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Dark Matter Candidates

What do you need?
Generated in early universe
Non-relativistic at the time structure formation began
To explain connection between CMB power spectrum and LSS today
Weakly- or non-interacting with normal matter
To avoid prior detection
Cold or warm today

To avoid washing out small-scale structure today

The old paradigm

Favored because natural from particle physics perspective:

sterile neutrinos (Kusenko -- this morning), axions, weakly interacting massive particles
(WIMPs) esp. SUSY WIMPs

Reasonably well motivated but unpopular or too esoteric

superWIMPs (gravitinos, axinos, etc.), light scalars from string theory,
non-perturbative field configurations (Q-balls), ...

Ad hoc: developed to solve DM problem rather than by other particle physics

primordial black holes, superheavy dark matter (VWIMPzillas, strangelets, quark nuggets), ...
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Axions

Particle-Physics Motivation Cosmology

G. Raffelt

CP conservation in QCD by

Peccei-Quinn mechanism
— Axions a ~ n© ]
mnfn = mafa

Y

For fa >>fle axions are "invisible”
and very light

In spite of small mass, axions
are born non-relativistically
(*non-thermal relics”)

—> Cold dark matter
candidate

Cosmic
m, ~ 1-1000 peVv

String

Search for Axion Dark Matter

Microwave resonator
(1 GHz = 4 peV)

e Y

Primakoff
conversion

Bext
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BICEP2+ constrains axion mass:

Visinelli and Gondolo (arXiv: 1403.4594):
ma = (71 £ 2) peV (a4 4 1)8/7

adec = (mass density due to decays of
axionic topological defects)/
(mass density due to initial vacuum
misalignment)

~0.1-200 (?)
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Axions: Definitively
Testable

10° 1012 [GeV] f,

meV peV

Cosmologically interesting:
provides appropriate {pm,

a= 1 peVto | meV
maybe ~100 peV

Experiments

Hot dark matter limits
(a=s-ceunling)

]

Globular clusters

. , .
Microwave cavity _2--coupling)

conversion
| GHz =4 peV:use

Too man

Too much
events energy loss

SN 1987A (a-N-coupling)

after G. Raffelt

high-Q tunable cavity in
high B field; when fo = mq, excess power

10?
. . , 10°
Detection: RF amplifier + Fourier
transform power spectrum,
(excited Rydberg atom photodetection)

Can cover ~| peV to 100 ueV;
cavities become too small > 100 peV

gay(GeV-)

Good prospects for covering full QCD
axion range (KSVZ to DFSZ) up to
|00 peV with near-term dev’ts,
perhaps to higher mass

10
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The Classic WIMP Scenario

AWIMP y is like a massive neutrino: produced when T >> mj via pair annihilation/
creation. Reaction maintains thermal equilibrium.

If interaction rates high enough, comoving density drops as exp(—m,/T) as T drops
below ms : annihilation continues, production becomes suppressed.

But, weakly interacting — will
“freeze out” before total annihilation if

canonical Kolb and Turner
freeze-out plot

n 0.01 2 T T T T T T T T T ”5

H > Pann ~ X 0.001 -.

<O‘ann ’U> 0.0001 1

10 g freeze out 1

i.e., if annihilation too slow to keep il .
T . ) "é’ 10 | Increasing <o,v> 1
up with Hubble expansion g 10

A F E

. 10 N T~e—. o _____ =

Leaves a relic abundance: 8 puf 3
E 10-" ¢ .E

0 ( HO ) ~ 10_27 Cm3 S—l 2 Tl e ittt -|
X ~ ap E
100 km/s/Mpc (Tann V) ¢, g ;: ¢/ :
Eyouf 0 \TTTmeeeemeeeeoeos

for m, = O(100 GeV) Sl
— if my and Oann determined by 107

. . 10718 1

new weak-scale physics, then (), is O() .}
1o-=°E el bl i

1 10 100 1000
x=m/T (time -)
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LHC Tests of Constrained Minimal Supersymmetry
tan[3=30, A0='2.5.nl0,' M>0

