate as:

dR dR . —FEp
~ (S )oF 2 (Er)eap(—2)
dEp —dEg ¢ R T Ge (red) -
\ event rate in ; -
limit E -->0 —
Characteristic energy scale given by: S
parameter that §
/ depends on target %
C12 v <
B, = Q2N
mn m2 0 20 40 60 80 100
m, << my — E. oc —% Fe (el
MmN Total recoil rate is prop to
my, >>my — B, xmpy WIMP number density
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Signal Modulation

- Baryons travel together in
DM Stars roughly circular orbits with
small velocity dispersion

- Dark matter particles travel
individually with no circular
dependence and large velocity
dispersion

- As a result, the flux of WIMPs
passing through Earth

0 km/s 220 km/s

VG (at out galactic radius)

modulate over the course of a
year as Earth rotates around

December

the sun.
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Signal Modulation: Rate

Assume WIMP Isothermal Halo: ~2% seasonal effect -
need ~1000 events
WIMP ‘wind” = Dec
’ / &
‘galactlc center poc - 5
e~ 220 km /s £
.ﬂﬁne 0 5’3 June
ve=30km/s
E rrrrr |

Since Earth’s orbital speed around the sun is significantly smaller than the
Sun’s circular speed, the amplitude of the modulation is small and can be

written as a Taylor Series.

dR dR

a4

E ~ (E)[l + A(ER) cos a(t)]

where  «a(t) =2n(t —tg)/T and T =1 year, to =150 days
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Signal Modulation: Direction

vg=30 km s
12:00hr

\\" :2() l\nl S !

WIMP wind —

0:00hr
(c/

- A detector at 45 degree latitude will see the dark matter wind
oscillate in direction over the course of a day:.
- This is a sidereal (tied to stars) effect, not diurnal (tied to sun).
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WIMP Exclusion Plots

WIMP parameters experimentally determined by direct detection
searches: My and oy.-n.

WIMPs with / theories
predicting these parameters
experimentally ruled out

Cross-Section

WIMPs with / theories predicting
these parameters possible

Mass
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Direct Detection Searches
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Many Experiments

=

SuperCDMS XENON DM-ICE
EDELWVEISS LUX XMASS
DEAP ANAIS KIMS
MiniCLEAN DarkSide SIMPLE
DRIFT DAMA/LIBRA COUPP
DMTPC PandaX EURECA
MIMIC PICASSO L/
NEWAGE | CDEX-TEXANO MAX

[ will only be able to talk in general about techniques they share.
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General Detection Principles

- Many direct detection experiments have excellent
discrimination between electron recoils (ER) and nuclear
recoils (NR) from the simultaneous measurement of two
types of energy in an event.

- Most backgrounds will produce electron recoils.
- WIMPs and neutrons produce nuclear recoils.
- Need to keep neutrons away from the detectors.

- Despite the excellent discrimination capability of these
detectors, we still want to keep the backgrounds as small as
possible.
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L1qu1d Noble Gases: Detection Mechanism

Xe* 4+ Xe — Xe;

Ex 1 lonization — Xe*
Xe; — 2Xe+ hv
+Xe l
+
Excitation Xez
\T/ +& l Xet +Xe — XeJ
* x Xe; +e — Xe** + Xe
Xe E Xe '+Xe
Xe™ — Xe* + heat
+Xe
Xe* 4+ Xe — Xe;
Xe2 Wavelength depends on gas:
‘LLL' y_r‘JhV N: 78 nm, Ar: 128 nm, Xe: 178 nm Xe; — 2Xe+ hv
triplet 2Xe 2Xe singlet Excitation/lonization depends on dE/dx!

= discrimination of signal (WIMPs — NR)

Time constants depend on gas and (most of the) background (gammas — ER)!

(Ne: few ns/15.4us, Ar: 10ns/1.5us, Xe: 3/27 ns)
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o
» C : /
Diatomi o 4
iatomic
Molecule ™\ ¢ © o
Nucleus s Me
WIMP
ArgonJ \ |
Atom 0

Single Phase Liquid Noble Experiments

DEAP, XMASS, MiniCLEAN
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- Early singlet state and

delayed triplet state.
- The triplet state is

highly suppressed for

nuclear recoils.

