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Direct Detection

Signal: x N = x N
- X Electron “‘7“‘0 X
...A'. “““‘
Backgrounds:
ve= v e
nNnN=- nN
N= N+ a,e
Orbit vy N—= v N
Nucleus

measure nuclear recoil energy
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Spin-Independent Cross Section Limits
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Gaitskell, Mandic, Fillir

current experiments

100 kg-scale
detectors

ton-scale detectors
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v Cross Sections: V-e” Elastic Scattering

impossible to shield a detector V Y,
from neutrino scattering, very large \

. L )
ambient fluxes from solar, geo-v “ZW

.

proposed detection mechanism for solar
PP, ’Be vs (XMASS, CLEAN, GENIUS,..) e

TABLE VIII. Total neutrino-electron scattering cross .
C. J. Horowitz, K. J. Coakley,

D. N. McKinsey, PRD 68, 023005 (2003)

z-:--:':':'l-i:.'l-Tl!-'-. Radiative corrections were included and
sinfw = 0.2317 was used. The minimum allowed recoil ki-
netic energy is zero in all eases considered in this table: the
maximum recoil energy is given in column 3. The neutrine

energy, ¢, and the maximum electron recoil ENETEY, 1rmax, Are .
E_'_'_i‘-'i"ll in 3'-.-'11.'*1-"; the neutrino cross :'-.ir'.':LT.’r..i:'.rlli:, T ey, = and T, -€ Are CI'OSS SeCtlonS are Smal I

B . « 4 =46 2
given in units of 10 cm

Source - q___ - I '_""“"'. T ___ . _ ~ (EV/1 O MeV) X 10'44 sz
T Recoils are O(102 KeV)
"B <15.0 14.5

1% = O o - e ;
111\‘{ - ] 1_::: U?E:“ o HH J. Bahcall, M. Kamionkowski, A. Sirlin,
- =L.1742 _%-'-’"‘-’ PRD 51, 6146 (1995)

Jocelyn Monroe, MIT Cygnus Workshop, 7.23.07



v Cross Sections: V-N Coherent Scattering

Cross sections are coherently
enhanced, ~ A? x (Ev/MeV)? x 10-* cm? "
recoils are O(10 KeV)

D. Z. Freedman, Phys. Rev. D9. 1389 (1974)

% 104 EI TTT | TTTT | TrTTT | TrT7TTT | IrT7TTT1 FTTT | IFTTT | T T |§ “ Z 2
X - @ (solar B8 V) = —tzg ] T 2E;
i . ax —
§ 1075 0" 86 x 10° cm=* =% .®f - /\ Muucleus + 2By
g 10 % o BOp L E N N
c i . T8Ge ]
(o]
!: 102 é— 182y _E
- :
- : 30 events/ton-year =
10 = . .
¢ 05 : ~ 1046 cm? limit
: ~ -
oL ;
E 1 - . .
d § An irreducible background,
* -]:I—l—';ll.lil.]J.Il].l.L.L%"L.IJ.lLLLLI.I lJJ11|||||_ WIthOUt dlreCthn measurement!
10 5771015 20 25 30 35 40

JM, P. Fisher, Phys. Rev. D 76:033007 (2007)
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Drukier, Freese, Spergel,
Phys. Rev. D33:3495
(1986)

Directionality

WIMP Wind

If DAMA/LIBRA annual modulation
(1-2%) due to WIMP wind...

Residuals (cpd/kg/keV)

December

... search for much larger
(30-100%) diurnal oscillations
in WIMP direction

Spergel, Phys. Rev. D37:1358 (1988)

Wind — need to measure both
recoil energy and angle
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T T T T T T II T T T T LB
S. Henderson, JM, P. Fisher,
arXiv:0801.1624

Directionality Potential

(i) sensitivity in the presence of
backgrounds better for 2D vs. 1D
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(ii) search for dark matter sky anisotropy,
90% CL detection requires 5-100 events
A. M. Green, B. Morgan, astro-ph/0609115
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NEWAGE: in Kamioka, p—pattern
gas detector readout, CF4 gas, first