Assume CMSSM: P
. .. |ISaliowe
Constrained Minimal because

Supersymmetric Standard Model LSP is
. ' charged

Very narrow blue strips:

LSP relic density matches
DM density

Green: BR(b = s ) too large

Mmh = 125.9 + 0.4 GeV

gy — 2 deviation from SM
explained by SUSY

Purple line: lower limit on parameter
space due to absence of missing
transverse energy events at LHC

Green line: BR(Bs = u*u™) provides

lower limit on parameters space 100 1000 1500

Black lines: Various Higgs mass values my,, (GeV)

Changes in tan S and Ay affect mn = reduced compatibility with relic density

Very limited parameter space where LSP relic density can match DM density, complies with
excluded regions, and provides acceptable Higgs mass. Cannot explain g, — 2.
Can release assumptions about SUSY (e.g. non-universal Higgs mass) at cost in elegance.
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Shifting Paradigms: Beyond Supersymmetric Dark Matter
|

R-parity NMSSM
MSSM violating

Supersymmetry

[

\/

Dark Photon
Light \

Force Carriers

R-parity
Conserving

Extra Dimensions

‘namical

Warped Extra
Dimensions

Little Higgs

QCD Axions

Axion-like Particles
Littlest Higgs

DaMaSC 2014/04/17 8 Sunil Golwala



Shifting Paradigms: Beyond Supersymmetric Dark Matter
|

R-parity NMSSM
MSSM violating

Supersymmetry

[

\/

Dark Photon
Light \

Force Carriers

R-parity
Conserving

Extra Dimensions

‘namical

Warped Extra
Dimensions

Little Higgs

QCD Axions

Axion-like Particles
Littlest Higgs

DaMaSC 2014/04/17 8 Sunil Golwala



or, perhaps: A Phenomenological Approach to DM

All possible interactions with y need to be mapped out experimentally
using all the tools we have available...

Photons

Anti-matter

Gamma Rays

LEP

Neutrinos
Direct Scattering

ILC?
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Interaction of Dark Matter with Normal Matter

The old paradigm

In NR limit, all interactions reduce to
spin-independent or spin-dependent
couplings of WIMP to quarks

Coherently sum over quarks in nucleon
and nucleons in nucleus to obtain
coupling proportional to A? or J?

Large A and large | provide best sensitivity

Billiard ball scattering of WIMP with
nucleus: search constrains Os) and/or
combinations of Ospp and Ospyn

Scattering with nuclei much higher rate
than scattering with electrons:
signature of WIMPs is nuclear recoils

Form factor describes breakdown
of coherence: momentum transfer
probes structure of larger nuclear
at lower Er than lighter nuclei

DaMaSC 2014/04/17 10

Ax (scalar form factor)
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Recoil Energy [keV]
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Interaction of Dark Matter with Normal Matter

The new paradigm X nuc}eon \
IN Nuclevs

AL’?{”‘~ \ P~ IO.'

NR limit not ok for nucleons!

®
Fitzpatrick, Haxton, Katz, Lubbers, ﬁN‘O.Z’
Xu 201 3:

Generic effective theory

y

H. Nelson
Need to consider proton neutron
A A
much larger 718, 7 306.
. 700F 300
set of couplings ol o
to nucleons (8) L s ol 1AL
; 8 378. f
Orbital angular L oot A | 150 . 155.
momentum 0 ool '
200F B
of nucleons ; ol 466
] 1005 400 L 296
can be important = 0.770 2 :
" F Na Ge I Xe " F Na Ge I Xe
Changes nature o "
of coherence 7 2.63x10° 7 2.37x10°
250000 [
Surprising ooooal 200000}
tt - 5 | 5"
patterns L . 5» ool 152 % 10° 150000} n
. ] d,." i
Wh)’ not violate 1000001 19571 100000]
o o [ 4 [ 4
ISOSPIH? so00ol 6.01x10 0000l o 5.20x 10
r [ 37X
L 640 241x10° a7 397100
" F Na Ge I Xe " F Na Ge I Xe
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The Dark Matter “Beam” and Recoil Energy Spectrum