Singlet | Triplet
Ne |<182ns| 149 Us
Ar /ns 1.6 Us
Xe | 43 ns 22 Us

PMT pulse {V}

PMT pulse {V}

L
2 &

&

.15

0.2

125

0.3

.35

0.4

Pulse Shape Analysis

Wmmwmwwmw T

Electronic recoil
(22Na calibration)

tine {ns)

Nuclear Recoil
(AmBe calibration)

10

Triplet state highly suppressed!

10° time {ns)

July 2013 - Invisibles Summer School - Jodi Cooley

44



DEAP - Pulse Shape Discrimination

- Discriminate with ratio of prompt light (Fprompt) to total light.

- Reject beta and gamma backgrounds with less than 108 leakage.

10° E
= m —— 1.7x 107 y-ray events
5 L— HH”H L
:g 10 = W %  —— 100 nuclear recoil events
O -
=10t E : 5
2 E i :
S | HH bl
. 3 =— HH H
o 10 E ; -
~ — " ®
z n y H
q 2 | EH E
O 107 E F '
aa - k. .
10 - I ﬁﬂr 000000
Lo i o :
= T M.G. Boulay et al. arXiv:0904.2930 IH ;
:IIII|IIII|IIII|IIII|IIII|IIII|II[+'++|IIII|IIII|II_J.II
0 0.1 0.2 0.3 04 0.5 0.8 0.9 1
Fprompt
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DEAP - Pulse Shape Discrimination

- Discrimination between background and signal

comes from pulse shape.

- Excited atoms decay to ground state through
formation of single or triplet excimer states which

have different decay times.

Integrated S1 signal (t = 40 us)

300 —
- (a) e-like event, F = 0.29
250 —
T E Actual pulse
@ 200 — +fitted sum
S C
(%] = - - - T T T T T T T T T T TN T T T — 7
) — A
& 150 - i
‘l-ou : - EE | !
é 100 — 'o’-' Slow (1.6 ps) EE;
- .’ |
50—  Fameeeemeeiiiooo ®
- Fast (7 ns)
e LW Y

0 -
35 36 37 38 39 40 41 42 43 44 45

Photo-electrons —>»

Integrated S1 signal (t = 40 ps)

140 [—
- (b) ion recoil event, F = 0.74
120
| Actual pulse
100 — + fitted sum
80 | |
80 - Fast (7 ns) <
_ S|
- I
40 :— % i
20— b e, |
C L+=""" Slow(1.6pus)| !
) S I S 2 I N B O 8
35 36 37 38 30 40 41 42 43 44 45

Xiv:0904.2930v1
Tcﬂ' (kevcc) arAi1v \
80100 120 140 160

"y '=;...:0‘m-o-

% 50 100 150 200 250 300 350 %
Number of photoelectrons

- 70% of excimer states
created by nuclear recoils

are singlets

- 30% of excimer states
created by electron recoils

Time (us) Time (us) are triplets
(a) (b)
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EAN Program

DEAP/CL

DEAP-0: picoCLEAN:
Initial R&D detector Initial R&D detector
DEAP-1I: microCLEAN:
7 kg LAr 4 kg LAr or LNe
| 0-44 cm?2 2 warm PMTs 2 cold PMTs
At SNOLab since 2008 surface tests at Yale
MiniCLEAN:
1045 cm2 500 kg LAr or LNe (150 kg fiducial mass)
92 cold PMTs
DEAP-3600: SNOLAB 2013

3600 kg LAr (1000 kg fiducial mass)
266 warm PMTs
SNOLAB 2014

40-140 tonne LNe/LAr Detector:

pp-solar V, supernova V, dark matter <|10-4¢ cm?
~2018?
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- Single phase LXe detector located in
the Kamioka Underground
Observatory, Japan. Construction
finished in late 2010.

- Water tank acts as an active muon
veto.

- Key concept to background
discrimination is “self-shielding”.
Gamma particles are absorbed in the
outer region of the liquid xenon.

- WIMPs and neutrons are evenly
distributed thoughout volume.

- Recent science run revealed
unexpected alpha background from
materials used to support PMTs.

J. Liu TAUP 2011
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Two Phase Experiments

CRESST, EDELWEISS, SuperCDMS,
DarkSide, LUX, PandaX, XENON,
and others.
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B e

( Sensors

N2
s

§ Sensors

Two Phase Detectors

Phonons
Charge Carriers

Photons

Relative fractions
depend on dE/dx
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sponse

[ Phototubes]

Xe

( Phototubes |
[ Electrodes ]

charge

photons “~.

