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Dark Matter-Induced Recoil Signal Direction

distribution of signal events determined by:

1. angular resolution of elastic sc. _ring
2. dark matter velocity dispersion
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WIMP Velocity Distribution (km/s) for 100 GeV WIMPs, need ~50 keV energy

threshold for direction anisotropy at 30
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get elastic scattering angular distribution without velocity distribution? For just the mean velocity?

comment about applicability of M-B velocity distribution
comment on intrisic resolution of angular scattering



Readout Requirements: Segmentation

At 50 keV, F recoil track length
is T mm (@ 60 Torr CF4),
2.5 mm (@ 30 Torr CF4).

As the F travels, it loses energy
to the medium, which has
significant fluctuations (straggling

[ F recoil 60 Torr

p - reco , To determine the track angle
N recoil 30 Torr T ;

- - alpha 60 Torr P requires > 2 measurements
[ - -alpha 30 Torr ] Rk
] ] along the track, and in the
presence of straggling, readout
noise, etc. require more.
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need >500 um resolution,
for direction measurement
at 50 keV recoil energy.

Energy [keV]

(and the higher the pressure, the more resolution required)
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get elastic scattering angular distribution without velocity distribution? For just the mean velocity?

comment about applicability of M-B velocity distribution
comment on intrisic resolution of angular scattering



. primary ionization encodes
track direction via dE/dx profile

Dark Matter Time Projection
Chamber (DMTPC) Principle

dE/dx (keV/mm)

log, (E) (log(keV))

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

. multiplication in amplification
region produces e- + scintillation
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need the ?? explain that we will use alphas and neutrons, point them out on the Bragg curve



CCD Readout Soon

i tCF4 CCD
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energy threshold for finding tracks depends strongly on CCD signal to noise
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Mesh signal readout with ns-risetime
amplifier, to measure Az and for PID

. 2016
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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}
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Rise-time of charge signal (ns)

J. Lopez et al., NIM A 696 (2012)
light:
e measure PMT signal pulse
width
e pulse width varies with Az,
shape varies with +/-Az

R&D on identifying events fror
cathode using PMT readout
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Directionality |

Scintillation profile

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

9 10
Wire coordinate (mm)
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challenge to scaling up: diffusion!
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Amplification

Cu Mesh, 256 um pitch
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7100 200 300 400 500 600 700

Pixel Number (X)

z
o
o)
S
>
4
]
X
o

100 200 300 400 500 00 700
Pixel Number (X)
20x smaller pitch,

Resistive separators, dia=0.5mm, every 2.5cm 10x |arger gain, 1->2D
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Background Rejection with C

optical AND charge readout rejects Fast

CCD artifact AND gamma backgrounds |y (timing)
J. Lopez, et al., NIM A 696 (2012) 121
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Mesh Anode CCD
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Impact of Detector Physics on Signal Directionality

recoil kinematics:

L
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diffusion:
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@ 50 keV
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+ straggling:

O of recoil
direction,
relative to
initial track
direction

~25° @ 50 keV

30 Torr, 68.03 percent spread

Angular spread
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add AmBe column to this table

Direction Calibration

Need a source of known energy and angle

AM-BE SOURCE
T T

i

Counts/(0.1 rad)
=

L o B B

¢ (rad) -
: B
S. Henderson, PhD thesis (2013) FourShooter (20L)

N

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 : APkl 2076




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
(range, angle)
(2) fit for the head-tail (H-T)
(3) assign confidence in H-T
determination with likelihood
ratio of two possible senses,
cut on confidence

— 0. Angle: 5.deg
o Angle: 25 deg

68% Axial Spread [

C, Deaconu, PhD thesis (2015) 2 | e

Transverse Fit

. J. Lopez, PhD thesis (2014)
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Directionality I

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

» find direction reconstruction
depends most on track length,
range/width>3 for head-tail ID,

C. Deaconu, PhD (2015), Phys. Procedia
261 (2015) 39

A H-T fraction (from hemisphere)
[ 25 cm drift:

fitting |
old algo _
fitting w/ cut
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Signal:Noise

Lower P gives longer range (good), higher gain (good), but lower dE/dx at fixed E (ba

