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Dark Matter, a brief history




L.MrH} Coma cluster Anomalies

In the beginning... well... in 1933...

*Measured kinetic energies of 8 galaxies of the Coma Cluster
*Used virial theorem (2<KE> = <PE> to calculate the average
mass of galaxies of the Coma cluster

*Discrepancy between this value and the value obtained from
luminosity of galaxies.

*Mass/luminosity > 100

Fritz Zwicky, _ e
1937 *Nearby galaxies had mass/luminosity ~3

Fritz Zwicky postulates
Dark Matter

meaning something not luminous.
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Dyeoull  Galactic Rotational Curve Anomalies PPoCanss

e Monirdéal

in the 1960-70’s —

*Observed bodies far away from the galactic
center had same speeds as those near the
center (curve B)

= *Against Newton’s laws; We'd expectvZ o 1/r
- a2 (curve A)
Vera Rubin, 1950
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Dark Matter
in the
outskirts of galaxies?

Distance
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i Gravitational Lensing JRrcanss

» First postulated by Orest Chwolson (1924), made
famous by Albert Einstein (1936) in his general
theory of relativity.

= Light from far away bright objects is bent by large
masses.

= First observed in Twin QSO in 1979.
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Université o P' Cait-9 H
de Montréal BUIIet Cluster ———————
2006 :
best evidence
for _ ’ »
Dark Matter
Chanara 0.5 Msec image feiaic i
T Wi S = Two clusters of galaxies collided 150 million years
e TN T b e T ago; the galactic bodies traveled with their
(R oo sl A velocities unaltered; the gas slowed down and
e L SR ,f-’y l4e remained near the collision center.
| V; > v _x:. Tl ¥ - s «. .’-..__ .-'.- 'y . .
VLT ’i-; N = The gas accounted for most of the visible mass,
gl S L R ok 0 e e so one would expect today, to see larger
Jiee e e gravitational lensing effects from around the
R LSRG g =T collision center.
PN waesmmss o coenes)——— m - Byt when Chandra mapped the gravitational

lensing contours, the largest effect was in fact
offset from this collision center by 8c.
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L-‘“;;;'-'::;j;:%;lﬁ}.t‘. Other Evidence for the existence of
Dark Matter

(lots more, but you don’t want to stay here all day)

o. z 1_
.. o -_—
b I X : -y
AN _ . .:' .
i N ." | o y
] - A b : - . \ ’ "PiL'\ ¥
- Rotatign curve: - . . ing. -~
)
. A R N
T _ . ,‘.' . :l

Cluster kinematics:
o £ Large scale structure
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il What causes all these Anomalies? /282224

» Modified Newtonian Dynamics (MOND)? No; Bullet cluster disproves this and also
F=ma has been tested at 10-1°> ms2

= Neutrinos? The maximum space density from the CMB neutrinos that have a Fermi-
Dirac distribution is much less that the missing density. So maybe they make some of
the missing matter, but not the majority

=  Primordial black holes? No, we do not see them
= Gravitons? Maybe maybe not. Theoretical explanations available

» Bose-Einstein Condensate? Solitons? Maybe maybe not. Again theoretical
explanations available.

= Virtual particles? Probably not, as whatever it is that’s causing these anomalies seem
to have been made at the early stages of the universe, and they still stay around.
Virtual particles decay rapidly

= Other baryonic matter? Baryon-and-photon-only models predict primodial fluctuations
that exceed those observed in CBR.

= Non-baryonic dark matter particles? Most probably.
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DoLetns

«  WIMP (Weakly Interacting Massive
Particles), denoted by ¥, are non-baryonic
particles.

«  Produced in the early universe from '€~ — XX

- They annihilate with the reverse reaction. XX —> €€~

* As long as temperature, T > M, then,
WIMP number density, Y, is constant.

