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Dark Matter is ~25% of the energy density of the universe.

Neutrinos:

\Y

3 Free Hydrogen
and Helium:
= 4%

Dark Matter:
2 G

Dark Energy:
710%
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What do we know about Dark Matter?

Dark Matter Halo

Galactic Disk

lRHUL Jocelyn Monroe

Solar System

optically dark
density ~ 0.3 GeV/cm?

dark matter particle
mass: ~unknown

interactions: very weak,
~collision-less
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. (J. Schombert)
Galaxy Formation

a lump of dark matter and gas collapses under
its own gravity to form a protogalaxy

gravity separates out the protogalaxy
into a core and halo. The baryons
that make up the gas can interact to
lose energy and fall to the core.

The dark matter, which only weakly interacts, remains in the halo.
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kinetic energy dissipation by baryons
_I_
conservation of angular momentum L =m (v x r)

a difference in velocity between baryons and dark matter
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Direct Detection

Signal: x N = x N

. X Electron “'Y““ X
...A'. ‘t““‘

| Backgrounds:
ye= y e
nNn N=> n N

N=> N+ a,e

Orbit » N=> v N
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WIMP Scattering X - zm')v/)(
kinematiCS: V/C ~ 8E'4./ \“‘ q2 = 2mrErecoil
dmpmy %
r = (mD —|—mA
\: N N
~ (1 —cosO)

Erecoit = Epr 3

Spin Independent:
X scatters coherently off of

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

i
~

Spin Dependent:
only unpaired nucleons contribute

- to scattering amplitude: o~ J(J+1)

S
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3 op= 104 cm2, M = 100 GeV

10" ~
Measurement
Recoil Nucleus §
Kinetic Energy g
3 2
xS
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10_1 | | | | I\
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Recoil energy (keV)

Scattering rate Sun's velocity around the galaxy WIMP velocity distribution

\

dR/dQ ~ (o,p, /T vym,m2) F Q) T(Q)

WIMP energy density, 0.3 GeV/iecm?3 Form factor

‘RHUL Jocelyn Monroe Sept 24, 2014



Reducible Backgrounds

Gamma ray interactions:
rate ~ Ne x (gamma flux), typically 10 million events/day/kg
mis-identified electrons mimic nuclear recoil signals

Neutrons:
(alpha,n), U, Th fission,

cosmogenic spallatlon eg. Study for CDMS-II Detector §
M M D.-M. Mei, A. Hime, PRD73:053004 (2006) 1043§
Y NE e ;

N : ; 10-44§
X e

nuclear recoil final state

..

8

5 £
c

©
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(U]

Contamination:
238U and 232Th decays,
recoiling progeny and
mis-identified alphas
mimic nuclear recoils Dopth (km.w.e.)
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Irreducible Backgrounds

impossible to shield a detector from '
coherent neutrino scattering:
(D(solar B8) = 5.86 x 10® cm? s-1

—
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# Over Threshold / Ton-Year / keV

—_—
<

o=
e
T
E

10§

vV V
IM, P. Fisher, PRD76:033007 (2007) \

nuclear recoil final state
1 event/ton-year = ~104% cm? [imit
in zero-background paradigm
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The Low-Background Frontier

~

1 event/
« kg/day
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WIMP Mass [GeV/c?]

so far: ~3 years / order of magnitude
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A Long Way to Go...

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

10-2%8 cm?: Oo(total inelastic pp at TeVatron)

10-35> cm?: O(gg = H) at LHC (Standard Model)
% 10-37 cm?: O(gg = H) at TeVatron (Standard Model)
@)
N
® 10-3° cm?: O(single top) at TeVatron
—
B 10-40 cm?: O(V QE) at MiniBoOONE
Z
10-43 cm?: O(V NC Elastic) for geo-v
10-4> cm?: Oo(v-€ Elastic) for solar V
O (DM coherent scattering)? 10-48 cm?
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The Low-Background Frontier: Next Decade

]
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Neutrino bound a pproac hes Billard, Strigari, Figueroa-Feliciano,
Phys.Rev. D89, 023524 (2014)
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lonization Yield

(Historical) Dark Matter Signals

DAMA/Libra

counts / 0.125 keV 0.33 kg 56 days

. '0/27/°5rx|v @912 3592\/1_

: 08/05/07 :
1 1 l

0 10 20 30 40 50 60

Recoil Energy (keV)

arXiv:1109.2589

\..‘ -

GEN )

‘K‘
e

rX1v 1002

Light Yield
o
(&)}

,”"'.1

8
(5

"CRESST.I!

arXiv:1109.0702

no signal
arXiv:1407.3146

' 7‘(1
e o o
I o . w

140

120

80 80 100
Energy [keV]

40

40 50 60 70 8

dark matter?
backgrounds?

J

WIMP mass [GeVic’)

Sept 24, 2014



(=4
=
T

o
L
T

)7 (e')+ e ))

o
|

Positron fraction e

TTTYYYT T

PAMELA

arXiv:0810.4995

ratio calculated
assuming only

secondary production

*
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.*
.®

1,000 ey Sp———]
L region of excess

[ ]

Z *$ *

(%) 1L|U’ o

E | ;ﬁﬂ

"  E32 #

3

10

E
O

Adodd i

cut-off

A

.
o*
.

Fermi LAT arxiv:0905.0025

100

1.000

Energy (GeV)

J. Chang et al

Nature 456 362-365 (2008)

o ANS (7002) o
- m AT=1,2 (2008) % Tang ol o (1984) .
L x PFE—BrTS (2008) /. Kebayashl {1992) 7
v HIFss (7008) ¢z WFAT (2001) /
| @ FrEMI (2009) o BrTs (7001) Y 4 s
AC/C= 10°
EREER ‘
#hg}ﬁ Y
i 1
100 } ke .
— — — - conventional diffusive model
raal 1al 1
10 100 1000
r (GeV)

dark matter? local astrophysics?
Sept 24, 2014




Motivation for /\/Iodu/atlon Searches in
Dark Matter Detection:

A The current experimental situation is ~inconclusive
S A Recent anomalies...
RN\ » = .
1w .. local astrophysics?
" 4 % new backgrounds?
2+ .\ - % dark matter?
;:'/.{zé A
Zin
W

Modulation tests the astrophysical origin
of a candidate dark matter signal
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The Dark Matter Wind: Annual Modulation

June-December event
rate asymmetry
~2-10%

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

| | June
WIMP Wind V|| -

Cygnus

a . op= 10 cm?, M= 100 GeV

(UKDMC)

