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First hints of Dark Matter

B
Fritz Zwicky (1933)

= Applying virial theorem to study of Coma cluster, he
concluded that mass of galaxies in cluster was
0(102) what inferred from luminosity

» Consequence: substantial amount of matter not
emitting light (Dark) must exist
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_ _ Coma Cluster in ultraviolet and visible light from
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Strong evidence for DM

B
Vera Rubin et al. (1979)
« Study of rotational curve of spiral galaxies
= Newtonian prediction for orbital velocity of galaxies
GMm _ mv* N L
- Jr
= Observation: orbital velocity is flat outside central bulge

»« Explanation: substantial amount of matter far from the
center of the galaxy that is not emitting light (Dark Matter)
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Even more convincing evidence...

Bullet Cluster (2006)
= [wo colliding clusters of galaxies

= |ts components (stars, gas, and DM) behave differently during collision
= Stars (optical) not greatly affected: small gravitational slow down
= Hot gas (X-rays), larger mass, EM interactions: more dramatic slow down
= DM (gravitational lensing), largest mass, minimally affected

s Conclusion: most of the mass in the cluster pair is in the form of weakly
interacting Dark Matter

X-ray: NASA/CXC/CfA/ M.Markevitch et al.;
Lensing Map: NASA/STScl; ESO WFI; Magellan/U.Arizona/ D.Clowe et al
Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.;
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What is Dark Matter made of?

B
s Astrophysics and cosmology tell us that Dark Matter
accounts for a huge fraction of our Universe:
= 85-90% of the mass
= 24% of the energy

23% DARK MATTER

= What is Dark Matter? \\.

.
I 3.6% INTERGALACTIC GAS

= Many candidates: 0.4% STags, ETc.
= Baryonic DM (e.g.: non-luminous gas)
= Non baryonic DM --- hot or cold

= CMB data favor cold non-baryonic Dark Matter
= Cold: large mass --> non-relativistic velocities
= Non-baryonic: gravity and weak interactions --> new particle
= Stable: maybe LSP?

= Weakly Interacting Massive Particles (WIMPs) are the most
likely candidates
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Direct detection of WIMPs

Electron

Backgrounds:
n N=- nN’

ye=> ye
N=> N+ a,e
v N=> v N’

Nucleus
s®

= Basic principle: detect recoil of matter after elastic scatter with WIMP

= Different experiments use different techniques and materials
= Jonization, scintillation, phonons
« Si, Ge, Csl, Xe, Ar, CF,, ...

= Challenging measurements:

= Very low-energy recoils (10-100 keV), very weak interactions, many
backgrounds
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Cross-section [cmz] (normalised to nucleon)

-40

Present DM searches

10 http://dmtools.brown.edu’
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02 Current best limits on spin-independent
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= Many experiments engaged in direct detection of DM

= Recent progress: improved cross-section limits ;< 10-44-10-43 cm?
= Intrinsic limitation of mainstream DM experiments:

= Counting experiments: zero-background assumed

» Larger detectors will start to see several (irreducible) backgrounds

It will be very hard for a counting experiment
to provide unambiguous positive observation of Dark Matter




Situation similar to neutrino oscillations...
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Oscillation of solar v first observed by Davis in the 60 S in counting experiment,
but decisive proof came in 2001 with water Cherenkov directional results




Dark Matter wind from Cygnus

The decisive proof of positive observation of DM requires
correlation with astrophysical phenomena

Dark
Matter Halo

Disk:
Dark matter and

R S——
15 kpc

=
- .

Gabri 50 kpc Dark Matter



A wind of Dark Matter from Cygnus

EE
The decisive proof of positive observation of DM requires

correlation with astrophysical phenomena

DM halo’s reference frame Solar system’s reference frame

Dark Matter wind from Cygnus of 220 Km/s




th not xearly asymmetry?

December

Yearly asymmetry:
e Small rate asymmetry: 2-10%

e Hard to disentangle from temperature dependent phenomena
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Drukier, Freese, Spergel (1987)

Unambiguous signature of Dark Matter

‘ Daily asymmetry~30-100%!