S1 [PE]
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
T T T T T T T T T T T T

-

CRESST,
DarkSide,
Edelweiss, LUX,
SuperCDMS5,

XENON, etc.

. Y,
Ge charge A
phonons - ([
l | vt I
TESS ° - «\.\ ' ‘
TES S
_: X, n P ,/ ° )
CaWwQ, FPhotons - e [
phonons - (> KQ/
TES ] | £\ . / O
Image S. Hertel ; . !
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Dual Phase Time Projection Chambers

; L, DarkSide, PandaX and ~others)

- Interactions in the liquid produce excitation and
ionization.

- Excitation leads to scintillation light emission

- Ionization electrons are drifted with an applied
electric field into the gas phase (S1).

- In the gas phase, electrons are further accelerated
producing proportional scintillation (S2).

- PMTs on the bottom and top of the chamber
record scintillation signals.

- Distribution of S2 give xy coordinates, drift time
gives z coordinates

- Ratio of S2/S1 discriminates electron and nuclear
recoils
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XENON Calibration Data

L
=

=
e
{ |

» »
| T T T T T T T T T T T T T T T T T T T T T T T T T
E RS | e ! ' SR ER calibration data
. "" ., . - + . ': * .
+
+ ta h L .t ++ + + . ‘1.‘: d 'I-‘ 5 .

+* 4

T

60Co and new 232 Th source

<
[
T3

35x science data
NR calibration data

0.4 AmBe source

.. i
"t *
jﬁf‘ et
N m s

b

+° -

*
*
*
'ty T
*
* o4

*y
PR PR LS

(§2 /S1)-ER mean
o

0.6 peginning and end of run

log

08 H

-1.0

+
+

EEmgEsEE .

-IZ?I||||‘1-..|'|+'|+|+||‘|+||+|]4||||+||||*|:|L||||4||||||||||||
’ 3 10 15 20 25 30 35 40 45 50
Energy [keVnr]

2013 Closing in on Dark Matter - E. Pantic

~99.5% ER rejection at 50% NR acceptance.
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XENON 100 RESULTS

[Phys. Rev. Lett. 109, 181391 (2012) J

- 224.6 live days acquired from Feb. 2011 to
Mar. 2012 in fiducial mass 34 kg liquid Xe.

- 2 events observed on a predicted
background of 1.0 £ 0.2 background events

(NR and ER 0.79 + 0.16)
0 1 1 S0 1()«!l 11 1l<u1 200 250
Radius® fom’] - Red shading (below) indicate nuclear
e A o as s recoil region measured by neutrons from
‘1. el 24l AmBe source.
A : s
e h,.‘. ....°\ &.....5 by A .-. '..".. . .4
: ‘l of LA e e S S 2B - Grey dots (above) are events above the
= o, N S pa s o s fa P 2t 22 4 o
3 02 ey 99.75% ER rejection line.
TR L S '
o OB e | . . .
=o-06f I L - WIMP search region is restricted to
< o[ 1 3-20 PE in S1.
-1.0 .
2L NN RO 99.75% ER Rejection Line

Energy [keVnr]

Profile Likelihood Analysis Threshold
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Nuclear recoils are measured through a combination of scintillation
light and ionization. The nuclear recoil energy is related to S1 by

observed
scintillation [PE]
[keVi]

\ E S 1 S e suppression of scintillation

signal from electric field for

nr —
Ly Leff Sr ER and NR events

S~

light yield scintillation efficiency
[PE / keVee] of NR in LXe

Less accounts for the quenching of the scintillation signal for a nuclear
recoil.

I _ Sl(En"“)/EnT‘ 122 v line from
1T = S1(122keV..)/122keV,. 7Co source
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Energy - Continued

The nuclear recoil energy is related to S2 by

observed
scintillation [PE]

!
52 1

[
/ Y Qy (E)
|keVi] T \ number of free electrons

per unit energy

secondary
amplification factor

[pe/e]
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XENON100 Results

- Upper limit at 90% C.L.
on the WIMP-nucleon
Cross section is

WIMP-Nucleon Cross Section [cm?]