* Annihilation stops when WIMPS are too
sparse; mean free time of annihilation is
smaller than the Hubble age of the universe;
ny<c,v><H

WIMP number density constant after that:
feeze-out

WIMP relic abundance today = Q. h* ~

Determining my and o, from electroweak theory, we expect QX =0.3

10" cm? Freeze out; T<<<M,

X’s produced & annihilated; T>>>M,

X’s production stopped,
annihilation continues; T<M,
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T Standard Model for Pocarse
e Astro-Particle Physics -

= Dark Energy — vacuum energy state;

in fact

the universe today is dominated by this state

=  Cold Dark Matter

=  WIMPs (Weakly Interacting Massive

Particles), Axions

= Baryonic matter — stars, gas, MACHOs, etc

= v, can be lightest stable super
symmetric particle — LSP

= Majorana particle
= interaction with matter electro-weak
= can provide closure density

= relic population from early BB

X = N1177+N122N+N13ﬁf)+N14HN§

“photino” “zino” higgsino”

WMAP RESULTS (2009):

Q. = 1.02+.02

Q, =0.04 +0.004
O, = 0.27 £0.04

Q, =0.73 +0.04

«<—— Same as expected!!!!
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gl How to Detect Dark Matter ~ /Recsss

Z
O

IRECT

I
DIRECT RCHES

SEARCHES

(7))
>

E

Low-energy photons
Quu ks Posnmns

ACCELERATOR —
SEARCHES Ele truns

\ Med'm:reu"irgy
o
Supersymmetric ® J\ﬁ ©

neutralinos Bocons ,\/V\/\/\/\/\/Mv\fromns

Decoy process n—)
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Protull Neutralino Nucleon Interaction jdcca~ss
Cross-sections

Spin-dependent Spin-independent

General form of cross sections:

2 M;(MA \'2

MZ+MA)

C,> : Spin independent — coherent interaction [ A2

Enhancement factor

C,F(a*)

o, =4G,

C,>P : Spin dependent interaction [] <S|O’n>2

F(g?) : nucl. form facor [ important for large g2 and large A
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Uniprste et PICASSO JRrcase
A Spin Dependent Direct Dark Matter Search

Projet d'ldentification de : - 3
CAndidats — .l
Supersymétriques SOmbres i ,

Project In CAnada to Search
for Supersymmetric Objects

Université de Montréal - Queen’s
University, Kingston - Laurentian
University, Sudbury - University of
Alberta - Saha Institute Kolkata,
India — SNOLAB - University of
Indiana, South Bend - Czech

Technical University in Prague —
Bubble Technology Industry, Chalk

SNOLAB
River.
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How does PICASSO
Detect WIMPs?
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= Weakly Interacting particles
= Use bubble chamber principal
* Minimize background

= Go underground: shield from Cosmic Rays (SNOLAB)
= Use water boxes to shield radioactivity

= Carefully purify ingredients to remove radioactive U/Th
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Universite b The Seitz Theory of Bubble  /»searss
SR Chambers

AP(T) = superheat

y(T) = Surface tension

¢ = critical length factor

n = energy convers. efficiency

_l6z (@)
" 3xn (AP(T))’

A bubble forms if a
particle deposits
enough energy, E_ .,
within a radius R,

Ap = Superheat

0 5 10 15 20 25 30 35 40
T2

F. Seitz, Phys. Fluids | (1) (1958) 2
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e Mokl PICASSO Detectors Jrees

= Super heated C,F,,
droplets

= 200um,

= held in matrix in
polymerized gel

= act as individual
bubble chambers
= When ionizing
particle deposits
energy

= F19 recoils

= Creates \ ‘
nucleation centre | — T oot
in superheated " .-
liquid.