December

T
80

ve(t) lkm/s] = 232 + 15 cos (2%

40 60
Recaoil energy (keV)

r— 152.5) t = days
365.25 since Jan. 1
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The Dark Matter Wind: Sidereal Modulation

Cygnus

direction modulation:

asymmetry ~ 20-100% Vo
in forward-backward wWIMP —
event rate. Wind ——s

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

ug(A) [km/s] = 29.8 + 0.5 sin(A—2Ao)

Ao = 13°+1° longitude of earth’s orbit minor axis
A=L+19%ing + 0.02°sin2g; L = 280.5°+0.99°n; g = 357.59 + 0.99°n
n = fractional day number relative to Dec 31, 1999
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Event Rate Prediction in Direct Detection Searches

1. Rate = Flux x Cross Section x Number of Targets
2. flux = number density of WIMPs x relative velocity of WIMP and target
3. include WIMP velocity distribution in the flux (Maxwell-Boltzmann)

= LIET) a% o= P = [ &
-relative velocity of WIMPs w.r.t. detector targets modulates
[mostly annual]
-integrate over the WIMP velocity distribution to find total flux,

with appropriate limits (VEARTH, VESCAPE)

4. include recoil energy dependence on scattering angle (elastic)

QEX) 4 mp Myarger
;=
2 (mD + mtarget)2

ER == E()I’

5. relative angle of incidence of WIMPs w.r.t. detector axis modulates
[mostly sidereal]

‘_‘_‘RHUL Jocelyn Monroe J-D-Lewin and P.F. Smith, Astroparticle Physics 6 (1996) Sept 24, 2014




' D. Akerib
Coordinate System (D. Akerib)

_collision kinematics

WIMP velocity in the target/Earth frame
Earth velocity in the Galaxy frame

WIMP velocity in the Galaxy frame

"\ galaxy dynamics UW.G: UW,E + VE,G

WG , i +UE

fe

Maxwellian velocity distribution
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Setting a Limit in Direct Detection Searches

1. Predict the dark matter interaction rate:

dR c1Ro —crER Er = nuclear recoil kinetic energy,
B p— ex _ . . . .
dER Eor )P\ "Eor Eo = DM particle kinetic energy =
2. Experiments measure:

cl, c2 = constants
Ry = 2 KPD vo) X G X (%)] rate of events per unit mass

r=f (MpD, Mtarget)
ﬁ mp

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
2\ A (mD + mtarget)

Sept 24, 2014
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Annual Modulation Searches

June
WIMP Wind V)<
—

June-December event rate
asymmetry ~2-10%

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

December

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

—DAMA/NaI (0,29 tonxyr) ———— > | < DAMA/LIBRA (0.53 tonxyr)->
(target mass = 87.3 kg) S A R (target mass =232.8 kg)

B I RNEE SRR O\ ibra

%-f .' '..' LA AL LINGL BN pOSItIVG I‘eSU|t,
>80, inconsistent
with many expts

<

Residuals (cpd/kg/keV)

4000 4500

JUUV

Time (day)

CoGeNT: 442 days, 0.5-3.0 keV

CoGeNT modulation

result, 2.80, ~consistent

with DAMA/Libra
J. Collar, STSI (2011),
arXiv:1106.0650v 1

300 400 500
RHUL Jocelyn Monroe Days Since Dec 3, 2009

CoGeNT
(dashed
7 line)

Events/30 days

DAMA
(solid line)




Annual Modulation Searches e
“ﬂME!ﬂnd V| =—

June-December event rate

asymmetry ~2-10%

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

December

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

—DAMA/NaI (0,29 tonxyr) ———— > | < DAMA/LIBRA (0.53 tonxyr)->
(target mass = 87.3 kg) S A R (target mass =232.8kg)

AN IFENRE N MR O\ Libra

NN AN 2PN AN N\ LINGL BN pOSitiVG resu|t,
>80, inconsistent
with many expts

‘‘‘‘‘‘‘

Residuals (cpd/kg/keV)

4000 4500

Time (day)

in

CDMS modulation search

not consistent with CoGeNT

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

1 RHUL Jocelyn Monroe 200 400

Days Smce Jan. 1st

CDMS

Rate [kg day keVor]™

(solid points)




Sidereal Modulation Searches: Directional Detection

© O -

Forward-Backward Asymmetry
o (e () () ) )
B o N
Illlllllllllllllllllllll Illlllllllllllllllllllll

o
)

D. N. Spergel, Phys. Rev. D37 1353 (1988)

o o
[ )

(forward — backward)
(forward + backward)

OO

A —

1

Ry (Ve cosy — vm,-n)2

2 E()I’ V%

¥ = lab recoil angle

IIIIIIIIIIIII """" IIIIIIIIIIII

0 05 1 16§ 2 25 3 -]
0 (rad.)

IIIIIIIllllIIIIIIIIIIIIIIIIIIIllllll_

20 40 60 80 100 120 140 160 180 200
Recoil Kinetic Energy (keV)

Asymmetry increases with recoil kinetic energy.
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Sidereal Modulation Searches: Directional Detection

if you can reconstruct the energy and angle of the recoil nucleus,
you have a dark matter telescope

simulated reconstructed
dark matter sky map:

search for anisotropy

A. M. Green, B. Morgan,
astro-ph/0609115

180.0° 180.0°

Signal characteristics:

(i) forward-backward asymmetry
in the galactic frame,

(ii) sidereal modulation in the
laboratory frame

0002 0004 0006 0008  0Q _
Recoil Rate(E_>20keV)/kg day 'sr
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Detector Concept

Electric
Field

Wire plane and grids ~ Line source of
X scintillation light

& electron current
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Optical
Readout
(DMTPC)

Photon Signal

X CCD

-V
Charge
Recoil nucleus Readout
(~ 1 mm) Bl (NEWAGE,
W MIMAC)

+Vlnnnnnnnnnnm1111w11‘vwﬂm g
Electron/lon Signa! ' S S
MWPC ; 1000 1500 2000 2500 3000

5
Time/microsec

Directional Detection arin_tme
Whitepapef.' arXIV.'09 7 7 . 0323 Rea dOUt X = (N-1) x wire_spacing Z = v_drift x drift_time R2 = squ()(2 . )
(DRIFT)
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Signals in Directional Detectors

T e distribution of signal events determined by:
a4l b 1. angular resolution of elastic scattering

: : 2. dark matter velocity dispersion
005 .