Signal size: .
(I'T‘."i) X Gx(y/e”)xpxQFE xn
N

Npizels/track

Where:

e E = 50 keV the target nuclear recoil energy threshold at which DMTPC wants to be able to
reconstruct the direction of tracks well

q = 0.6 is the gas quenching and is defined as the fraction of energy released by a recoil in a
medium through ionization compared with its total kinetic energy [14]

w = 34 eV represents the mean energy required to produce an ion/e™ pair in CFy, work function
of the gas [7]

G = 10° is the gas gain

v/e~ = 0.3, is the number of photo-electron pairs created as a result of the scintillation light
produced

p is the geometric acceptance of the lens

n = 0.64 is the combined anode (0.8), cathode (0.9) and detector window (0.9) transparency

Noise size:

To increase S:N: 1) increase geometric acceptance, 2) increase gas gain, 3) reduce N

‘ RHUL Jocelyn Monroe April 7, 2016




DMTPCino: m3 Module

prototype for very large detector:
build many 1m?3 modules, because of diffusion limit.

goal: achieve similar or better S:N per pixel,
for 35° resolution at 50 keVr in Tm3 module, and
R&D: 1 camera+lens/side (~0.005%/channel now)

1-shooter side: m 4-shooter side:
2xXTPC 2xTPC

1xCCD - s v | 4 x
4 x \ 1x
’ D

F
!‘;_’ 4

Turbo
pump '

> _ Digitizer

S mplifiers

TPC

installation N\

-

—
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Charge readout for E measurement




Optical System R&D: Large Area Optical Readout

comparison of 4shooter prototype vs. DMTPCino optical systems S:N
prototype: 4x Alta CCD + Canon f/1.2lens

DMTPCino: 4-CCD side: Proline9000 CCD (0.01 e/pix/s dark rate) + Nikon f/0.95 lens
1-CCD side: Fairchild 486 CCD (0.0001 e/pix/s dark rate) with quad readout +

large angle-of-view Canon /0.95 lens

calculation inputs:
®30 Torr pressure: 2.5 mm long track, T mm wide @ 50 keVr to estimate S/pixel
®gas gain = 100,000k for DMTPCino, vs. 65,000 gain for prototype
e dark current rate and read noise from camera specs
e measured scintillation spectrum, Y/e-, lens transmittance vs. wavelength, lens vignetting

Lens/Camera F(i::) d Z:::)I s:d;:i;;r :c?‘:/) m acc(erit:;ce no:see‘?e-) (:i\:l : :T g:):;)l) S/N (e-/e-)
[-CCD side | 5/0.95] 15 6.14 [ (113)2| 18 2E-04 7 276 189/16 = 12
4-CCDside | 5/1.2 | 12 366 | (57)*| 16 2E-04 10 243 95/14 = 6.8

prototype  |85/1.2| 24 | 245 | (16)2 | 67| 5E-04 10 160 87/13 =63

empirically: S:N>15 results in ~20 keVr track-finding threshold -> bin 2x2 before readout
nb. big potential gain in acceptance, using astronomy solutions beyond lenses
(fiber plate, Q focussing optics,++)

‘ RHUL Jocelyn Monroe
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: HEHED 25 1

Gas Gain R&D : £ ;
triple mesh amplification: one camera '
images 2x 25 cm drift regions

TPC 1 TPC 2

7
il il
406um ¢ 508um +«610um ¢ 711um e813um e 1016um
1000 15800 20
- triple-mesh prototype

200 [ (H-Tomita, PhD thesis 2010) m3
. . goal
demonstrated high gain in g |
small prototypes, 50-200k S 10 | + {.
x [
optimizing gap size, pltch to 8 o | I %
maximize pixel signal:noise, s T %
*10x gain with 2x gap size R T { 4Sh00te|:}
price: 25% amplification @ so } B
. .r . T [ 10L prototype 3 d i
region diffusion tails increase i iy
H. Tomita, PhD thesis (2010) i
550 600 650 700 750
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Recent Progress: Gas Gain Calibration

higher gain = lower
energy threshold.

result: gain>250,000 can be
achieved = factor of 4x higher
than previous operating point of
65,000 (in 4shooter prototype),
25x 10L prototype operating point.

‘ RHUL Jocelyn Monroe
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Full Microphysics Simulation

validated with prot
DMTPC n_galibration data, DMTPC;n calibration data,
50 keVr * = . . 150 keVr i

Generated at Primary
Electrons HT_ (PCA Direct|

Spreads (VLOW)

Y

e T re——)

- MCTS% Sprend  —— Data 29% Spread

Head-Tail Etficienc:

250 20 40 60 80 100 120 140 160 180 200 220 0520406080100 120" 140 160 180 200 22
E, (keV) lonzation Energy (keV) lonzation Energy (keV)

C. Deaconu, PhD thesis (2015)

Bottom lines:

« we are reconstructing direction (including head-tail) at ~physics limit from
straggling of primary F ion. Need to reduce ion straggling! He?