XENON100 (2012)
- observed limit (90% CL)
Expected limit of this run:

*+ 1 6 expected

+ 2 ¢ expected

J

2.0 x 10-45 cm? for ;_ COUP? (20\2)
WIMPs of mass - AL e
| — BB —"
55 GeV /2. = "~ J EDELWEISS (201 ?11%2;;';;5*“’&50720“ =
= NN\ T TR —‘C—D S (20101 KENO
- XENON100 continues to —
acquire data! -
10—45 —
— 1 1 11 I 1 1 1 1 1 1 11 I 1 1 1 1 1 1 11
78910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/cz]
4
LPhys. Rev. Lett. 109, 181391 (2012)
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Phonon and Heat Signals

(CRESST EDELWEISS SuperCDMS ROSEBUD)

- Two families of sensors for phonon signal, themal and
athermal

- Thermal sensors - wait for the full thermalization of the
phonons within the bulk of the detector and the sensor
itself

- Temperature increase is equal to the deposited energy
over the heat capacity of the system.

- Two most widely used technologies to measure these signals
are neutron doped germanium sensors (NTD) and transition
edge sensors (TES)
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- NTDs are small Ge semiconductor
crystals that have been exposed to a
neutron flux to make a large, controlled
density of impurity.

- NTD measures small temperature
variations relative to To which is set to
be on the transition from
superconducting and resistance regime
with dependence of the resistance with
temperature T

exp(—\/Tio)

- Resistance is continuously measured by
flowing current through it and measuring
the resulting voltage.

- Sensors are glued onto detector.

lonization Al electrodes ~ 100 nm

center channel

( « ) amorphous Ge
o or Si~60 nm

lonization

(gtiard channel)

Heat
channel

Schematic “Ge-NTD”
EDELWEISS-II detector
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ZIP detector schemat1c from CDMS IT

Al Collection Fin Trapping region
Quasiparticles transport
energy to the TES ]
o o 0 \o Hot TES

TES -

electrons

\\ COOper pairs

\é thermal phonon R

Interaction site
Ge Absorber

- TES is a thin superconducting film operated near its T..

- A heater with an electothermal feedback system maintains
temperature at superconducting edge.

- Temperature changes are detected by a change in the feedback current,
collected by a SQUID.
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- Ionization yield (ionization 15 | |
I : : ¢ 133 a Bu ammas |
energy per unit phonon ] e s |
energy) depends strongly on ?

particle type.

- Most backgrounds produce

Ionization Yield

electron recoils

- WIMPs and neutrons 0 20 10 60 30 100

produce nuclear recoils Recoil Energy (keV)

- Excellent yield-based discrimination for electron recoils:
< 10*mis-id probability

- Surface events suffer reduced ionization yield
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Energy

The total energy (phonon) is given by

recoil energy
[keVi]

Eiot = By + 6VbNQ

total energy Neganov-Luke
Phonons

“Luke” phonons are created when charge carriers are drifted

across the crystal.

where Vp, = bias Voltage ( = 3.0 V for CDMS Ge detectors)

and the average number of electron hole pairs produced by an
interaction

Er epsilon = average energy
N Q= — to create an e /hole pair
€ (3.0 Vin Ge)
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Energy - Electron Recoil

Assuming that an event is an ER, the recoil energy in [keVee] can be
expresses as --

E.(p:) = pr —eVpNg = py

total phonon Luke €EGe=3.0eV

energy energy

Recall, that ionization yield is defined as

E;
Y= i (Ei = E: for ER events)
(A
Thus, we can write
4 p )
— . t  recoil ener
ET — Pt — ET * ET o E [keVee] v
\§ J

*A good reference is David Moore’s thesis, Chapters 3 and 4 http:/ /thesis.library.caltech.edu /7043 /
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Energy - Nuclear Recoil

Assuming that an event is a NR, a smaller correction for the Luke

phonons is applied.

The mean ionization energy for nuclear recoils (ugnr(pt)) is
determined using calibration data from a %>*Cf source.

E.(pt) =pt — po.Nr(pt)

/ total phonon  Luke
[keVi] energy energy
where
_ B
IU’Q,N R — AET

Note: Due to the low ionization yield for low energy NR (~15% of total energy), any error
due to uncertainties in the measurement of ionization yield is reduced by the same factor.