Cos(Bgecon)
30000~ ) ) .
2oooo— .
1 oooo— . 50 100 150 200 250

Recoil energy (keV)

O ~""200 400 600 800 1000
WIMP Velocity Distribution (km/s)

need ~50 keV threshold for directional
detectors (for 100 GeV WIMPs), 35° resolution
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Backgrounds in
Directional Detectors

Three strategies:

1. range vs. energy

2. tracking (10° electron rejection)
3. angular distribution

(important for v-N coherent scattering!)
JM, P. Fisher, Phys. Rev. D 76:033007 (2007)

Energy (keV)

D. Snowden-Ifft ( °

5
i)
R
7
RN

40 keV SR
nuclear | 15 keV A /,'j}/
recoils i alphas ., ¢

o » 0 » e < 0 L) 0 - - “

Y
Il i =1 13 keV electrons

W AT
a
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What Happens to Isotropic Backgrounds?

Detector ¢
Declination

not isotropic
in celestial
coordinates

-150 -100 -50 O 50 100 150 -150 -100 -50 O 50 100 150
Detector 6 Right Ascension

—_—

o
o0

g
N

small fraction
of locally isotropic

events are near
Cygnus

e
~

90%

Integrated Fraction of Events
)
i

OO

50 100 150 200 250 300 350
Angular Distance to Cygnus Angular Distance to Cygnus

50 100 150 200 250 300 350
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Optimization how many events to detect the dark matter wind?

Detector Prope rties: No background, 3-d vector read-out, Et = 20 keV

detector resolution Ep =50 keV
energy threshold Ep =100 keV
background S/N =10
reconstruction S/N =1

(2D vs. 3D) S/N =0.1
vector or aXlal 3-d axial read-out
reconstruction

2-d vector read-out in optimal plane, reduced angles | 12

2-d axial read-out in optimal plane, reduced angles 190

A. M. Green, B. Morgan,
Astropart.Phys.27:142-149,2007

J. Billard, F. Mayet, D. Santos,
arXiv:1009.5568

do not need “zero background”
for directional detectors

simulation with )
100 signal, 100 background 5.0 ca 200

Number of events

Sept 24, 2014



Optimization how many events to detect the dark matter wind?

Detector Prope rties: No background, 3-d vector read-out, Et = 20 keV

detector resolution Er =50 keV
energy threshold Er =100 keV
background S/N =10
reconstruction S/N =1
VADRVEICID) S/N = 0.1
vector 7 or axial
reconstruction

< | 3.d axial read-out | 81
|
< |

2-d vector read-out in optimal plane, reduced angles | 12

2-d axial read-out in optimal plane, reduced angles 190

A. M. Green, B. Morgan,
Astropart.Phys.27:142-149,2007

J. Billard, F. Mayet, D. Santos,
arXiv:1009.5568

do not need “zero background”
for directional detectors

simulation with )
100 signal, 100 background ;..

Number of eventls
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Sensitivity Example

e _ﬁﬁ-““‘““wk -
Lperernett J*mu‘ﬁ‘“\““““‘i

in the presence of backgrounds

R 3 i k““
----- AN L Ty
R Ny }\\Eﬁ&g‘\\‘}\uh\

o2 S Rt _-,}Z&ﬁi\\m‘.&‘m‘

need to measure the neutron
background energy, angle
distributions (both ~unknown)

N/d(cos(y))dE [GeV 'kg 'day ']

example: 7 background events (Xenon10)

—1D
----2D: -1<Cc0s(6)<1 maximum patch method

-------- : -1<cos(0)<0 )
(based on Yellin gap)
S. Henderson, JM, P. Fisher, Phys. Rev. D 78:015020 (2008)
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result:
““““““““ with backgrounds, 2D dark matter
R detection sensitivity up to ~10x
10 I 1D sensitivity, but, depends
WIMP Mass [GeV] strongly on distribution!

RHUL Jocelyn Monroe Sept 24, 2014



Outline

1. Introduction and Context

2. Modulating Signals

3. Directional Detection Experimental Considerations
4. Recent Progress from Directional Detectors

5. Physics Reach with Directional Data

1 RHUL Jocelyn Monroe Sept 24, 2014




: :jf..;;a;';,j.;.im‘:l .

-m 0 10 ””m! ‘ \
UL

({4 ILE ‘ (Ilf i.
i il
il o

' T ‘ o}
N ‘ |
AR \ !
‘ i w 4 LA L
d ¥ V' |
- W
i ! W
- i AR il | ¥
4 A Al - ' ———. |
- " i T
i == 0
! Il | M (A
y
7

Directionality Around the World  [§ 5
DRIFT: in Boulby (UK), |

first directional experiment!
S. Burgos et al., Astropart. Phys. 28, 409 (2007)

o

1K

NEWAGE: in Kamioka (Japan),

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

DMTPC: in WIPP (US),

optical and charge readout .
D. Dujmic, IM, et al.,
NIM A 584:337 (2008)

MIMAC-He3: ILL, planned for

. Modane (France), A-dependence
" D. Santos, et al., J. Phys. Conf. 65, 021012 (2007)

R&D: emulsion detectors, charge focussing, pixel chip readout, scintillating crystal...
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1. primary ionization encodes

Detailed Example: DMTPC track direction via dE/dx profile

3
E
=
g 400
B
w
©

5
log, (E) (log(keV))

2. drifting electrons preserve dE/dx
profile if diffusion is small

3. multiplication in amplification
region produces e- + scintillation

ne\)“'on
bea

CEP

camera
D. Dujmic, IM, et al.,
NIMA 584:337 (2008)
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TPC Readout (Royal Holloway, MIT, Boston University, Bryn Mawr)

>_

R T T T)

= = Light readout ¥
| Charge

readout O

sYo)

i

O

>
Light readout

time (s)

goal: charge and light= 2->3D, background 1D
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TPC Readout (Royal Holloway, MIT, Boston University, Bryn Mawr)

nixel Y

Light readout

| Charge
readout

Voltage

Light readout

time (s)

goal: charge and light= 2->3D, background 1D
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TPC Readout

A,
i
¥ of
1
4 4
.
e
o o
L
X 4
Y

{
-

(Royal Holloway, MIT, Boston University, Bryn Mawr)

Light readout

(2 | |
'S ARAAAARAR AR 'Y

| Charge
readout

Light readout

nixel Y

Voltage

time (s)

goal: charge and light= 2->3D, background 1D

Sept 24, 2014



TPC Readout (Royal Holloway, MIT, Boston University, Bryn Mawr)

nixel Y

Light readout

| Charge
readout

Voltage

Light readout

time (s)

goal: charge and light= 2->3D, background 1D
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Amplification Plane