= Bubbles grow,
turning entire
C,F,, droplet to
vapor

= resulting acoustic
signal registered
by piezo electric
sensors
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Pl Test Beam Calibration

e Monirdéal

=PICASSO is a threshold detector.
*Threshold dependson T, P

=Calibration with mono-energetic neutrons

= neutron induced nuclear recoils similar to WIMPS

= n-p reactions on ’Li and ®'V targets at 6 MV UdeM-Tandem

Detector Response to 2 pb Dark Matter

SDD100D efficiency
Count rate (events/gd)

el 40 bl G0 fl i

Recoll energy of ™F E, (keV)
Temperature

Detection efficiency (T) ‘ Neutralino response (T)
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ek Temperature Thresholds for M, eq 946
i Different Neutron Energies *~

o

Five >V resonances:
97, 61, 50, 40 and 4.8 keV

Lowest threshold
measurement for similar
experiments : 4.8 keV
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W 1) Improved Calibration of the
de Montréal DeteCtor Response

1y
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Li data

Theory

5 10 15 20 25 30 35 40 45
Threshold temperature (°C)

May 19th, 2010 Sujeewa Kumaratunga




) PICASSO Detector //?‘Do@ﬂ_op
de Montréal Res po n ses mm——

o - particles
Threshold Energy (keV)
from 10° 10 1

226Ra spike

5
8
o
p
&
o
4

Neutrons from
AcBe source
(data +MC) Temperature ('C)
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gnotill  PICASSO Detector Status  /Reesnss

= Now Complete
= 32 detectors, 9 piezos each
= total active mass of 2248.6g
= 1795.1g of Freon mass

= Temperature & Pressure
control system

= 40 hr data taking
= 15hr recompression

=

= =i

=l

=1 f

I

=il

=
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Data Analysis
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PICASSO events

, high pass
raw signal filtered signal different amplitude scales

2000
10002

00 £ _ygogs

neutrons

S0

1000
-

S00-

500~

Two Discrimination Variables:

1. Energy Variable (PVar)
e e e gt i o | g T Tl T ot it T 2. Frequency Variable (FVar)
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Sl Energy Distributions for Neutron /

—h
|-l|||b

[}
Ilhll

Nomalized Counts

e
o
T

o
Ihl T

o
ha

=
T

1 Acoustic Signal Energy (arbitrary units)
Acoustic Signal Energy (arbitrary units)

Signal and noise Temperature dependent
well separated energy distribution
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WWNIN Frequency Variable Distributions 7

de Montréal

A = Neutrons (WIMPs)
& alphas

C = Fractures
C

L PR T R T N TR S S T |
1.5 2 2.5
Acoustic Signal Energy (arbitrary units)
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**** Neutron calibration run

c000o Background run
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Alpha Rate Fitted: Detectors 71,72

Event Rate {g"h")

—~
i
c I
—
=)
~
[<5]
+—
[
@
)
c
(5]
>
w

10 10°
Nuclear Recoil Energy (keV)

Rates have been normalized to '°F
Radioactivity = 3.3 mBg/kg (2.7 x 10-1° gUg"', 8.1 x 10-'' gThg-)
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Universite Null Hypothesis /
Alpha Rate Fitted: Detectors 71 72

.ﬂ-‘
.:':
.E'E
3z
m
1
e
g
L

=] =—  M,=10GeVc2
1 =~ MW=30GeVc-2
MW=100GeVc-2
(scaleo ,;=1pb)

|
45
Temperature {D C)
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2009 Results
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de Montréal P I CASSO N ew ReS u |tS

rﬁD Gu@f-i_ L9 &

R ————

S —

2009
o, =-0.0051pb
+ 0.124pb =
13.75+0.48 kg.days

(1349 1°F) _ e

PICASSQO expected,
full detector setup

10 102 10°
WIMP mass (GeVic?)