The old paradigm

1.0 Es exp (_ Es )
Maxwell-Boltzmann 0.8 kT
= WIMP flux

halo g 0.6} ~10>/cm?/sec
ve = 220 km/s £ 0.4l

— ) 1
oy = 270 km/s 0ol E;
Vesc = 544 km/s 0 s-wave scattering

0 20 40 60 80 100

flux X s-wave scattering
— exponential
recoil energy spectrum

Kinetic Energy [keV]

The new paradigm (c.f. first half of afternoon)

Deviations from Maxwell-Boltzmann (Green 201 1):
excess particles at low speeds
lower, flatter peak
circular velocity does match most likely speed: vc/vo ~ 0.85
Imperfect relaxation

Clumpiness, spikes in phase space due to tidal streams
Dark disk?

DaMaSC 2014/04/17 12
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Log (event rate)

(E) ~ 30 keV
for 100 GeV
on Ge

Recoil energy
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Signal Characteristics

Event-by-event characteristics:
Nuclear recoils ~ keV to tens of keV

Single-scatter

Statistical properties: modulation
by WIMP beam kinematics

Annual modulation:

few % addition/subtraction
from Sun’s velocity

Diurnal modulation:

O(unity) variation in recoil
direction with time of day
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EVENT-BY-EVENT

Ne=o=g @
7

7

Nuclear recoils No multiplicity

STATISTICAL

Vo Solar motion A

30 km/s L’ \
’ N\
Earth K ’ N ~’
% 60°

\\}‘\‘WIMP wind

w 230 km/s

Diurnal direction
modulation

Annual flux
modulation
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+ eventually, the
ultimate background:
coherent nuclear
scattering of
solar, atmospheric,
and diffuse supernova
bgnd neutrinos.
Irreducible!
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Nuclear Recoil Discrimination

Signal Background
Nuclear Electron Er
Recoils Recoils

EI’
®/' vic =~ 103 O,\[\,
/c = 0.3

%
Dense Energy Deposition
Sparse Energy Deposition

Neutrons same, but

o~ 10" higher;

- must reduce/moderate
Alphas also have high
X energy deposition Y

densities
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Discrimination Techniques

Need sensitivity to energy deposition characteristics
(density, energy) to discriminate nuclear recoils (NRs),
electron recoils (ERs), and alphas

2-phase LXe and LAr o
ionization < > scintillation > ingeoass LA LNe

sub-KelvinAcintillating

sub-Kelvin
Ge and Si

alphas discriminated \§ bubble
chambers using acous¥g¢ or
scintillation signal

Shonons < " bubble

chambers

bubbles nucleation
discriminates NRs and ERs
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Where We Are,Where We Are Going
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Innovation in Techniques: SuperCDMS

SuperCDMS:
1 990s:

phonon sensors on this surface

phonons + ionization
discriminate NRs from ERs
at low bias (few V)

2000s:

phonon rise time
discriminates surface
events from bulk events

2010s:

sophisticated electrode
structure discriminates
surface events from bulk

events (EDELWVEISS also)

double-sided phonon sensor
promises phonon asymmetry
discrimination

measure ionization only using
phonons with high field:
new sensitivity to low mass

DaMaSC 2014/04/17 18
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Innovation in Techniques: SuperCDMS
SuperCDMS: SR

Lt e : * bulk electron recoils (gamma source)
oo o -, *bulk nuclear recoils (neutron source)
1990s: £, - . " Xsurface electron recoils (NND selection)

¢ e,
.