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

MiIMAC-He3: (ILL)
above-ground R&D,

DMTPC: (Boston)
above-ground R&D,
Hes gas, MicroTPC CF4 gas, CCD readout,

readout, A-dependence ~ direction tag
D. Santos, et al., J. Phys. Conf. Ser. 65, 021012 (2007) D. Dujmic, et al., NIM A 584:337 (2008)
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Dark Matter TPC Collaboration

Boston University
S. Ahlen, D. Avery*, M. Lewandowska,
K. Otis, A. Roccaro, H. Tomita

IT
O. Bishop, B. Cornell* ", D. Dujmic,
W. Fedus®, P. Fisher, S. Henderson,
A. Kaboth, J. Monroe, T. Sahin®,
G. Sciolla, R. Vanderspeck,

R. Yamamoto, H. Yegoryan™

Brandeis University
H. Wellenstein. N. Skvorodnev

*) undergraduate student, 1) Harvard U.
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DMTPC Detector Concept

1. primary ionization encodes
track direction via dE/dx profile
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Upper
E drift
region

5
l0g,(E) (log(keV)

. 8l 2. drifting electrons preserve dE/dx
+kV - profile if diffusion is small
ov - :

Lower .
drift E ST
region 8l 3. avalanche multiplication in

amplification region produces

gain, scintillation photons

Camera
+lens
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DM-TPC: 2nd Generation Prototype

PR gl "'?‘-73-:'-.;*:;;' v ". F—"‘ . .
R wY) | + Surface operation at BU:

256 um mesh pitch

30 um wire diameter

79% transparency
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Tracking

X-Y from CCD +
Z from PMT timing

Alphas: (bgnd)
Am-214 calibration
Po inside detector

4 100

Neutron 75 Torr CF4
irecHor induced by neutrons
from Cf-252 source

2D angle + head-tail
from light asymmetry

CDS(HHecDiI}

. D. Dujmic et al., arXiv: 0804.4827
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Particle ID:
Range VS. Energy | Nuclear recoils from .

Range vs. ionization energy
very different for electrons
vs. nuclear recoils

Yy e = Y e rejection
>1e6 from Cs137 calibration

Energy (keV)

Sy
3 MC) | ] (MC) 13 kéV electrons
E s | 2= % A %55
:. 40 keV |
[ nuclear |
il recoils ill

1] 1 H ] - =0 [} L] m

|
% e} A} I 20 mm
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Spin-Dependent Dark Matter Cross Section Reach

Fluorine spin factor:
A J(J+1) ~ 0.65

- 0.1kg-y improves limits
PMTPC, 0-1kery 100kg-y tests MSSM

PRELIMINARY

SENSITIVITY

DMTPC, 100kg-y

10°
WIMP mass (GeV)

Assumes background of 1 ev/kg/100 days

next steps: 1 m3 detector + low background
materials = basic module for large detector,
R&D underground
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Directionality Future

Eventually: large detector, 1046 cm? sensitivity, 5091&0
sited at DUSEL? b0

1 ton of CF,
@50Torr

\ detector size for 100 kg CF4 @ 50 Torr
10-3% cm? spin-dependent sensitivity (tests MSSM)

1044 cm? spin-independent sensitivity (current SI experiments)
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'. Directional detection is a powerful
new way to search for dark matter.

Backgrounds make directional detection very attractive.
Coherent scattering of solar vs is an irreducible background
to ton-scale, O(keV) threshold dark matter searches without direction.

Huge progress experimentally in last few years:

first directional experiment (DRIFT), first directional limit (NEWAGE),
first observation of vector direction in low-energy nuclear recoils (DMTPC)

Dark matter telescope:
transition from discovery to observatory.

0002 0004 0006 0.008 O'Q(Ly
Recoil Rate{E, >20keV)/kg 'day st

hir Jocelyn Monroe May 30, 2008



Backup
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Dark Matter Wind

Dark Matter Halo Solar System

kinetic energy dissipation
by baryons
+
conservation of
angular momentum L =m (v xr)

Galactic Disk

|Ii : |
a difference in velocity between

baryons and dark matter ---dppears

to “blow”
from
Cygnus

&
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Optimization
how many events to detect
T A the dark matter wind?