in
progress

HTHIELWEWSE
32 detectors
2.6 kg "°F, 144 kgd

limit of 0, =0.16 pb (90%C.L.) for a WIMP mass of 24 GeV/c2

* 8. Archambault et al.; Phys. Lett B. 682 (2009) 185

(arXiv: 0907.0307)
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de Moniréal e
Systematics
Systematic Uncertainty
Active mass (C,F. ) 5%
Neutron Threshold Energy 3%
Pressure variation 3%
Hydrostatic pressure gradient 2%
inside detector
Energy resolution AN
Temperature 0.1C
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Present
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Do’ Catnd &
de Montréal P I C AS S O P rese nt c_dd;_G;. __’f:—f_f.._é)_ﬁ

« Using saltless detectors - 10 to 5 times background reduction
« Already 13 of the 31 active detectors are saltless

Fabrication time

Detector 72 : best detector in PLB 2009 (w. CsCl)

? x

w

—~
o
<
s
(=2}
~
)
-—

©

1 d

-—

c

o

>

L

106 108 131 136 137 141 144 145

Detector number
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Unipersite et Event Localisation i

Reconstruction of event position very promising

Aplitude [mV]
g

Allows suppression of hot spots or surface events

Determine t, from wave form
Would allow better gain calibration
t

1000 1500 2000 2500 3000 3500 4000
Time [usl

th, : Calculated time from the fitted point to the it" piezo.

t. : Measured time of the beginning of the event on the it" channel.

Over View, Det 071, BOF (T<=48C)
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de Montréal How to Increase the Active Mass? A

Large drops Larger modules

+larger droplets

Single Droplet Modules Industrial dispersion technique — capillary arrays

May 19th, 2010 Sujeewa Kumaratunga 3742



Université Hh Single Droplet Modules Eﬁ?@@ﬁjﬂ@

e Monirdéal

Current detector New detector (x2)
Active mass 80 g 80¢g
Droplet volume 4.2x107°%cm? 50 cm’

Number of droplets 12 000 000 2
Total surface 15 000 cm? 100 cm?

150 times less surface

‘ Less alpha events

Single droplet module (SDM)

e Present surface - alpha activity: 8 x 107 cm=2 d-'
e Atleast 2 orders of magnitude less surface alpha's
e Controlled smooth polymer surface
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Ui th PICASSO Future

= PICASSO set up now complete
= Analysis of the other detectors underway

= New detector fabrication methods allow significant
alpha background reduction

= EXxploring other event discrimination techniques to
separate signal from noise and background

= Moving to new location at SNOLab now
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Université rH'n Spln Dependent and DD o Lt H
de Moniréal . . /hi;; e
Spin Independent Comparison

mSLUGRA
UED

= '--""_f;";j""'ﬁiéﬁééﬁ'i'" On-going 2.5 kg
:'""F"I'ﬁﬁ'é'ﬁﬁ'ii"' Upgrade to 25 kg
1/10 backg
PICASSO Il 500 kg
1/100 backg
HW el IMl 500 kg with full
o -n discrim.

Spin — dependent

XENON 1T | CDMS (09)
(2015) XENON10 (09)

logqpos

Spin — independent
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Analysis,

DetectQeSSg™
Fabricath -..:‘

Analysis,
Deted o"“
Fabricatior

May 19th, 2010
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e Mmtt réal

1

. ' '%‘?"A n SIS’

MC
simulations

g ?\!.-'f;:,& t Gen
BPetectors

Electronics,

Detectors
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—— 1 Thank you!

de Montréal It’s a lot of hard work, but lots of fun too...

T e
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de Montréal

fems £
Université r”1 // ) @ @ﬁiﬂ’ﬁ“‘:’g )

V¥ (p,n) Gr® FORWARD YIELD
| KEV TARGET—320 pa

*————THRESHOLD 15656 0015 MEV

RELATIVE NEUTRON YIELD
COUNTS / MIGROCOULOME

May 19th, 2010
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de Montréal Alpha Neutron Separation /- 2o

= Average of peak amplitudes of 9 transducers
(after HP filter)

=  Signals carry information of the first moments of
bubble formation

= Why are neutron and alpha signals
different in energy?