L.
HEY

phonons + ionization
discriminate NRs from ERs
at low bias (few V) 1

2000s:

phonon rise time
discriminates surface
events from bulk events

2010s:

sophisticated electrode
structure discriminates

Ionization yield

surface events from bulk S R T
R Y ® t S
events (EDELWVEISS also) x %, x M
. 0 i i | i I i i | |
double-sided phonon sensor 0 0 2 30 4 50 6 70 8 9% 100
promises phonon asymmetry
discrimination

measure ionization only using
phonons with high field:
new sensitivity to low mass
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Innovation in Techniques: SuperCDMS

SuperCDMS:
1 990s:

surface events suffer poor ionization collection

<

phonons + ionization
discriminate NRs from ERs
at low bias (few V)

2000s:

phonon rise time
discriminates surface
events from bulk events

2010s:

sophisticated electrode
structure discriminates
surface events from bulk

events (EDELWVEISS also)

double-sided phonon sensor
promises phonon asymmetry
discrimination

measure ionization only using
phonons with high field:
new sensitivity to low mass
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Innovation in Techniques: SuperCDMS

SuperCDMS:
1 990s:

phonons + ionization
discriminate NRs from ERs
at low bias (few V)

2000s:

phonon rise time
discriminates surface
events from bulk events

2010s:

sophisticated electrode
structure discriminates
surface events from bulk
events (EDELWVEISS also)

double-sided phonon sensor
promises phonon asymmetry
discrimination

measure ionization only using
phonons with high field:
new sensitivity to low mass
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Innovation in Techniques: SuperCDMS

Phonon TES rails

S u Pe rC D M S: Charge el:ectrod =
1990s:

o N\
phonons + ionization X

discriminate NRs from ERs e
at low bias (few V)

2000s:

phonon rise time
discriminates surface .
events from bulk events T

2010s:

sophisticated electrode
structure discriminates
surface events from bulk
events (EDELWVEISS also)

double-sided phonon sensor
promises phonon asymmetry
discrimination

measure ionization only using
phonons with high field:
new sensitivity to low mass
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Innovation in Techniques: SuperCDMS
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2000s:

phonon rise time
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Innovation in Techniques: SuperCDMS
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spin-independent, assuming A2 scaling

WIMP—nucleon cross section [cm?]

Innovation in Techniques: SuperCDMS
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Innovation in Techniques: SuperCDMS
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Innovation in Techniques: 2-Phase Liquid Nobles

2-Phase Liquid Nobles
Multiple realizations ~ 2000

scintillation/ionization (S1/S2) S2
discriminates NRs from ERs
in LXe, LAr
scintillation (S1) rise time discriminates
NRs from ERs in LAr (and LNe) I
Drift time

LXe has no worrisome isotopes
and is highly purifiable

indicates depth

primarily Kr, Rn, and e-attaching
impurities to be worried about

Around 2005

Self-shielding could make up for limited

ER rejection (99%-99.9%) of LXe ——» ionization electrons
N UV scintillation photons (~175 nm)

| S1

Light collection key to LXe low-mass sensitivity

Underground Ar could provide LAr low in 3°Ar beta decay

Very successful program thanks to these innovations:
LXe: XENON100, LUX have best limits at high mass; XENONIT to commission this year
LAr: DArkSide 50 recently completed atmospheric Ar commissioning run
Multi-ton experiments proposed

Single-phase (S| only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)
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Innovation in Techniques: 2-Phase Liquid Nobles

2-Phase Liquid Nobles

Multiple realizations ~ 2000 BE: (a) Tritium ER Calibration

scintillation/ionization (S1/S2)
discriminates NRs from ERs
in LXe, LAr

scintillation (S1) rise time discriminates
NRs from ERs in LAr (and LNe)

LXe has no worrisome isotopes
and is highly purifiable

primarily Kr, Rn, and e-attaching
impurities to be worried about

Around 2005

Self-shielding could make up for limited 0 m _r %0 40 =0
ER rejection (99%-99.9%) of LXe S1 x,y,z corrected (phe)