No background, 3-d vector read-out, Er = 20 keV “

Detector Properties:

detector resolution
energy threshold
background
reconstruction
(2D vs. 3D)

vector or axial A. M. Green, B. Morgan, astro-ph/0609115
reconstruction

S/N = 0.1

3-d axial read-out
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Signals in Directional Detectors

T 1 distribution of signal events determined by:
osf- 1) g
ot _E 1. angular resolution of elastic scattering
: . 2. dark matter velocity dispersion
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DRIFT

Operating in Boulby (UK),
wire readout, 40 torr CS; gas,
negative ion drift,

16 kg-day exposure

| ¥

head-tail for ~5 MeV alphas

Illil- Jocelyn Monroe November 8, 2007



DINII

Currently radon limited
(~10° events/kg/day)

can distinguish different
parts of the Rn222 decay
chain by range

Drift Collaboration, accepted for
publication in AstroPart. Phys.

E, Hange Long.
(MeV) (mm) strag

(mm)

Er-:'c'ui]

(keV)

5. 48048 13.4
G.00235 15.3
T.6RGRZ 23.3

100.82
112.33
146.64

16.3
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NEWAGE

Operating in Kamioka (Japan),
U-pattern gas detector readout,
100 torr CF4 gas, e drift,

e- rejection: < 2E-4

100 keV recoil threshold

Drift plane
30cm T\
Ll F S, Zenith35T

demonstrated
axial 3D track
reconstruction
with 2°2Cf source
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N EWAG E . zenith_ sky map (raw)

first directional detector limit!
surface run, 0.15 kg-day exposure,
spin-dependent cross section

K. Miuchi, et al., Phys.Lett.B654:58-64 (2007)

This work (CF, , spectrum only)

This work (CF, , direction-sensitive)

DAMA(Xe)

CDMS(GeJ]
Tokyo 2006(CaF,) SIMPLE, PICASSO(F) :

NAIAD(Na,l)

DAMA(Nal), .. |

Q000000 & 0 00 00
flat BG

simulation
2 data —+—
10 :

Myymp [GeV] | | | o 1
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v Coherent Scattering

Q? = 2mT, low Q? simplifies nuclear description
(to 1st order no Q% dependence except in form factor)

dc G}% (hc)zmnucleus ) 2 Muucleus Lnucleus 2\2
R — N—(1—-4 Ow )Z 1 — F
T 4T (1= dsin"8w) 22 &)

N = number of target nucleons
Z = number of protons
F(QQ?) = nuclear form factor

- cross section ~ N2, heavier nucleus = more events
- as Thucleus iNCreases, cross section decreases

D. Z. Freedman, PRD 9, 1389 (1974);
H. T. Wong, et al., J. Phys. Conf. Ser. 39, 266 (2006);
K. Scholberg, PRD 73, 033005 (2006)
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V Fluxes (cm2 s

Considered here

Source Predicted Ev Range
Solar Total O(l1EI3) <|8 MeV
PP 5.99E10 <0.4 MeV
CNO 5.46E8 <2 MeV
/Be 4.84E9 0.3 /0.8 MeV
8B 5.69E6 4 WA [\
hep 7.93E3 <|8 MeV
Geo Total O(IE7) <5 MeV
238U 2.34E6 <5 MeV
pEYALY | .99E6 <2.5 MeV
235U ~4E3 <2 MeV
40K od 17/ <2 MeV
Atmospheric O(1/E(GeV)%7) 0 to multi-GeV
Reactor O(1E20/d?) <|0 MeV
Supernova Relic O(10) <60 MeV

|||i|- Jocelyn Monroe
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Prediction vs. Measurement

Predicted
KQO' P(B8) = 5.86 x 106 cm-2 s-1
\® 16% normalization uncertainty

O
C'D http://www.sns.ias.edu/~jnb/SNdata/sndata.html

P (u23s) = 2.34 x 106 cm2 s-1

o @ (Th232) = 1.98 x 106 cm2 s-!
QQ’ http://www.awa.tohoku.ac.jp/
~sanshiro/geoneutrino/spectrum/index.html

3 D (u23s)y = 9.6 x 10-! cm2? s-!

(geomagnetic cutoff important)
20% normalization uncertainty

&* uncertainty from approximations
/% in form factor calculation: 5-10%

)

|||i|- Jocelyn Monroe

Measured

SNO: 1.09 x predicted (10%)
SK: ®(B8) uncertainty = 3.5%

KamLAND: ~4 x predicted,
/6% measurement uncertainty

SuperK: normalization within
10% of prediction (+ osc.) for

Ev<100 MeV

never measured!
(historically, surprises at low Q?)
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: . HHH CCD Camera
First Generation oo KA
768x512 (9%x9um)