*A good reference is David Moore’s thesis, Chapters 3 and 4 http:/ /thesis.library.caltech.edu /7043 /
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Ionization energy vs recoil energy assuming NR scale consistent
with Luke phonon contributions for NR.

r N
12 . . s | constant “true” energy

T ECETTTTTLTERRPRTPEREPRRILY £ - | **¥'| |— mean NR (%2Cf)

w - o POTY ¢

S 3 _ mean of ER (133Ba)

2 N J

< 8 |

>

=1y

s 6

5 E.

= 4 y — _/L

= _

E ;':" E/r'

N

= 2 :

S :

2 5 10 15 20
Recoil energy for nuclear recoils (keVnr)

- ER recoils are pushed to higher energies using the NR scale.
- Example - 10.4 keVee ER line appears at ~16 keV
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sSummary

ey e e e p—— 2 = =

- The Luke correction for ER is larger than for NR.

- This effect results the ionization yield difference
between ER and NR events.

- The ionization yield of a 50 keV nuclear recoil will
lower than that of a 50 keV electron recoil by a factor

of ~3.

- The energy dependence of ionization yield is
described well by the Lindhard theory for stopping

power of ions in matter.
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Charge Carrier Back Diffusion

~10 pum

“dead layer”
carrier back diffusion

rapid phonon
down-conversion

-Reduced charge yield is due to carrier back diffusion in
surface events.

- “Dead layer” is within ~10um of the surface.
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Background Discrimination: Pulse Shape

[A Surface events rejected based on pulse shape

R297, Bulk and Surface events sensor D
157
Surfdce(Er 22keV Y=0.5)
Surface(Er = 22keV, Yield=0.7)
Bulk (Er = 120keV, Y=1)
—— Bulk (Er = 22keV, Y= 1)
é ” Bulk |
Su rface
0.5} f
f
ol
0 20 40 60 80 100
Time [us]

T
1
:
©2.7584

Counts

_--_1-1J ,Iﬂﬂll- I[TTIH:

10 15 20 29 30 35 40

Delay + RiseTime [ps]

Phonons near surface travel
faster, resulting in shorter
risetimes of phonon pulse.

Selection criteria set to accept
~0.5 background events.

July 2013 - Invisibles Summer School - Jodi Cooley

68




30

Normalized Yield

. 133’Ba Bulk Gammas

13"?’Ba Surface Events

+
o

-20

-10 0 10
Normalized Timing Parameter (us)

\_

20

COMBINED ELECTRON RECOIL
MIS-ID PROBABILITY: < 10%
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CDMS II - Recent Analysis

- 30 detectors installed and operated in
Soudan from June 2006 - March 2009.

- ~4.75 kg Ge, ~1.1 kg Si

- Seven Total Data Runs

- R123- R124 (Oct. 2006 - July 2007)
- 55.9 kg-days in 6 Si detectors

(

\_

- R125 - R128 (July 2007 - Sep. 2008)
- 140.23 kg-days in 8 Si detectors

~

J

- R129 (Nov. 2008 - Mar. 2009)

T1 T2 T3 T4 75
21 B G "m| |EmS14 Tm ENS{7 | EESi2Tm| | G7 .
22 G111 | | S28 . T G2s . B G37 "N | | G366 .
23 B GS " | G13 = B S30 "N| |Ew S10 " | | S29 "N
Z4 B S3 mm| | S25 Tm EG33 | |EG3s E | G2 m
Z5 B gy = B G31 . B G32 = B G34 "m| | G39
26 B S1 . B S26 . G229 ". B G388 ™| | G24 &=
—  S—  ——— —— —
Side View
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Results: CDMS

25" P mar
20 . ST
- ".......... ..:.
E, 157 g ..o: o o
> Y T °:':’ o
° 10 Pl e oo
C_B 57 o. ° ° o, :
£ '
2 0 e
_5 i .\"-\\_‘ ]
% 2 0 > 2 a4 6 \
Normalized Timing

Observed 3 events.

IT Silicon Detectors

- Shades of blue indicate
three separate timing cut
energy ranges.

-7-20 keV
-20-30 keV
-30-100 keV

- Background Estimate

- < 0.13 neutrons from
Cosmogenics &
Radiogenics

- 0.4170 2 (stat. ) To55 (syst.)