Light collection key to LXe low-mass sensitivity

log A 0(S2b/S1 ) X,y,z corrected

Underground Ar could provide LAr low in 3°Ar beta decay

Very successful program thanks to these innovations:

LXe: XENON100, LUX have best limits at high mass; XENONIT to commission this year
LAr: DArkSide 50 recently completed atmospheric Ar commissioning run
Multi-ton experiments proposed

Single-phase (S| only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)
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Innovation in Techniques: 2-Phase Liquid Nobles

2-Phase Liquid Nobles
Multiple realizations ~ 2000

scintillation/ionization (S1/S2)
discriminates NRs from ERs
in LXe, LAr

scintillation (S1) rise time discriminates
NRs from ERs in LAr (and LNe)

LXe has no worrisome isotopes
and is highly purifiable

primarily Kr, Rn, and e-attaching
impurities to be worried about

Around 2005

Self-shielding could make up for limited
ER rejection (99%-99.9%) of LXe

Light collection key to LXe low-mass sensitivity

Height [cm]

o
o

w
o

200
Squared radius [cm2]

400 600

Underground Ar could provide LAr low in 3°Ar beta decay

Very successful program thanks to these innovations:

LXe: XENON100, LUX have best limits at hig

h mass; XENONIT to commission this year

LAr: DArkSide 50 recently completed atmospheric Ar commissioning run

Multi-ton experiments proposed

Single-phase (S| only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)
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Innovation in Techniques: 2-Phase Liquid Nobles

2-Phase Liquid Nobles

. . . o 1
Multiple realizations ~ 2000 B DArkSide-50 atmospheric Ar run: equivalent to 2.6 yr, |B"°
scintillation/ionization (S1/S2) 0. discrimination from pulse shape only 600
discriminates NRs from ERs 0
in LXe, LAr 07 L — —{500
. . . , . . . . . 0.6 9986_
scintillation (S1) rise time discriminates —400
NRs from ERs in LAr (and LNe) °
0. —300
LXe has no worrisome isotopes
and is highly purifiable 0 200
primarily Kr, Rn, and e-attaching 0 . 100
impurities to be worried about 0.1pk=:
1 E 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
Around 2005 %0 80 100 120 140 160 180 200 °
S1 [PE]

Self-shielding could make up for limited
ER rejection (99%-99.9%) of LXe

Light collection key to LXe low-mass sensitivity
Underground Ar could provide LAr low in 3°Ar beta decay

Very successful program thanks to these innovations:
LXe: XENON100, LUX have best limits at high mass; XENONIT to commission this year
LAr: DArkSide 50 recently completed atmospheric Ar commissioning run
Multi-ton experiments proposed

Single-phase (S| only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)
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Innovation in Techniques: 2-Phase Liquid Nobles

. . o~ - Experimental limits

2-Phase Liquid Nobles § [ Darksideso - 3 y

. . . ==== DarkSide50 - 2.6 y

Multiple realizations ~ 2000 © 4 0-02} - Xenon100
scintillation/ionization (S1/S2) - |:| L:;:SM (post LHC)
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. a Threshold 35 keVx
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scintillation (S1) rise time discriminates
NRs from ERs in LAr (and LNe)

LXe has no worrisome isotopes
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TeT

primarily Kr, Rn, and e-attaching
impurities to be worried about

Around 2005

Self-shielding could make up for limited
ER rejection (99%-99.9%) of LXe 10

Light collection key to LXe low-mass sensitivity

1004

Underground Ar could provide LAr low in 3°Ar beta decay

Very successful program thanks to these innovations:
LXe: XENON100, LUX have best limits at high mass; XENONIT to commission this year

LAr: DArkSide 50 recently completed atmospheric Ar commissioning run

Multi-ton experiments proposed
Single-phase (S| only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)
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Innovation in Techniques: 2-Phase Liquid Nobles
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ER Bubble Nucleation