Copper

@)

wn

4 \:T'
NO

U

@)

-

j =
£one)
~‘ N
=2

Pixel Number (Y)

Pixel Number (Y)

100 200 300 400 500 00 FO)

Pixel Number (X)

20x smaller pitch,

Resistive separators, dia=0.5mm, every 2.5cm 13x hlgher gain, 1->2D
‘RHUL Jocelyn Monroe Sept 24, 2014




CCD Readout 3FCF4 o
Total Ilght output

(a

Qo.ou
Spectrum range

0.012F- Data

0.01

Intens

50 Torr
75 Torr
100 Torr 0.008
150 Torr
200 Torr

0.006

0.004

ADU/keV

0.002

llI[lllllllllllllllll

2 14-CCD Noise Data
@ -
5 12
é ——r 1x1 bin ]
CF4 scintillation: y/e- = 0.38 +/- 0.04 E  1of 2x2 bin J
A. Kaboth, et al., NIM A 592:63-72 (2008) i 4x4 bin
ol
Key: S:N per pixel, @50 keVr S:N~10-20 6~ =
(signal)/ Ll [(ADU /keV) X E, x q(E,)]/[Range/ pixel size] T T
ot sthot +N€ad +N§ark =xposure (9)
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- - ] 8
Charge Readout 5 [ ] ] 3
x 30 | 15 2
. . . . . S [~ 1000 — s
Multiplication calibrated with [= : 1 &
. . m | 500p+; _ {
Fe-55, anode signal amplitude o ;. 1l s
> 20 ACK
M ~ (V  ,X1.4pC/V) / (5.9keV/W) E i i
W = 33.8 +/- 0.4 eV (1. Wolfe thesis) S i i
10 - s
T [Festeed T : - i
§60-_ - - ; " p @ o 9 . . ]
s [ 1 1|° 700 750 800°
- . Anode Voltage (V)
20_— é_:’ = | [ ——————] ] e
-ow I (|) I I I I 0|5 I I I I '{ I I I I 1|5 I : -------------- : : .............. :
- - " Time [us] Nuclear recoil Electron recoil

Voitage |m ‘\‘]
S v |

Mesh signal readout with ns-risetime

amplifier, to measure Az and for PID

................
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CCD Length and Energy Calibration

illuminate with Co-57 (122,137 keV) and
Cs-137 (662 keV) for length calibration

measure optical plate scale by comparing
spacer positions in gamma data with photo
typically ~140-170 um/pixel

w
(3
o

W
o
o

-

l
et

N
a
o

o sources for energy calibration (4.4 MeV)

N
o
o

measure gain (ADU/keVee) by comparing

& energy measured in external solid state
detector with energy in CCD, at track end:
typical gain ~ 20-40 ADU/keV

-
a
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-
(=]
o

<)
>
)
X
N’
o
)
=
7]
(o]
o
[
©
>
o
S
)
c
)
°
]
[
3]
)
S
S
(]
o
o
©
£
=
©
(o))

o

10 20 30 40 50 60
distance along track from edge of image (mm)

1 RHUL Jocelyn Monroe Sept 24, 2014




“WIMP” Calibration

100keV recoil angle

Neutron elastic scattering mimics dark Source | Recoil angle
- 14.1 MeV
matter recoils, and most neutrons below Ceutrons 80deg

~4 MeV (n,alpha) production threshold

Neutrons from

AmBe ~68 deg (avg)

Cf-252 (~mCi) and d-t sources at surface, Neutrons from

AmBe (8.9 uCi) source underground Cf252
200GeV WIMP ~43deg (avg)

~57deg (avg)

s .
: minimmum
§ recoil E e 10L Surface %
% y detected: § »
: 30-50 keV e .
©
3 50
| | © 40
(glieclddl o
. o 30
500 1000 1500 quenching = 20
Recoi keV
ecoil energy (keV) model)

10

Energy and recoil angle distributions 0

similar to dark matter induced recoils 100 200 300

Recoil Energy (keV)
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Directionality |

2D angle + head-tail
from light asymmetry
(measure skewness)

Scintillation profile

e Cf-252 Data

:JF MC

-1 -0.5 0

RHUL Jocelyn Monroe

U 71 ) : 1 1 | ] 3 - -

Recoil

direction

9

Angular resolution, 5 cm drift

pobt— Dujmic, et al., NIM ]

A584:327-333 (2008)

] § 1; Dujmic et al., NIM A584:327-333 (2008) 1
e - * data ]
D B ]
0.5 ]
I —MC :
Op——gp— iaiaialie ettt ittt Sl —:
i L] )
'0-5__ “i
i Ll | T R
b 10 20 30 40 50

Track length (CCD bins)

challenge to scaling up: diffusion!

o0? = (D/uw) 2 zprirt/ E

Sept 24, 2014



. . (T. Caldwell thesis)
CF4 Electron Diffusion Large impact on

spatial resolution:
02 = (D/u) 2 zporirt/ E

All energy
lost in
collision

Collision 1

Collision 2 Lakshminarasimha (1873)

MNaidu {1972}
Curlis (1988)
Schmidt (1988)

Collision 3

Little + Collision 1

energy lost
in collision !
Collision 2 (—’!5

Collision 3

Collision 4 ™S

E/N [Td]

>10x discrepancy in measurements in our range-of-interest
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. . (T. Caldwell thesis)
CF4 Electron Diffusion Large impact on

spatial resolution:
02 = (D/u) 2 zporirt/ E

All energy
lost in
collision

Collision 1

Collision 2 Curtis et al.
Lakshminarasimha et al.
Recommended (Cristophorou et al.)