D eteCtO I P rOtOty p e y 8 =, Cooled (-200)

Photographic lens (55mm)
Finger Lakes Instrumentation

MW10

S

Q CF, gas
ﬂ 100-380Torr

Drift region:
2.6cm, E=580V/cm
Amplification region:
B Anode: 5mm pitch, 100pm
| Ground: 2mm pitch, 50um
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Cf-252 Calibration

Soft energy spectrum: 100keV recoil angle
most neutrons below ~4 MeV alpha Source Recoil angle
production threshold 1n4e.l1jtrhé\§2/ 80deg

Energy and recoil angle distributions Neug?znﬁzﬁom ~57deg (avg)
similar to dark matter induced recoils 200GeV WIMP | ~43deg (avg)

neutron recoil F
energy energy
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Energy (MeV) Recoil energy (keV) Recoil energy (keV)
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Track Analysis

X Y
projection projection’

1 100 200 300 400 500 600 700

Range: count # of pixels above threshold

Measured along track direction (+/- 3 pixels around track),
background estimate from neighboring pixels.

Energy: integral of light yield on the wire

Measured perpendicular to track direction, in +/- 5 pixels
around segment, Gaussian fit above flat background.
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Amplification and Gain

Mesh amplification planes with copper anode: gain 1-2x104
developing transparent electrodes for double-sided readout

:"'ﬂj_’ L.:h"'-'h'.qg._ti_._‘ a) Moiré pattern b *Fe EXNPOSUTe

% 7100 200 300 400 500 600 700

Calibrate gain, energy with
5.5MeV a’s from Am-241

IIZ_.'JZ_.:

CCD: ~15-45 counts/keV
AE/E: ~10%
spatial resolution: ~400 um

stability: ~1/2 day
(without flowing gas)
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A. Kaboth, et al., arXiv:0803.2195

Scintillation Yield

h oxs X [0 . WireSignal
. . . . . . . ./ - } e | ) "" Out y
ratio of scintillation to ionization Y T ‘!
determines signal amplification i & Wl A IVt
SSFe . .* / ‘2 1
result: y/e = 0.34 +/- 0.04 Source !i' -
= 6,000 photons/MeV | A6 BN
Photon 7 &
Signal '
Out

1]
—

=
,E,' T
(=]
=
2
=0
T

spectrum of CF4 scintillation
determines CCD signal acceptance

result: CF4 dark matter target well
matched to CCD readout

=S, rew =L
Wavelangth (nm)
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0.5cm  1.05cm  1.6cm  2.05cm

Diffusion

Critical parameter:
nuclear recoil range ~ mm

___________________________

Measure with alpha sources B e
at different heights in drift RN gl R
region (Az) e SIS

200Torr

=

—h
Lad
&hn

g ; olum] =324 ®36+/Az

P 0.1046 + 0.00132
il 001325 + 0.0009563

D. Dujmic, et al., NIM A 584:337 (2008)

width? (mm?)
]

340um for Az=1cm
670um for Az=25cm

04 06 08 1 12 14 16 18 2 22

drift distance (cm) Maximum size of drift region
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— [— I T T | T—]
Range E - 280Torr of CF - 3500
. . = 20— p orr of CF, ]
Ca I | b ratl O N - i 5.5MeV alpha tracks . 3000
oE : I 2500
- . = 2000
o Bragg peak -
10 SR 1500
o i, 18 1000
St 4500
F . 1 0
L | | L | L
% 10 20 30
€ 280Torr X (mm)
:
g 300Torr I’ange
iy oo calibration
fit for endpoint $ o relative to SRIM
simulation

40

SRIM range (mm)
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Threshold

currently head-tail quality factor
>50% above ~120 keV

Now:

with reasonable improvements in

gain, expect to lower 50% fraction
to 80 keV

GEANT4

Future:

—

Fraction with y<0

now vs. future:
75 vs. 50 Torr, 25 vs. 60 ADU/keV,

150 200

3x less CCD noise, 1 vs. 2-drift readout Recoil energy (keV)
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