Innovation in Techniques: Bubble Chambers
120 : :
N KL AmBe data sample
Bubble Chambers ol ¥ — WIMP search data
Classic Seitz bubble theory gave incredible > 3% i Acousic
T . o s8or .14 cut 96%
discrimination against ERs - { & % acceptance
O_ 1 1 LI
-5 S 6o} P
10 ¢ ' ' | » CF I (various) £ B
3 R
10°} __GF,lit S Ll Y
, C_F_ (various) L1 20 recoil- 2474
B 38 - VU alphas
g 107 b i ! 4 7CSF8 fit o0l E : i: like events
2 s 1 : L
0 10 E = ‘I -
o 1 ’ 9 0 1 2 3
o 107 i Preliminary ) _
i Excellent discrimination ] acoustic parameter
10" against ERs, but at lower 3.5 AR
— 3
B | threshold for C3Fg and CFsl | __15keV SFinCF
10 5 4 6 a 10 1o h __15keV'2CinCF|
Threshold (keV) 05 __101keV®*®Poin CF,l ||
. . . __6keV'®FinCF
But: alphas from Rn contamination Al T otkeveroingyr, |
— acoustic measurements discriminate alphas g 1 -
150 ~ FECrecails in CF3l generally -
Higher threshold, poorer F (and C) recoil deposit energy over too large a
ffici th desired in CFl 1t distance to nucleate bubbles.-
€ificiency than desired in 3 Better in C4Fio (and CsFs).
— develop CsFs 05 ‘
No energy information % " o 3 4 5 5 2

track length/bubble nucleation radius

Develop bubble chambers with scintillating materials
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Innovation in Techniques: Bubble Chambers
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Innovation in Techniques: Addressing DAMA

DAMA annual modulationa ¢ ¢ e
sore point for community ¥ oo - —o— |
Huge statistical significance %_OO? _ iv H'_?—'_’—% Y ‘—'H:F
No other existing expt uses E 002 — wl . | | | |

Na and I August 7;iSO‘ I300I I350I I400I I450I ISOO‘ I550I IGTO;)IIne‘ ((IiaI;)SO

New efforts to test underway! 9 T T T T T

D CE: : iff e > N —— Det-1Data DM-ICE ]

M-ICE: Nal with different systematics 3 i ]

= — — Nal ~

southern hemisphere, situated inside > F Light Guides ]

I C b o B I I- — PMTs i

cet.ube ~ 15 —— Pressure Vessel ]

. 2 B Drill Ice ]

also a movable copy: run in N and S £ _ Copper 7

3 - ]

operation in ice demo’d, ice v. clean © 10 .l.q"*i_'."""'-'T -

working on reducing contaminations ™ C g

SABRE: Nal with reduced backgrounds 5¢ B

Better source powder for Nal T U= SR TN Pyt S et g~y - W s i

0 S M B e e T S S S S B =~ e e e e R S St S S R A A A

- i ol 2 4 6 8 10 12 f4 16 18 20

Lower radioactivity photomultipliers Energy (keV,_)
Better light collection DAMA achieved bgnd

Lower radioactivity housings
Surrounded in liquid scintillator to reject backgrounds (esp. 3 keV “°K escape peak)
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Innovation in Techniques: Addressing DAMA

DAMA annual modulationa 5 ¢ e Z
sore point for community E‘; —o— |
Huge statistical significance %_O.O? ] e Y ‘—'H:F
No other existing expt uses E—o-ozi wl B L
Na and | e A
New efforts to test underway! ~, 8E—
DM-ICE: Nal with different systematics E Ik PANATLIBRASTngies Spectrum
southern hemisphere, situated inside %ﬂ 6%—
ICeCUbe g qz— i SABRE Expected Background, no Veto
also a movable copy: run in N and S gk
operation in ice demo’d, ice v. clean : 4;_ SABRE Expected Background, with Veto
working on reducing contaminations E 3;_
SABRE: Nal with reduced backgrounds 2t _I-._._-'-"‘—-._,_
Better source powder for Nal 15 e
Lower radioactivity photomultipliers 0—1 : 2 3 = 4 L e e
Better light collection Energy (keV )