DMTPC

Collision 3

Little + Collision 1

energy lost
in collision !
Collision 2 (—’!5 0

4

i i i i i i 1 i i i i i I i
Collision 3 15

l\ T. Caldwell, et al., arXiv:0905.2549 E/N (1 o' v cmE}
Collision 4
i E/N [Td]

>10x discrepancy in measurements in our range-of-interest

RHUL Jocelyn Monroe Sept 24, 2014



Diffusion Measurement

Measure track width from
alpha source at known
heights in detector,

o fit for two terms:

Z
GzT(ZDRIFT) = G%,o + 2(7> ( DleT

o find z-dependent term
consistent with literature
recommended value

)

——
—&=— CCD #1
-<3= CCD#2
siwimin CCD #3
—t— CCD #4

'.\111-

IlllIlllIIllIlIlIlf

2 PR TR TR T [ T T T —
50 100 150

PR S T T T T
200 250

L. G. Christophorou, et al,
Journal of Physical and Chemical

Reference Data 25 (1996) 1341

e find constant term
dominates until z~20cm,

Height [mm]
0.052 + 0.005 0.79 +0.05
0.054 + 0.005 0.69 +0.04
0.052 + 0.005 0.66 +0.07
0.053 + 0.005 0.72 +0.05

and z=25 cm for o%r<Tmm
J. Battat et al., NIMA 755 (2014)

« from simulation, constant term mainly
comes from straggling of the primary ion

RHUL Jocelyn Monroe
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Direction Calibration ‘

Need a source of known energy and angle

R St X ¢ /
20 T T A8|0334l T T [ H-*]t‘L |y HF; : [ T T : 5 = .{. / 18 /
N ol
i I ] - .c‘s’ ", "':\'_
B g AR N
s [ . | N
€ 1ok - | !
1% - :
S - : | |
= - = L |
Q B . :
O 51 N “ 30.28

0 L L | L ' L | L L | L 1 —— =
. 0 & 2 3 16.73

¢ (rad)
S. Henderson, PhD thesis

But, neutron scattering kinematics
produce wide range of angles, and
neutrons are hard to collimate.

Angled alpha calibration:

« only track ends in active region,
can tune energy ~100 keVee

» tune angle by rotating collimator

RHUL Jocelyn Monroe



Track Reconstruction

Measure energy from track intensity integral

Make use of the known profile of nuclear
recoils from the Bragg curve to
(1) fit for the track parameters

“'Am a
(range, angle) 60 (|) _Preliminary gg*:;'g;;
(2) fit for the head-tail (H-T) 0 ‘! 1, . > mmDiffusion

(3) assign confidence in H-T s =2 |
determination with likelihood of——=pC ] TIWI'T'I‘TTTTT
ratio of two possible senses, 20 H

« Angle: -5 deg

cut on confidence 40 —+— « Angle: 5 deg

60 « Angle: 15 deg
——  Angle: 25 deg

o TR

2D Axial Angle [deg]

Transverse Fit Longitudna 80

Son. 40 5 (2) 0 50 100 150 200 250 300 350 400

-y 2 e :"‘1 - \/: T=1 Iy ‘7"
Error bars: RMS of values in bin E s node [keVeC]
<15° axial resolution @ 100 keV,,

7N S. Henderson, PhD thesis
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Directionality I

diffusion has a big impact!
e measure with 20, 25 cm drift

e find direction reconstruction
depends most on track length,
range/width>3 for head-tail 1D,

e lower pressure = lower Ethreshold

H-T fraction (from hemisphere)

_2'5 cm drift: g el

WY

fitting .
old algo _
fitting w/ cuT_d
PRELIMINARY ~
Angled Alpha

Ends (Data) .

L ™ . .

Fraction correct (same hemisphere)

2 L

R

“Fit rané'é (pixeléi)

Enerqy range equivalent ~50-200 keV

(rad.)

(I)SOUI’CG

range / diffusion at 15 cm

\®)

20 cm drift:

il

300

__ I8 1D “sky map”
2 | 250 for 222Cf, and
. “WIMP ” data
i . 2o (80-200 keV)
i | LEC M C: 40°
i . Wl resolution at
. 80 keVr
L UM . Kaboth PhD,
e b . : S. Ahlen et al.,
100 150 200 Phys. Lett. B 695
Recoil Energy (keV) (2017)
101 T T T T 1 L ol
2 —— E=50 keVR
8\ —— E=60 keVR
|| \ E=70 keVR
6 _—\ \ —— E=80 keVR
C O\ E=90 keVR
4 \\‘ ~ E=100 keVR
— ——
2l eI
ol — ' ' ' ]
0 20 40 60 80

C. Deaconu, TAUP 2013 Proceedings

Pressure (Torr) §



Background Rejection | Alphas:
edge crossing [E&

% 100 200 300 400 500 BOD FOO

I Cf252 Data
T “WIMP” Dat

Projected Range (mm)

600 800
RBI events: ST e Visible Energy (keV)
same position  [ZEHEE
q B et “Worms”: one hot pixel, large cluster rms

Event 934

>10* rejection of backgrounds from R vs. E
S. Ahlen et al., Phys. Lett. B 695 (2011)

Recoil Energy (keV)
lRHUL Jocelyn Monroe halaat )




Background Rejection Il _ T _

.. . . § § N Fast
requiring coincidence of optical AND charge = = —1> (timing)
readout to reject gammas, CCD artifacts '_"‘ I

::)»—-—— Veto

Mesh Anode CCD .

(timing) (E) (E, tracking) ' Charge-

>—— intcgfating

(Energy)

-
=3
o

¢ Set, Pass Veto

[}
o

v Set, Pass All,L 143 Iwr

@
=]

T llll‘llllllIllllllllllllllllllllllllllllllllll.

« Set, Pass Al

Vmax(anode) [mV]

No Source, Pass All, 138 hr
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3D R&D

tracking in z (drift direction):

e angled alpha calibration source
produces tracks of known Az

charge:

e measure mesh signal rise time
e find similar tracking resolution in Az
(from charge) as in x-y (from CCD)

PMT (1 of 3)

<>

— 1117
>

:/d: PMT (1 of 3)

- 0 plhes  wrvdh W lrf{.f--._.- o
2 \
w\*

-r-rrrrmmUmUmUmTrTrrTUrvrmrmmmmm
B

]

——

ST T T S N S R B

50
Rise-time of charge signal (ns)
J. Lopez et al., NIM A 696 (2012)

light:

e measure PMT signal pulse
PMTS .
I width

S| pulse width varies with Az,
= shape varies with +/-Az

R&D on cathode readout

for absolute z measurement
Sept 24, 2014



TPC R&D

new amplification region scheme
uses triple mesh: one camera

images 2x drift regions

demonstrated high gain in

small prototypes, 50-200k =
D. Dujmic et al., Astropart. Phys. 30 (2008), 8
C. Deaconu, UCLA DM’14 2
<
optimizing gap size, pitch to %
maximize pixel signal:noise, §
*10x gain with 2x gap size E
price: 25% amplification
region diffusion tails increase

H. Tomita, PhD thesis
RHUL Jocelyn Monroe
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50

TPC 1
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DMTPCino: Tm?3 Detector Module

prototype for very large detector: build many 1Tm? modules, because of diffusion limit.