= Alphas create multiple nucleation
sites along tracks from ionization;
also 1 nucleation at the beginning
from recoiling parent nucleus and 1
at end from Bragg peak

= Neutron create only 1 nucleation
site from the highly localized energy

neutrons alphas

LemV/h/g

'I?

counts/

o
!
i
o
=
[T
=

deposition
= |s this separation a pseudo effect?
No! \ 150 200
= Neutrons from source are not B Amplitude (mv]

symmetrical like alphas — does this have
an effect? No!

= Could signal from neutrons attenuate
over time due to increased vapor bubble
formation? No!
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Data Analysis

e Monirdéal

HP Amplitude

= PVar
= High pass filter events

—— HP Amplitude

Amplitude (mV)

= |ntegrate Power to get ' Time (secl4ES)
energy

= Take average over all
o) iezos 100000000

10000000
1000000
100000
10000
1000

100

10

1

Power (mV42)

1000 1200 1400 1600

Time (sec/4E5)
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Some numbers...

ﬁ@“ﬁ@mﬁ P

Run length (days)

Active Mass F1°
per detetctor (g)

Exposure (kg.d)

Total Number of
Events selected

Detector 71

101.5

65.06+3.2

6.60

1721

Detector 72

103.5

68.97 £3.5

7.14

632

withPvar—Fvar

May 19th, 2010
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i mester Timeline & Milestones

26 kg (32- modues)

Data taking 8 —16 modules

Data taking 20 modules

Preamps, DAQ boards

Fabrication +16 modules

Data taking 32 modules

R&D — backg. /100

26 kg (backg/100)

Data taking 32 modules meeessmss— —» 0.006 pb

R&D 30L mod. high Idg.

30L detector prod. 000 kgd 0.002 pb
Data taking Ladder Lab ! —

* Present background of 0.003 cts g-'h-1
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it What next with PVar? —_—

= Use neutron calibration runs to get PVar
distributions for neutrons.

* Fit a Gaussian and select 95% : this will be our
signal (because neutron induced nuclear recoils
are like WIMPs)

= |[f PVar>PCut => we got particle induced event!!
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W 1) PVar Distributions for
i Calibration Runs

‘ Distributions are temperature dependant

det 71: y=7.134664 + {0.115096) x + {-0.000860)x2
det 72: y=6.920494 4+ {0.16007 1) x + {-0.001473)x2

-
o

20° 25° 30° 35° 38°

—h
T T T

o
Ilbll

2
c
3
=]
Q
z
[
E
=)
=

e
o
T

=
ILIII

o
ho

o
T

L1 | | | 1 | | | | | | | | | | | | | |
25 30 35 40
Temperature {C})

-
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with

Isotope Spin Unpaired | A2

ﬂ
r

3/2

o
(BN
=

1/2

[EEN
(o]
_n

3/
1/
9/2
5/

 Unpaired
I
P
p
N EN
- EN
€ |»

N

3/2

i

Enhancement factor

Spin independent interaction (C, o A?)

Spin dependent interaction

<S

>+ a <S >)(J+1)/J

~"

Spin of the nucleus is approximately the spin
of the unpaired proton or neutron
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—— Good Event
Bad Event

—— Good Event
Bad Event

-6
10 1 L L 1 1 L L L L
0 0.2 04 0B 05 1 12 14 16 18 2

Frequency (Hz)

-5
10 L 1 1 1 1 1 1
15 2 25 3 35 4 45 5 55

Frequency (Hz) x10°

-5
) » . _ 10 1 1 1 1

I\[ﬁ}' 19'[11, 2010 bu]ee\\*g Kumara e 2 25 3 35 4 45 5 55

Frequency (Hz) <10
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=1y

=
2
B
I
]
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[

age (W 'g

Taux da compl

Taix de co=giaga ju

25 b L

Temperature (")

Tampaeaiunm ‘o H

Response at threshold not a step function! P(E,E,)=1-expa(l- E

Eq, )

a - increases with neutron energy!
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