- < 0.08 206Pb recoils
from 219Pb decays

July 2013 - Invisibles Summer School - Jodi Cooley 71



CDMS II Results

e ————

- A profile likelihood analysis favors a
WIMP+background hypothesis over

the known background estimate as the
source of our signal at the 99.81% C.L.

(~30, p-value: 0.19%)

- Does not rise to level of discovery, but
does call for further investigation.

(O CRESST-II (2012)

() DAMA/LIBRA (2008)

—- XENON100 (2012)

—- XENON10 S2 (2013)

—— EDELWEISS Low-threshold (2012)
--- CDMS II Ge (2010)

--- CDMS II Ge Low—threshold (2011)
------ 90% Upper Limit

|=—= 90% Upper Limit CDMS II Si Combined|
® Best fit,
@ 68% C.L.,
O 90% C.L.,

- The maximum likelihood occurs at a
WIMP mass of 8.6 GeV /c2 and WIMP-
nucleon cross section of 1.9 x 1041,

WIMP—nucleon cross section [cm?]

[

<
W
\O

[

<
N
@)

[E—
|

N

(S

[
-
ds

—
S
N

10~42 7<L<\¢ BN N e, :‘ 106
\o g
8225\\
10—43 | L \ | (? \\\\\ | | 10—7
5 6 7 80910 15 20 30 40 50

WIMP Mass [GeV/c?]

WIMP—nucleon cross section [pb]
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- Currently operating 5 towers of of |
advanced iZIP detectors (~9 kg Ge) in o
the existing cryostat at the Soudan -
Underground Laboratory.

10

EDELWEISS |

-‘/

- After 3 years of operation, expected to
improve sensitivity to spin-independent

-43 |

—
=

SI WIMP-nucleon cross-section (cm )

WIMP-nucleon interactions by a factor W suercoa MW \ (M
of ~10 over existing CDMS II results. L e |
]
-4(5E 2 > -~._.- |

100 1000

2
WIMP Mass (GeVie )

Installation complete Nov. 8, 2011.
Operating with final detector
settings since Mar. 2012.
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SCDMS iZIPs: Charge Signal

Bulk Events:
Equal but opposite ionization
signal appears on both sides of
detector (symmetric)

Surface Events:

Jonization signal appears on one
detector side (asymmetric)

B e S o
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SCDMS iZIPs: Charge Signal

— S e — e

Bulk Events:
Equal but opposite ionization

® bulk events (y)
@ surface events (y +e) | %

signal appears on both sides of
detector (symmetric)
Surface Events:

Ionization signal appears on one

Side 2 Charge (keV)
= 8 & & &8 & 3

<
T

80F

10

20

0 4 S0 0 70 80 %
Side 1 Charge (keV)
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SuperCDMS 210Pb Test

Two 210Pb sources were deployed with the detectors to test surface rejection

capabilities of the new iZIP detectors.

( e Bulk electron recoils
Y

@® Failing Charge Symmetry Selection .
Bulk nuclear recoils

1.2 —r—— ® Passing Charge Symmetry Selection 1.2
Y. — _.25 Nuclear Recoil Yield Selection . k. Surface events
1t 1 - oo : 3‘0
T L T,
) L. "
~ 0.8 [ 0.8} °
c c
S 0.6f O 0.6 ’
© ©
T 0.4} = 0.4f
2 ) -‘ """"""" 2
0.2} ey ’w‘ P 0.2}
% 20 0 __ 60 80 100 S o5 0 05
Recoil Energy [keV] lonization: (Slde 1- Slde 2)/Total
- 71,525 (38,178) electrons and 16,258 (7,007) - ~50% fiducial volume (8-115 keVr)

206Pb recoil surface event collected from 219Pb
source in 905.5 (683.8) live hours

- In ~800 live hours 0 events leaking into the
signal region (< 1.7 x 10> @90% C.L. misID)

- <0.6 events in 0.3 ton-years

- Good enough for a 200 kg experiment run for 4
years at SNOLAB!
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SuperCDMS:

Phonon Signal

)I

Surface Event: side summed pulses (Pr~25keV) Bulk NR Event: side summed pulses (Pr~25keV)
50 ! . . 25 ! . ;
— 82(-z) — S2(-z)
S1(+z) S1(+z)