( :
3

goal: achieve similar S:N per pixel, for
35° resolution at 50 keVr in Tm3? module,
ideally: 1T camera+lens/side

amplification
regions

cathode

! W | 4-shooter 20L prototype has demonstrated
g (i) multi-camera readout
P (ii) low-background materials
' (iii) event discrimination with charge

| _ DMTPCino under construction now
_‘.RHUL Jocelyn Monroe Sept 24, 2014



DINIAL EXperiment (Sheffield, Edinburgh, STFC, Occidental, UNM, CSU)

DRIFT II ‘COncept \ « NI-TCP (negative

. Scattered ] ) i ]
. wmp . 1lon time projection)

o -
Recoil [gmm | >e P

YRecoil
electron

'"Introduced by
Electrlc Field Jeff Martoff

rift Directior

1 m3 active volume - back to back MWPCs
Gas fill 40 Torr CS, => 167 g of target gas

2 mm pitch anode wires left and right

Grid wires read out for Ay measurement
Veto regions around outside

Central cathode made from 20 pm diameter

wires at 2 mm pitch
Drift field 624 V/em
* Modular design for modest scale-up

S. Burgos et al., Nucl. Instr. Meth. A 584, 114 (2008)

r

RHUL Jocelyn Monroe (N. Spooner, Cygnus’13) Sept 24, 2014



DRIFT Directional i’[y S. Burgos et al., NIMA 600:417-423,2009

direction reconstruction sensitivity measured with Cf-252,
oriented along x, y, z axes, compare track lengths Ax, Ay, Az

e Xdata
Y data
A Zdata

measured mean S(C) track lengths

of recoils with E > 236 (155) keVr:
10-20% increase in mean track
length along source direction

y neutrons

simulated angular resolution:
probability to reconstruct recoil
within 30° of true direction is
45-85% above 47 (30) keVr

Difference from perpendicular average (cm)

Z neutrons

Drift distance (cm)

Fig. 10. Simulated angular reconstruction accuracy for DRIFT-II. Shading denotes the probabil-

ity that the recoil direction is reconstructed within 30 degrees of the known initial direction.
h bept 24, 2014
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DRIFT R&D: Reducing Backgrounds . Spooner, Cygnus’13)

_E...‘....E.‘....‘.E_ ~40%Pr0babi|ity May2013:
Alpha particle :

o  detected Wire Cathode Thin Film Cathode Texturised Cathode

um scale
, L ‘ —
213p0+_)f o
; . )
: : (] a.
+ve, unstable P - Range = 4

‘ 3 &

: radon daughter 37 um

. drifts to cathode ! ‘

L ® & & 0 s 0 0 ® ® 0 ¢ 0o 0 | 1' d I-z
Sitpg
oV 325kV 0V -/ YN

MWPC Central cathode - plane of 512 ' |
20pm stainless steel wires /

Zldpb

dominant background:
Radon-progeny recoils, ID with high pulse width from long drift to MWPC plane

Mitigation strategy: 1) reduce probability of missing the alpha
Wire Cathode — Thin Cathode —— Thin Texturised Cathode

~500 RPRs/day ~ ~100 RPRs/day ~2 RPRs/day ~0.01? RPRs/day

tric et

2) fiducialize: cut tracks originating from cathode, using
minority carrier velocity difference.
Projection: increase WIMP fiducial volume from 5 to 90% of detector volume.



NEWAGE (Kobe, Kyoto, ICRR)

CF4 gas-filled TPC with e drift,
GEM amplification

operating in Kamioka (Japan)

Drift plane

30cm
/

U-pattern gas detector (23x28x31cm?),
768 anode + 768 cathode channels,
analog sum for energy measurement
400 um “pixels”, 100 MHz sampling
fiducial mass: 152 torr CF4 = 11.5 gm

K. Miuchi et al., PLB 578 (204) 241

lRHUL Jocelyn Monroe Sept 24, 2014



NEWAGE

axial 3D track reconstruction with 2°2Cf source
QPIX upgrade planned for head-tail

e- rejection: < TE-5 k. Miuchi et al, PLB654 (2007) 58

first directional limit! k. Miuchi et al, PLB686 (2010) 11

AY? between WIMP and null hypothesis in cos(0),
observe 1244 events, consistent with background

at 100 keVee threshold ~50 events/keV/kg/day

DM direction NCUESEUNOEUETEY

(100-400keVee)

55° angular resolution at 100 keVee
0.524 kg-day exposure

: ‘This work :
: (CF4.dIroction-sensmve)

11 l 1.1
10° 10°
M, [GeV/c?]

aad e Lo oo Lo Lo oo Lo oo laagl

0 20 40 60 80 100 120 140 160 180 100 — 10"
degree

50 9600 pb simulation

0 j =224 dlata —
0 0.2 0.4 06 08 1
RHUL Jocelyn Monroe cos 6 Sept 24, 2014




NEWAGE

Recent progress in R&D:
Ethreshold:1 OO -> 50 kevee 10°

Rn background reduction by 10x
Gas system with cooled charcoal

measured angular resolution:

40° (50-100 keVee)
K. Miuchi et al., JINST 7 C02023

10"
Drift Cage

31->41 cm
PEEK

i

23x28 -> 31x31cm2 J

-

SD 90% C.L. upper limits and allowed region

(T. Nakamura,
Cygnus’13)

T IIIIIII

mE uugfg. T

NEWAGEsurface run

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

I R Lt LR T L T T LR LT T I T I LTI I I L LT Ty ST T P N SPPRRY PPPRS

I R T B A A I I T O T I A

2
M, [Gev/c?]

deploying new detector with 2x

volume, radiopure materials

Sept 24, 2014



MIMAC Experiment (LPSC-Grenoble, CEA-Saclay, IRSN, CCPM |

Detector design:
micromegas TPC, 400 um pixels

read out Q/pixel at 50 MHz
analog sum energy measurement

Physics goals:
3D tracking with head-tail
spin-dependent dark matter
search with multiple targets,
in a matrix of chambers
(CF4, 3He, 1H)
o very low energy threshold (~keV),
nei cnergy o1 e operate at low pressure

Prototype calibrated at Cadarache
10cmx 10 cm x 18 cm
fiducial mass: 5 gm

“- 3 > ’ oA.r.l.rll.Ail>..1A>lA‘,{‘l.:.{,‘frI’r';'fﬁ’!'TT-I‘I'T'.T AIP COnﬁPrOC. ]472 (207]) 792-]99
5 ‘«"1 LTSN RSB 02040608 1 1214 1.6 1.8 2 22
T e L 2N SCEN st :; - Measured energy (keV)