« axial resolution is ~40 degrees (FWHM) at 50 keVr

« TRIM MC predicts ~50% larger spread in angle than we observe

April 7, 2016
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Recent Progress: Integration of all Readout Channels -

Optical: CCD + PMT

Rms vs Exposure time at 1x1 binning
T =

@ E
% 12
2 =
o

— peak amplitude values
i‘”{ 'L‘
=t gv=0.1mV| |
I

A

MT dQ
0.4% at
anode,
1% at
cathode




Recent Progress: DMTPCino Calibration

M. Leyton, J. Balewski

0630186, Lidnt (ADU), nBinX=771

ein-situ CCD and charge noise, ex-situ PMT SPE
-per-pixel threshold for cluster-finding

eabsolute gas gain (Fe-55)
-stable operation at 150k, can go higher
-gain stability vs. time at few % level

egain uniformity (Fe-55,Cs-137)
-continuous operation over 4 weeks,
detector stability to <1 ADU

esystem absolute gain calibration
-3-4.5 MeV alphas, lower energies
produced with same source, mylar foils

edirection calibration (external AmBe)
-coincident signals in all readout channels!

ongoing...
‘ RHUL Jocelyn Monroe 2000




Conclusions and Outlook

)

» DMTPC has demonstrated <359 angular resolution with 25 cm diffusion

« In the process of moving from small prototypes to ‘physics-scale’
detector module. yCommissioning of DMTPCino underway... ™%
« demonstrated 4x increase in gas gain
« coincident readout of charge (fast, slow), light (fast, slow) signals
powerful for background rejection. :
«Next: incorporate fast signals into_direction reconstruction.

« main challenge: achieve resolution + head-tail, atlowér energy threshold

« Exploring applications to neutrino scattering physics

‘ RHUL Jocelyn Monroe April 7, 2016
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Diffusion Measurement

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

« fit for two termrs:Jr 2<&> (M)

o7 (z =0
7(zpRIFT) m z

.'-I\IIIIIIIIIIIIIIIIII-

« find z-dependent term

—&=— CCD#1
-<3- CCD#2
siisin CCD#3
—h— CCD #4

‘.-\III-

T NS N N

consistent with literature
recommended value

1
50 100

1 1 1
150 200 250

Heiaht Imm]l

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

Reference Data 25 (1996) 1341

» constant (straggling) term
dominates until z~20cm,

and z=25 cm for 02r<Tmm
J. Battat, et al., NIMA 755 (2014)

» sets a maximum drift length per TPC
to be ~25 cm to preserve track direction

‘ RHUL Jocelyn Monroe

Dr/u (V) oM (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
S0\ D 0L,

0 50
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DMTPCino Sensitivity Projection

Acceptance Probabilities (pr =0.1%)

ST =gy==a
—Tm, =10GavV / 5[

Eam, =30 Gev ;—{—

Em, =100 GeV ’_‘E"

=3 m, =300 GeV
£ m, =1000 GeV

000
nurrber of signal events

a0 G Pmpacticn Prbatily owad

‘ RHUL Jocelyn Monroe

Analysis assumptions
« Use physics model tuned

on data, assume 100k gain

« simulate n experiments,
compute forward fraction
and axial spread per bin

« calculate p of obtaining thes
values from isotropic
distribution, and combine
bins using Fisher’s method

« Result: need 450 events
to measure anisotropy at
30 in >50% of experiments.

April 7, 2016



DMTPCino Sensitivity Projection

Em,=10Gev
Eam, =30GeV
Em, =100 GeV
E= m, =300 GeV
£ m, =1000 GeV

e.gr. DEAP veto: 200 m?

e Result: need 450 events
to measure anisotropy at

30 in >50% of experiments.