40+ “— 20F . . 7
= S 25 keV nuclear recoil event in bulk
) 25 keV electron event near top surface =
Y
g i S 1)
= £
go 20 '%D 10+
z i a
] &
8 101 1 [ O 5
CD : i f[ | lf 1 i A U)

U T, ,
i
0 jff ol |
_10 | | | 5 | | |
0 ' time (HS) 1000 1500 0 50 time (HS) 1000 1500

- Phonon timing pulse information still possible.
- Surface electron vs bulk nuclear recoil event discrimination

- PULSE SHAPE HAS NOT YET BEEN USED! (It’s not needed.)
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Low Mass Projections

SuperCDMS @ Soudan
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CRESST

- Cryogenic CaWOQq crystals are
instrumented to readout phonon energy
and scintillation.

reflecting
«— Scintillating
housing

— W thermometer

- operated at ~10 mK

light detector

™ Light absorber

- each crystal ~ 300 g

— CaWOQ, target

- Located in Laboratori Nazionali del
Gran Sasso, Italy

phonon detector

- W thermometer

- Discrimination between ER and NR
events via light yield (light/phonon

energy)

- Signal expected to produce nuclear

Light Yield

recoils

- Dominant background from
radioactivity produces electron recoils.

T T
40 60
Energy [keV]
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CRESST-II Data An

- Net exposure: 730 kg-day (July 2009 -
March 2011) from 8 detector modules.

- Observed 67 events in acceptance
region (orange).

- Analysis used a maximum likelihood in
which 2 regions favored a WIMP signal
in addition to predict background.

- M1 is global best fit (4.7 0)
- M2 slightly disfavored (4.2 o)

- Excess events can not be explained by
known backgrounds

- Large background contribution

Light Yield

alysis

*
e
! “ * Rg :§

o

=0

1 I 1 1 I 1
60 80 100

0 20 40 120 140
Energy [keV]
M1 M2
e/y events 8.00+0.05 8.00+0.05
a events 11.5%¢ 11.255
neutron events 7.5 9.7:%!
Pb recoils 15.077 18727
signal events 29.4%7° 24.2%%)
m, [GeV | 25.3 11.6
Oy [pb] 1.6:10° 3.7-10°
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- Next data run (2012) aims to
reduce background, increase
detector mass.

- Alphas - new clamping
design and material

- Detector assembly in a
radon free environment

- New detector design to
discriminate ?%I’0 recoils

- Add additional shielding to
reduce neutron background

CRESST Plans

—_——— e ————— _

WIMP-nucleon cross section [pb]

i - CoGeNT _

2 pmm CRESST 1o
----- | =9 CRESST 2o

{ = — CRESST 2009
; - EDELWEISS-II
| —— CDMS-II

i = — XENON100

: DAMA chan.

DAMA

-

10

— . —
WIMP mass [GeV]

- Currently cooling the cryostat which contains 18 detector modules!
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[onization Only Experiments

CoGeNT, TEXANO, IGEX and others
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- Location: Soudan Underground

iy

= = Laboratory, Minnesota, USA
8 - 440 g HPGe ionization
« spectrometer

M

SESERRRRRRNNAR; RRNRRNARDRNNY

| G i 2| ) - Data collection from Dec. 4, 2009 -
L= | B v 3 Mar. 6, 2011 (442 live days)

.
—— s
p—— “I“E CoGeNT at
id Ni Soudan Underground Labora

- Data collection interrupted due to
fire.

- Data collection resumed July
2011.
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CoGeNT

- First claim of excess in 2010.

- Reject surface events using
risetime cut (2011).

- Peaks due to cosmogenic
activation of Ge

- After subtraction of known
background, an exponential
excess of events remains

- Fits to a variety of light-WIMP
masses and couplings shown in
inset of lower figure.
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Annual Modulation Experiments

DAMA, KIMS, DM-ICE
and others (CoGeNT, CDMS I, etc.)
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Nal and CsI Scintillator

e ——— —
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DAMA /LIBRA

- DAMA

- 100 kg Nal array operated
from 1996 - 2002 in
Laboratori Nazionali del
Gran Sasso.

- Measures scintillation from
particle interactions in
detectors.

- No discrimination between nuclear and electron
recoils

- Positive results reported in 1998.