Only directional detection can correlate with Cygnus:
unambiguous positive observation of Dark Matter in presence of backgrounds




Directional Detectors

= Direction of incoming WIMP is encoded in direction of

Gabiriella Sciolla

nuclear recoil

How to detect the direction of recoi

= Low-pressure gaseous detectors
« A 50 keV Fin CF, @ 40 torr recoils ~2 mm

S? Recoil energy (keV)
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Spin-dependent interactions
B

= WIMPs can scatter elastically on nuclei via

= Spin-independet interactions
= Cross-section scales with the mass of the nucleus: c~A2

= Spin-dependent interactions
= Cross-section is nonzero only if the nucleus has a nonzero spin
= Spin-dependent interactions may be enhanced by orders of
magnitude compared to spin-independent
« E.g.: in models in which LSP has substantial Higgsino contribution

Chattopadhyay and D.P. Roy, Phys. Rev. D 68(2003) 33010
Murakami B. and J.D. Wells, Phys. Rev. D 64 (2001) 15001
Vergados, J., J. Phys. G 30 (2004) 1127

= Weaker limits for spin-dependent interactions

» Limits on spin-independent x-section: ~1044-104cm? < 7 orders of
= Limits on spin-dependent x-section:  ~1037-1036 cm? < magnitude!

Spin-dependent searches are promising and almost unexplored
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Our goal
B

Develop a novel detector for direct detection of Dark Matter
with the following characteristics:
= Directionality

= The only way to provide unambiguous positive observation of
Dark Matter in presence of backgrounds

= Spin-dependent interactions
= Can be much enhanced wrt spin-independent interactions

To make this feasible we need:
= Low cost/unit volume
= Directionality requires gaseous detectors: large volumes
= Easy to maintain
= Very stable, safe, easy to operate underground
= Scalability
= Modular structure
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The DM-TPC Collaboration

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

N. Skvorodnev, H. Wellenstein
Brandeis University

B. Cornell*2, D. Dujmic, W. Fedus*, P. Fisher,
S. Henderson, A. Kaboth, J. Monroe, T. Sahin*,
G. Sciolla, R. Vanderspek , R. Yamamoto, H. Yegoryan*
Massachusetts Institute of Technology

Note:
* indicates undergraduate students
1 also MIT
2 also Harvard University
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DM-TPC:

B
= Low-pressure CF, TPC

= 50-100 torr—

detector concept

F recoil ~1-2mm

CCD
Camera

= CF, is ideal gas VoS, Catod
= F: spin-dependent interactions e
= Good scintillation efficiency with Jow F recoil ~ 1 mm
= Low transverse diffusion pressure CF,

= CCD readout

Non flammable, non toxic gas

a scintillating

-|-V (e awy N

= Image scintillation photons Wire plane agd grids
produced in avalanche E
" # yscintillation oc # eionization

= |Low-cost, proven technology

= Amplification region (camera)
serves 2 drift regions

Gabiriella Sciolla

Line source of
scintillation light
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Animation by AnaMaria Piso

Cathode

CCD Camera




The amplification region
B

Original design: wires

Ground wire plane

—— EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER 50 },Lm, 2 mm pitCh
3mm I
................................................... < Anode wire plane
3 mm I e eeeeee e seasea e e e rasramranranranran s / 30-100 um wire
2-5 mm pitch
VanodeN 2kV

= Pros: simplicity, high gains (~104-10°)
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What we measure
B

3 fundamental measurements (in hand)
» E . from total scintillation light
»« Length of recoil
= Sense of direction (head-tail)
= Gains an additional order of magnitude
= A.Green, B.Morgan(astro-ph/0609115) 0 1 2
= dE/dx decreases along recoil track Range (mm)
= Low energy, below Bragg peak

)

St
-
T I 1 1 1

dE/dx (a.u
. -

Bragg curve for 80 keV
F recoil from WIMP in CF,

Additional features
=« PMT provides 3rd coordinate and trigger

No existing experiment had demonstrated head-tail capability
= Our first goal: demonstration of head-tail