RHUL Jocelyn Monroe (material thanks to D. Santos) Sept 24, 2014




MiIMAC Directional lty (D. Santos, Cygnus’11)
Trak in 3D : F in 70 % CF, + 30% CHF, !!!

example event

L4 : N . :
): I ( 70 % CF, + 30% CHF, from calibration
B: with Amande
4 - . X-Y (anode) 55 mbar, )
T | ! \ 170 V/em / neutron source
): . at Cadarache
’1n“ir*?o‘7f'?r'7‘r‘?a“7‘=“'-‘ﬂ“zl‘ ~40 keV (ionization), ~3 mm
. . MC: 55° angular resolution at 20 keVr.
i+ I X-Z
— 10 P___,,._——»——-”\\
-3 8
R el 6
4
[ B
X 2
|
- 0 0 |
= Y 4442 40 gg 70727 Uy X 270657 g 46 a4 a2 A0
S‘S“‘:‘a‘“tr'a‘r“ér'z‘r“is“ﬁr*tr‘v Y_ ) ) ‘
YGINUS 2011 — Aussois June 8th,2011 D. Santos (LPSC Grenoble)
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MIMAC Sensitivity (F. Mayet, Cygnus’13)

Discovery

J. Billard ef a/., PLB 2010, PRD 2012

Estimation of the discovery potential
D. Albornoz-Vasquez e a/., PRD 2012

considering astrophysical uncertainties
=> Profile likelihood method

| |

ISSM and NMSSM

detector characteristics
-10 kg CF,
- DAQ : 3 years

- Recoil energy range [5,50] keV

LI lllll

T TTT III
-1 111 IlI

" With BKG (300)

Discovery at 36 —

T
N1y .‘ll‘.lll"-‘

Without BKG

-

2N
2
a
S
o
£
@
vl
.
&
G
)
-.4‘-
w
L
A
N
N
[~
Y-
(]
aQ
72

lllll /' PTTHEET, 10
. . . D .

. - 3
- Even with a large number of background 10
events. discovery is still possible

- Only low number of WIMP events are
required at low masses

WIMP mass (GeVic')
=2 A discovery (>30 @90%CL) with BKG 1is possible down to 10-2-10~ pb
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"

«  Qutline

1. Introduction and Context

2. Modulating Signals

3. Directional Detection Experimental Considerations
4. Recent Progress from Directional Detectors

5. Physics Reach with Directional Data

‘ RHUL Jocelyn Monroe Sept 24, 2014




(J. Battat)

Directional Detection Cross Section Results

| 1 I | I 1 I |

DMTPC 10L (surf)
COUPP

SIMPLE

PICASSO

DRIFT I
o

NAIAD

O XENON100
XENON10
DMTPCino (m’) u/g

CDMS

KIMS

10-40 1 1 1 | L1 1 | 1 1 1 | L1 1 | 1 L1 | 1
2004 2006 2008 2010 2012 2014
Year

Starting to catch up with non-directional searches....

RHUL Jocelyn Monroe Sept 24, 2014



(D. Loomba,

Directionality and Low Mass Dark Matter Cygnus'13)

1) Number of events to reject isotropy 2) Require Ethreshold for R>=0.6mm,
as a function of track ‘ellipticity:’ find gas pressure to maximize rate

WIMP mass = 8.6 GeV/cz, 0. =1.9e-41 cm?

WP =

+ 90 % CL
4 95 9% CL | . . CO

100 Torr CF4, | | N\
E>25 keVr -'
(Range~0.6mm)

3

8
-
@
>

w

S
@)
—
@

L
=
-

pd

Rate (events/m3/year)

Em =E(R =0.6 mm)

07 08 09 1 '. 10 15
Axis Ratio Pressure (Torr)
Bottom line: directional detection of low-mass dark matter possible with low gas

pressures and low energy thresholds (need large volume, high S:N)
RHUL Jocelyn Monroe Sept 24, 2014




Directionality and the Neutrino Bound
impossible to shield a detector from Y v
coherent neutrino scattering! \/

nuclear recoil final state /\
1 event/ton-year = 1046-10*% cm? limit N N

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

S
-

3

10°

NGO

10° “xe

F

lO.l LL_L ' i.l.l.t .-.J.J.J.;.a.l.t.u.:L'JJ.A.A.L.s-;.L.w. i
5 10 15 20 25 30 35 40

Threshold Recoil Kinetic Energy (keV)

-
s
.

- “Ar

# Over Threshold / Ton-Year / keV

&
—
-
r 3
.
v
s
s
4
-
2
—~
-
v
J
= |
-~
—
f—
-
-
-

100 1000
WIMP Mass [GeV/c?]

irreducible background, unless you measure the direction!




Beyond the Neutrino Bound

PDFs in (energy, angle, time) of event for coherent solar nu background vs.
background+signal show significant differences, including 35° resolution:

104 study with 500 neutrino background events _

10 | \ R\ CF, |
| E, =5 keV oan®®
107 | —
g 10 |
T 10 [ without direction -

with direction

solid = 3 sigma
dashed = 90% CL
10° 10°
,(;“\';

’,'n'])\\'

RHUL Jocelyn Monroe

o, [em?]

Grothaus, Fairbairn, IM
arXiv:1406.5047

statistical test (CLs) shows

e directionality gains 10x in
sensitivity with background
* no neutrino bound for
directional detectors!

10
1045
104
107 |
48 Y
0 CFy 1000 GeV
4o | Ey,. =5 keV solid = with direction ~
1 e dotted-=-without-direetion - - — -
: dashed = neutrino bound :
10'50 il PRI | il PR
10 10° 10° 10* 10°

N
iV



Directionality and Dark Matter Astrophysics

Discovery : beyond the standard halo

J. Billand e# a/., PLB 2013

N-body simulations favor a co-rotating Dark Disk (10%-50% of local DM density)

—>for a nul lag velocity, Dark Disk Wimps have an isotropic velocity distribution

Relative Asymmetry
(in the mean recoil deviation)

I 5 3o discovery
R S5 Sy )y S Y 40 . »

100 150 200 ' 10 10° 10°
Vi [kmig] WIMP mass [GeV/c]

—>only extreme Dark Disk parameters may affect the directional signal

—->not a threat for directional detection

F. Mayet - Cygnus 2013, Toyama, Japan




What to do with Directional Data?