Lower radioactivity housings

Surrounded in liquid scintillator to reject backgrounds (esp. 3 keV “°K escape peak)
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Innovation in Techniques: Addressing DAMA

2-4 keV

DAMA annual modulation a
sore point for community

0.02

0.01

Huge statistical significance

Residuals (cpd/kg/keV)

No other existing expt uses

|

Na and |

New efforts to test underway!
DM-ICE: Nal with different systematics

southern hemisphere, situated inside
lceCube

also a movable copy: run in N and S
operation in ice demo’d, ice v. clean

working on reducing contaminations
SABRE: Nal with reduced backgrounds

Better source powder for Nal
Lower radioactivity photomultipliers
Better light collection

Lower radioactivity housings

250
August 7th.

600

650

Time (day)
107 r bgnd in counts/kg/keV/day: —N,, f 1
107 ;_
10 ;_
102 ;_TI‘Ilrelshlo{dI =2.0 ke Vecle, 500 f(g-ytl' (2 -Iyrsl) o

10
m, [GeV/c?]

Surrounded in liquid scintillator to reject backgrounds (esp. 3 keV 4K escape peak)
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Innovation in Techniques: Directional Detection

Demonstrators

Range Reconstruction (old algo)

80— T T 7

continue to make
good progress

DMTPC:

Improved range
reconstruction
provides better
head-tail sensitivity,
critical for directional signal

MC Truth Range (pixels)

60
Reco Range (pixels)

Scaling up to | m3, running IL prototype at WIPP
DRIFT

“Minority carriers” . DRlFE pulse
. s showing
have.dlfferent speed, minoriy
provides to and : carrier drift

arbitrary units)

(

0.002

rejection of surface
backgrounds

Deploying DRIFT lle
toward DRIFT Il

Current

0.001

0.000

4.5 5.0 55 6.0

Time (ms)
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Innovation in Techniques: Directional Detection

CCD purs CCD

Demonstrators
continue to make
good progress

DMTPC:

Improved range
reconstruction
provides better
head-tail sensitivity,
critical for directional signal

Scaling up to | m3, running IL prototype at WIPP
DRIFT

“Minority carriers” 7 DRIFT pulse

0.004

. showing
have.dlfferent speed, 8 minoriy
provides to and : carrier drift

rejection of surface
backgrounds

Deploying DRIFT lle

Current (arbitrary units)
0.002

0.001

toward DRIFT Il

0.000

T
4.5 5.0 55 6.0
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Innovation in Techniques: Directional Detection

CCD purs CCD
(x2) (x2)

Demonstrators
continue to make
good progress

DMTPC:

Improved range
reconstruction
provides better ——— , o ¥ o
head-tail sensitivity, o | (x2) " (x2)
critical for directional signal

Scaling up to | m3, running IL prototype at WIPP
DRIFT

“Minority carriers”
have different speed,
provides to and
rejection of surface
backgrounds

Deploying DRIFT lle
toward DRIFT Il
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A View to the Future

We would like to see:

Accelerator production via multiple consistent channels

Indirect detection in multiple channels with consistent parameters
Direct detection in multiple targets

Eventually, direct detection with
. , , . . Photons
recoiling particle directionality

Anti-matter

These will tell us:

Gamma Rays

The couplings of dark matter to a Leptons
variety of normal matter particles

Neutrinos

The local density and velocity structure
of the dark matter halo

ILC?

The dark matter abundance globally
in the halo of our galaxy and in
nearby galaxies

Is what we detect enough?

A lot of work to do, and will require broad interactions (between people
as well as particles)
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