- LIBRA

- 250 kg array operating since 2003 with first results S5 \ |
in 2008. S
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DAMA /LIBRA

()

D&\IA/I\aI 100kg —> | | <—— DAMA/LIBRA =250 kg —>
(029 tonxw 1/ (0 87 tonxw r) ' L
0.04 | ‘

0.02 }%%‘{

0 B/ KR TN ANT AN TN N N N L I R g o
SRS USRS AN ORI NG TR S N

-0.02 EH 1 I il 1 TRl
004 E %%‘ i K}

-0.06 F
—0.08 B 00 b b e
—0.1 = Y N : S | Py L I t by i by h Ll P I
1000 2000 3000 4000 5000

Time (day)

0.03
0.06

J.|.J.Ll.l-LJ.Li.I.lJ.l.JH.

Residuals (cpd/kg/keV)

- Modulation has been observed over 13 cycles.
- Significance is 8.90.

- Signal is observed only in lowest energy bin.
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- Direct comparison to DAMA annual

modulation signal using CsI(T1) crystals g (())-.(()):é Amplitude
- Pulse shape discrimination also possible %’ 0.02 + + +
- S 0.01f + +

- 12 crystals (104.4 kg) installed o 03“ + l ‘ i
- Data taking from Sept 2009 - Feb. 2012 T o1 + ++¥ T
- Pulse shape discrimination excludes -0-02;‘

DAMA /LIBRA - PRL 108, 181301 (2012) 0.03f

_0-04"‘.]...1...1...l.‘.l‘..l‘.‘l...l...

- No annual modulation is observed. 2 4 6 6 101214 16 18 20

Energy[keV]

Mineral Oil (30cm) & Muon de

ethylene (5cm)
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Directional Experiments

DMTPC, DRIFT, MIMAC, NEWAGTE,
and others
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- 10 L prototype underground at
WIPP in Carlsbad, NM, USA

- Filled with CF, gas to probe the
WIMP-PF spin-dependent cross-
section

- Dark matter is identified by
directional signal.

- In additional, electron recoils
can be identified by their low
ionization density (i.e. stopping
power).
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SuperHeated Gas/Gel Experiments

COUPP, PICASSQO, SIMPLE and others
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Particle Detection in Bubble Chambers

— —

10,

o , f 2 e
- A bubble chamber is filled with : 5 o 0
T —— = -t-_-_.,_--n.,-.-_.-.--:‘.?{}.,.- .....................................
a superheated fluid in a e 2P0 L ymti _—
= | a-recq|___,..---" .
metastable state. = e
> L
D Sl L e
. . . . 10°F e e Bt R g
- A particle interaction with ; L
.. LS, i == e
energy deposition greater than U e |
Ew in a radius < r. results in an FeloCtiof™ ! E
expanding bubble. | : ~ CF,, T=40°C
10QY -l R [ il O T T N - ol N A N
10° 10 10° 10° 10*
- A smaller or more diffuse energy (keV)

energy deposition will result in
a bubble that immediately
collapses.

- You can “tune” the chamber to
make bubbles for nuclear recoils
and not for electron interactions.
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- Superheated fluid CFsl
- F for spin-dependent interactions
- I for spin-independent interactions
- Target can be swapped out

- Bubbles are observed by two cameras
and piezo-acoustic sensors

- Better than 1010 rejection of electron
recoils

- Alphas can be a concern. However,
they can be rejected by acoustic
discrimination.
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- Alphas deposit their energy over 10s of microns.

- Nuclear recoils deposit their energy over 10s of millimeters

- Alpha particles are louder than nuclear recoils. This can be measured by
piezoelectric sensors.

Observable bubble “mm
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COUPP Results

WIMP Mass (GeV/)
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Where are we going?
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Where Are We Going?
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WIMP—-nucleon cross section [cm*]
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Further Reading

- Classic Papers on specific calculations
- Lewin, Smith, Astroparticle Physics 6 (1996) 87-112
- Kurylov and Kamionkowski, Physical Review D 69, 063503 (2004)

- G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996)
195-373, arXiv:hep-ph /9506380

- Books/Special Editions that Overview the Topic of Dark Matter

- Bertone, Particle Dark Matter Observations, Models and Searches,
Cambridge University Press, 2010. ISBN 978-0-521-76368-4

- Physics of the Dark Universe, vol 1, issues 1-2, Nov. 2012 (http://
www.journals.elsevier.com / physics-of-the-dark-universe/ )
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