Gabriella Sciolla DM-TPC: a new approach to directional detection of Dark Matter 20



First prototype

EEE——
Drift distance: 2.6cm, Eg?aEaKn;iao L chip
E=580 V/cm , CCD 768x512 (9x9mm)
XVlred p!ane. 10x10 rfm1oo T CCD ¢ cooled (-20C)
G?é)u r?d 52 nnlnnl ?)Iii(éh’ = Lrlnm Photographic lens (55mm)
: r QUL Lens | Finger Lakes Instrumentation
— —
Window
Cathode grid
-1.5 kV I
CF4 (100-380 Torr) Anode
wire plane 26 mm
Grounded +3 k{)/'

wire plane ™\

Grounded plate 7
> 10 cm >
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5.5 MeV alphas from 2*Am source

Alpha track traveling perpendicular to anode wires (vertical)
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dE/dx

Bragg curve for 5.5 MeV alphas

B
= CF, @ 280 to
E . : ol 5 3500
CF, @ 280 torr ; 3000
4000 -
2000
2000 -
10 1500
Histogram: DATA | 1000
Solid line: MC M
o S 500
10 20 30 40
Range (mm) 0
Alphas emitted parallel to anode wires R 10 20 30
= Wire plane oriented at 45 degrees X (mm)

Compare measured dE/dx vs range of the track with SRIM simulation

= Excellent DATA-MC agreement! Well understood detector

Gabiriella Sciolla
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Effect of diffusion on resolution

= Dark Matter recoils ~ 1-2 mm
= Resolution<< 1mm:; diffusion must be contained
» Resolution vs drift distance measured with 4 o, sources
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Light yield calibration with alphas
B

Photon yield/keV as a function of anode voltage:
E 18 4| P=150(L)-350(R) torr |
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Anode HV (kV)
Stable operations for gas gain ~ 10%-10°
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Recoils from low-energy neutrons
B
= Nuclear recoils by low-energy neutrons mimic Dark Matter

= DM: F has lower energy but is better aligned with WIMP direction

= Neutron source: 14 MeV neutrons from D-T tube

Fluorine recoil energy

------- neutrons (E=14.1MeV) |

— WIMP (M=200GeV)

s
L
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% 100
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DM-TPC: a new approach to directional Blue band = spread in WIMP direction




dE/dx vs range :

Neutron beam se{

DT source Detector

5
s
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.
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14 MeV \,

"J, ) r " J
B Neutrons ‘ A

___Anode wires

_——

s
//’r

= Anode wires // neutrons

= F recoils in CF, at 180 torr:
E ~ hundred keV, length ~2 mm

B L |
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NIM A584:327-333,2008

Observation of “head-tail” in F recoils
B
Wi r'esa’rO deg:

Wires at 180 deg:

8009

800
400
200-
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\ NIM A584:327-333.2008

More quantitative results (DT)

B
We measure skewness of light yield along wire
( {(z — {z))*) v>0: neutron travels L to R
(@) = ﬂ}“ﬁ ((z — (E}}E}ﬂfﬂ v<0: neutron travels R to L
& 1: ' ' # L tO R o 1F T T T T
“g S (24£3)% | & L ‘
0.5 - R —_— QO
) ) e %% o ° o n — -—+—
% o 8 . © e © -'d T—
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Cut Projected range (mm)
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Black dots: wires @ 0 deg
Open circles: wires @180 deg [: a new approach to directional detection of Dark Matter 30




Head-tail with 2°2Cf source

arXiv:0801.2687

EE——
Very preliminary results (few hours run at P~200 torr)
8 1~ T 71T T T/ T "]
-
3 l
g I :
L
S _1;{— [ |
2 o — ]
Cf-252 i
200 torr
Range (mm)

Gabiriella Sciolla

Observed head-tail for E>200 keV |
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MC studies: 200 GeV WIMP

I I I I 1 1 L L I Lj L L I | I I I 1 1 L

A, | L -
= B o ) f + ? * ]
E - —y— i — " — l -
= p9f . ~
- - il
o i i
5 i 70 keV i
® 0.8 _ —
L i B i