1. Exclusion

o Maximum Patch Method, S. Henderson, JM and P. Fisher, PRD 2008
e Directional Likelihood Method, J. Billard, F. Mayet and D. Santos, PRD 2010

bottom line: 2 variables (angle + energy) can be better or worse than 1 (energy)

2. Hypothesis Test: is a candidate signal compatible with background?

e C.J. Copi & L. M. Krauss, PLB 1999, C. J. Copi & L. M. Krauss, PRD 2001, B. Morgan & A. M. Green, PRD 2005; B.
Morgan, A. M. Green and N. J. C. Spooner, PRD 2005; A. M. Green & B. Morgan, PRD 2008, O. Host & S. H. Hansen,
JCAP 2007, J. D. Vergados & A. Faessler, PRD 2007; M. S. Alenazi & P. Gondolo, PRD 2008

bottom line: require few 10s of events to reject isotropy

3. Discovery: search for a signal from the direction of Cygnus

® Median Recoil Dlrection Test: A. M. Green & B. Morgan, PRD 2010
e Blind Likelihood Test: J. Billard et al., PLB 2010

bottom line: high significance discovery with relatively small exposure (~10 kg-yr)

4. Study Dark Matter Properties: halo, mass, cross section

® [ee and Peter, arXiv:1202.5035; Borzognia, Gelmini, Gondolo, arXiv:1111.6361;

Billard, Mayet and Santos, PRD 2011, Copi et al., PRD 2007; Green and Morgan, Astropart. Phys. 2007; ...
e Dark Matter Model Discrimination: D. Finkbeiner, T. Lin, N. Weiner, PRD80 (2009)

e Community White Paper: S. Ahlen et al., Int.J.Mod.Phys.A25:1-51,2010

® And beat the neutrino background limit! M. Fairbairn et al. IOP2014, in preparation

bottom line: need large numbers of events O(1000+) to measure halo parameters

1 RHUL Jocelyn Monroe
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Directionality with Large Target Mass: Emulsion R&D

(Nagoya, Fuji, + Napoli, Padova)

—— Emulsionlayer ——/ dark matter detector design:

10-100 keV recoils travel <400 nm

Fuji developed new emulsion with
finer AgBr (35 nm crystals)

, chemical expansion of emulsion by

Emulsion/layer 3 2x before microscope readout scan

Maior

development

analysis:

1. major axis: track length
2. minor axis: grain size
3. cut on ellipticity

Calibration with ion source, d-t neutrons

30° resolution with optical readout,
efficiency >50% above 150 nm tracks

Underground R&D at LNGS

lRHUL Jocelyn Monroe (material thanks to T. Naka) Sept 24, 2014




Directionality with Large Target Mass: Emulsion R&D

(Nagoya, Fuji, + Napoli, Padova)

Emulsion layer dark matter detector design:

10-100 keV recoils travel <400 nm

Fuji developed new emulsion with
finer AgBr (35 nm crystals)

. chemical expansion of emulsion by

Emulsion/layer 2x before microscope readout scan

Maior

analysis:

1. major axis: track length
2. minor axis: grain size
3. cut on ellipticity

Calibration with ion source, d-t neutrons

30° resolution with optical readout,
efficiency >50% above 150 nm tracks

Underground R&D at LNGS

“RHUL Jocelyn Monroe (material thanks to T. Naka) Sept 24, 2014




Directionality with Large Target Mass: No Tracking

Ratio of recombination to ionization yield in gas target is sensitive to
track direction relative to TPC drift field.
 Columnar Recombination (CR) occurs when:
* A drift electric field E exists;
Tracks are highly ionizing;

Tracks display an approximately linear character;
The angle a between E and track is small:

Recombination = dot-product of vectors E and “track”

track E

(D. Nygren,
Substantial CR Cygnus’13)

Photons from R vs. | separated in arrival time at TPC readout plane.
Measure event energy vs. time of day (direction to cygnus), in HPXe TPC.
No tracking needed for directional dark matter detection!
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Directional Detection Future

Eventually: large detector, 10-4¢ cm? sensitivity, o p0 ™
how big is it?

1 ton of CF,
@50Torr

\detector size for 10-** cm? Sl sensitivity at 50 Torr pressure
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I__ ow B aC kg roun d F ron t i er : ‘l' | Horowitz et al,

' —oook \ |\ astro-ph/0302071
tonne scale, keV threshold, o osf Ney |\
low background detectors soosk N\ |\

have potential for first
observations of...

Supernova | VE e’
neutrinos in NC, flux and spectrum

P. Giampa, in preparation

with direction measurement: 40K geo-
neutrinos,
CNO solar

neutrinos
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JM, Nucl.Phys.Proc.Suppl. 229-232 (2012) 570
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Modulation searches can establish
Gl the astrophysical origin of candidate

dark matter-induced recoll signals.
.
Backgrounds make directional detection very attractive! ,
o g
Big challenges: direction reconstruction at low energy,
scaling to large target mass, nuclear recoil backgrounds.

There has been great progress in last 5 years from DMTPC,

NEWAGE, DRIFT, MiMAC, emulsions...
Cygnus’15 (June 2-4, 2015, L.Av)

Directional detector physics reach
from particle physics to dark matter telescope.
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Backup Slides



. (D. Dujmic, T. Caldwell)
CF4 Electron Attenuation

Attachment to CF,:

e.g.

e+CF, > CF, > CFH + F
e+CF, > CF,2>CF,+F
e+CF, > CF,“> F +CF, +F

—
ol

£
o
oo

-]
— -
=
—

Hunter et al.

From previous -0. - .
Recommended (Chnstophorou et al)

measurements,

0% loss, or 70% loss

after 20cm drift length?
E/N (Td)
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. (D. Dujmic, T. Caldwell)
CF4 Electron Attenuation

Attachment to CF,:

e.g.

e+CF, > CF, > CFH + F
e+CF, > CF,2>CF,+F
e+CF, > CF,“> F +CF, +F

—
|
&
Q
oo
-
L
=
:

Hunter et al.
From prev 1ous Recommended (Christophorou et .:LI"»;|I
. | A
measurements, DMTPC )
0% loss, or 70% loss )
after 20cm drift length? 08 20 40

I. Caldwell, et al., arXiv:0905.2549 E/N (Td)

DMTPC measures ~0 charge loss over 20 cm drift length.
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Energy Resolution

o./E from CCD Readout:

241 Am i

4. 4MeV

| /15% at 50keV

~10% at alpha from
5.9keV i
for charge

readout

Expected fluctuation (avalanche + primary) ~ 10%
Avalanche=Alkhazov, NIM89 (1970) 155, primary=Poisson
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