(=500 [300] m3-years for 100 (1000)
GeV/c2 DM at 1 fb SD xsec on F)
(=25 kg-years)
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Connection with R&D for Neutrinos

High Pressure Gas TPC for Neutrino Physics:
goal: reduce neutrino cross section systematics to 1-2% for CP violation search
in long-baseline neutrino oscillation experiments, with HPTPC near detector

« STFC funding to build HPTPC prototype for beam test at CERN
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Number of Protons April 7, 2016
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Development of large mass detectors for low-energy neutrinos and dark matter may allow supernova
detection via neutrino-nucleus elastic scattering. An elastic-scattering detector could observe

a few, or more, events per ton for a galactic supernova at 10 kpc (3.1 °—1020m). This large yield, a
factor of at least 20 greater than that for existing light-water detectors, arises because of the very
large coherent cross section and the sensitivity to all flavors of neutrinos and antineutrinos. An
elastic scattering detector can provide important information on the flux and spectrum of

pand

from supernovae. We consider many detectors and a range of target materials from 4He to 208Pb.
Monte Carlo simulations of low-energy backgrounds are presented for the liquid-neon-based Cryogenic
Low Energy Astrophysics with Noble gases (CLEAN) detector. The simulated background is

much smaller than the expected signal from a galactic supernova.



Event Rates of Solar and Geoneutrino v-N Coherent Scattering

TABLE I: Ambient sources of neutrinos
number per cm? per second.

. Fluxes are given in

Source Predicted flux

[41] Solar v pp
[41] Solar v CNO
[41] Solar v "Be
[4T] Solar v *B
[41] Solar v h.e.p.

[45] Atmospheric v+7

JE(GeV)™7)

(44)Diffuse Supernovae T, ~ 8 MeV

25
keV]

30

FIG. 5:

with 5 keV threshold.

Grothaus, Fairbairn, Monroe (2014)

‘ RHUL Jocelyn Monroe

b[(tyrs)']

The two dimensional probability distribution p of
recoil energy and event angle of neutrinos in a CF, detector

123

hep

f Begyy —

7 Be

pep

“1843

“ ) Me
3 MeV — 8 Me

FIG. 4: Neutrino event rate in a CF4 detector. For this plot
a perfect energy efficiency and an upper threshold of 100 keV

102
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Event Rates of Solar and Geoneutrino v-e Elastic Scattering

TABLE II: Predicted and measured (uncscillated) solar ve
: . 2 1 - 3 Y= .
flux in units of cm ™= ps™ ", from [16] and [23H25], respectively.

;:”m\ l;ii:g)'(;f(;i';” '\k‘&q"m‘. ";0., TABLE III: Predicted number of solar v, reactor ¥ and geo-v

"Be 4.84 x 10° 10° events per metric-ton-year exposure vs. electron energy, as-

CNO 5.40 x 10? - ¢ 10? suming a CFy target and 55% probability of oscillation into

pep 142 x10*  (1.6£0.3) x 10° vu or vr. Geo-Te rates are calculated using the normalization

,‘I 8 e at Gran Sasso from Table[lL

B R 5.0275 19

hep ° Source Total = 150 keV = 300 keV = 500 keV
solar pp 435.3 63.3 0.00 0.00

@ y T T solar 'Be 161.8 119.7 823 35.8

g 0] o 1Y data solar CNO 18.3 13.7 0.71

- Ky solar pep 9.21 7.98 6.74

5 10°L @2, ®Thv solar °B 1.99 1.93 1.88

£ [ Reactor v solar 7F 2.47x 101 ) 1.50x10 2

E i solar hep  4.01x10~2 3.88x10 3
solar v total 626.8 100.8
reactor v 2.23x10 10 -
iy 7.18x10° 3x10 -
ey 2.56% 10 3x10 4
2y 5.00% 10~ 5% 10 4
K 3.67x10 )% 10 2
geo T total  4.92x10 % 10 ’

Leyton, Dye, Monroe (in preparation)
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Energy resolution

CCD Length and Energy Calibration

P

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

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

|

|
\

| |

o sources for energy calibration (4.4 MeV)

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

|

(T

[TT T T[T T T T[T 11T

|

: ,’E>‘<ém‘ple"_ irﬁage 2

gainmap corrected energy deposited (keV)

FE M PR PRI TR NS S S W
10 20 30 40 50 60
distance along track from edge of image (mm)
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Backgrounds, CCD Readout Alphas:

edge crossing

B 100 200 300 400 500 600 700

Ci252 Data
e 4 “WIMP” Data

Projected Range (mm)

e ow
ooopOopgogOooo

400

h-;E]Eli]nu

CCD artifacts:
same position as

sparks :

Event 934

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

X W W WO
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