I - 60 counts/keV (now 25)

0.71~ 40 keV - P=50 torr

i '} - Noon + MaxBolz + 2 cm drift
0.6 —
1 1 1 I 1 i [] I i i | | | 1 1 1 1 I i i =

0 50 100 150 200

Recoil energy (keV)
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Background rejection
B

= Blind to gammas
= 8 hours run with 8 uCi 13’Cs inside prototype: no evts

= Rejection factor ~2/10°
m EXcellent discrimination against oo and e-

» By measuring both energy and length of recoil

= For pressure of 50 torr
= WIMP/neutrons: 30 keV --> 1 mm
= electrons: 15 keV e- (same ionization) --> 30 mm
= alphas: 7 keV o --> 1 mm (below threshold)

= Neutrons
» Passive and active neutron shielding
» Directionality!

Gabriella Sciolla DM-TPC: a new approach to directional detection of Dark Matter
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Recent progress: wires --> meshes
B

= All results shown so far obtained with wire-based detectors
s But wire detectors have serious limitations....

X (mm)

= We recently moved to mesh-based amplification regions
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New amplification region: meshes
B

= Pros: additional coordinate at no additional readout cost
= Cons: more R&D needed

i : : Steel mesh
First implementation: 25 um, 250 um pitch

V=-12kV S EEEEEEESEENEENENENENENENEENENS Transparentinsu|ator
D | Thickness: 100-300um

L T

Grounded plate

Eventually:

— EEEEEEEEEEEEEEEEEEEEEEEEENER Steel mesh
‘ ‘ ‘ 25 um, 250 um pitch
V=1.2kV EEEEEEEEEEEEEEEEEEEEEEEEENER
‘ Insulating wire
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V. 05e=2KV (E~1.5:105V/cm)

o particles with meshes > """

% 100 200 300 400 500 600 700

il : 4-,%"- I bodlin
~ ”IF | w L
% 100 200 300 400 500 600 700 %100 200 300 400 500 600 700 % 100 200 300 400 500 600 700

NB: 1D --> 2D at no additional cost!
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252Cf neutrons
100 Torr

Nuclear recoils: Nuclear recoils: very preliminary

500 500
400 400
300 300
200 200
90 100 100
80
70
560 580 600 620 640 660 680 550 600 650 700 350 400 450 500 550, 600
Neutron
~150 keV ~350 keV ~560 keV direction

150

.F 100

400

200

320 340 360 380 400 420 440 C:i 320 340 360 380 400 420 440

200 300 400 500



2"d generation prototype

Wire planes from
V. Polychronakos (BNL)

Drift: = 25mm : :

Amplification 2 5mm

Anode Wires: 7.5mm pitch,
30 um diameter

Wire Frame: 20x20 cm?

Image View: ~16 cm
diameter

CCD Camera: Apogee U2-ME
Kodak KAF-1603ME, 1536x1024 pixels

| Lens: Schneider Xenon 0.95/17




First results from 2"d prototype
B

s Example: deployment of PMT

PMT signal

I D signal

100 ns :
g

0.0z oS bt
T T T
h I = 0.5ns)

PO PMT signal skewed toward left: track

tilted toward wire plane
Gabriella Sciolla DM-TPC: a new approach to directional detection of Dark Matter 39




More on PMT signal

B : PMT signal

| CcD signal

wawr

row-600
channel (1 channel = 0.5ns)

Red track from Po: narrow, small tilt away from plane
Po Blue track not from Po: wide, big tilt wrt wire plane
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Next step: ~ m3 detector
N

s Goals

= Set scientifically competitive limit on spin-dependent
interactions with directionality

= Prove detector technology on realistic scale
= Underground backgrounds studies

= Detector

= Mass: 250-500 g/m3 for P=50-100 torr

= 1 year underground run: 90-180 kg-day / m3

= Assuming 4 m3: 350-700 kg-day

« SIMPLE/PICASSO 2 Kg-day; CDMS 34(12) Kg-day for Ge(Si) runs

= [imescale

= Design and R&D: 2007-2008

= Commissioning and underground run: 2008-2009

Gabriella Sciolla DM-TPC: a new approach to directional detection of Dark Matter
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Preliminary

Prototype of ~m3 detector

Active region
CCD Cameras (prellmlnary)

Cathode
N

&
=11]
& Triple Mesh

> &
a

—
Wire Spacers
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&
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st i Cathode ’ \
oV NN




[ H:

lH{

1 | 3250

m?3 detector

Preliminary

e 4 amplification regions --> 8 x 25cm drift regions
e Wires: squared frames; V_ .~ 2 m3
e Triple mesh: circular frames; V4.~ 4 m3
e Low-cost CCD cameras inside active volume (20°C)

e 25-50 cameras/plane; KAI220 chip & 0.95/25 lens
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Cross-section [cm”™] (normalised to macleon)

10 Sy <
Gaitskell Mandie’E ilippi

10
107}
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].D_]IE EJI:-ILI.ELLEIJL. . S R i e | -

10 10 10

WIMP Mass [GeV/c']

Very preliminary

Sensitivitx of 4 m3 DM-TPC detector

Current best limits on
Spin-Dependent interaction

=====:DM-TPC (very preliminary)

DATA listed top to bottom on plot
ZEPLLM 11 3D-proton

FICASS0 S0-proton (2005

Takva 2005 CaFZ, 5 D-protan

SIMPLE 5D-protan | 3005

DalkA 2003 Mal 3D-proton l2st. )

= = XENOMLO 5D-proton | prel mmimary)

s M ALAD 2005 Final 5D-proton
COUPP 2007 |5 keV threshald, 40 C) 50-pre
KAIAS 2007 - M9 kg-davs Csl SD-proton

NN COUPFP2007 (19 ke¥ threshald, 30T ) 50-pi

BALE LS
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Eventually: full scale detector
B

= Scale ~100 modules
» Big for Dark Matter, but small w.r.t. LHC detectors or Super-K

= Simple for today HEP standards
« E.g.: trigger rates ~ 1 Hz :-)
= Challenges: purity of materials!

s Mass
= ~100 kg for P=50-100 torr
= 3 years of running: ~10° Kg day
= Reach ~ 10-19-10° cm?

= Very preliminary cost estimate
s <~$100K/module

= Shielding

= Active and passive, a la Braidwood: <$2M
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Can we find space for it?
B

= Large DUSEL cavern at 6,000 mwe is ideal for our needs

Potential expansion:
low vibration facilities
Educational Unit
Central Services

Material Processing
Assembly Area

Nuclear Astrophysics
Accelerator

Supernova Burst Detector

Solar Neutrino
Low Radioactivity Counting
Tests

Potential Expansion:
Megaton Proton
Decay/ Neutrinos

Tests/Small Experiments
Medium Block Experiments
Earth Science

Dark Matter

Double Beta Decay

Deep Boreholes
Biology/Earth Science

-

INTERMEDIATE CAMPUS

DEEP CAMPUS

—_ ",
L

Transparent Earth Test

Biology

Medium Block Experiments
Earth Science

Fracture Motion Experiment
Niche Tests

Tests/Small Experiments
Central Services

Potential Expansion e.g. TPC

Fracture Monitoring

Deep Biology Observatory

Solar Neutrinos
TBD

From J. Kotcher’s presenation at HEPAP meeting on 7/14/2007
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Conclusion
B
= DMTPC collaboration is making rapid progress toward
development of new Dark Matter detector
= Directionality, spin-dependent interactions, optical readout (<$)

s Prototype I proved detector concept (2006-2007)

= First observation of head-tail effect in low-energy neutrons
= NIM A584:327-333,2008

= ~1 m3 module (2007-2009)
= Design and build (2007-2008): meshes, PMT, better CCD...
= One year of data taking underground (2008-2009)
« Competitive limit on spin-dependent cross-section w/directionality
= Study backgrounds, perfect detector design
= Large DM-TPC detector is an ideal candidate for DUSEL
« Large cavern at 6,000 mwe ideal for TPC for directional DM detection
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