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Pie chart of the Universe

What is the dark matter that makes up about
one quarter of the contents of the universe?
( 85% of the matter in the Universe)
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bkt
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Leptons

Our Universe today: ACDM
from an impressive number of observations
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An impressive and overwhelming number of observations on all scales!

Rotation curves of galaxies

Scale ~ 10%-22m . .
From Newtonian dynamics:

T 1 | 2 M
o pom?_ gm
: ] P — v(r)qo( Fmﬂ

For constant v:
M(r) cr
p(r) o< r

—2

Fritz Zwicky (1933)

Galaxy clusters: x rays

Cosmic Microwave Background

Scale ~ 102*m
X rays radiated by the

intracluster medium (hot gas)

temperature and
distribution of gas
1
average speed of
gas molecules
1

mass

Cluster masses obtained by
X-ray measurements agree
well with the galactic
velocity method

Galaxy clusters: gravitational lensing

Scale ~ 102?m

Image distortion by
gravitational potential
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strong/weak

sensitive to total mass

Rotational curves and
X-ray measurements
agree with gravitational
lensing

CMB angular power spectrum
depends on several parameters,
including Qp, Q, Q4
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Precision cosmology

Abundance of primordial elements
combined with predictions
from Big Bang Nucleosynthesis
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Acpm (Lambda Cold Dark Matter)
Standard model of cosmology

Structure formation

Simulations of All viable models are
structure formation dominated by cold dark matter

Structure growth depends
on the amount and type of
dark matter
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What do we know about dark matter?

e Gravitationally interacting
e Stable or long-lived

e Cold or warm 1
not hot (relativistic) Forces

e Non-baryonic
e Electrically neutral

e No Color

e Feebly interacting Leptos

Physics beyond
the Standard Model

\\ 5
Neltring
neutrino B
L WIMP

106 neutrino (neutralino,

Mass and cross section range KK photon)

span many orders of magnitude

10712 neutrino

WIMPZILLA
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WIMP

>
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e Most discussed candidate: o 1%_12
Weakly Interacting 5 1078
Massive Particle - %8:; increasing
< 10 <gv>
e Produced during Big Bang, £ 1077 !
. rep s : 3 10-8 e 1
in thermal equilibrium in the early S 10-9 \b
Universe ap 10710 L
o 101t d}
> 10712 B 1 eeren o
e Decouples from ordinary matter g 10=18
E 10—14 | ||I||I|| | |||Il||| L1111l
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as the Universe expands and cools

p—

10! 107 103

time——
e Still around today with densities m/T
of about a few per liter
Unknown coupling b@en SM and DM
Dark sector could be Dark Sector
as complicated as the SM e 1 Gy Multiple dark matter states ikely with
Searches not limited by Standard Model it someofthem Zeng low mess

expectations from SUSY models
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Detection methods

e Astrophysics / Cosmology:
measurement of gravitational effects

e Indirect detection:
from annihilation or decay (AMS, HAWC)

20.0 x 10>
16.0

12.0
8.0
4.0

0.0

28 ¢ =25

e Accelerator-based creation and measurement (LHC)

® Direct detection: WIMP scattering
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Direct detection

WIMPs can scatter elastically with nuclei and the recoil can be detected

p X

time

p X

e Calculate rate based on assumptions about the
dark matter distribution and interaction

e Historically two interactions are considered
(by DM experimentalists)

— Spin independent (SI) - couples to all nucleons
(enhancement for large nuclei)

— Spin dependent (SD) - couples to the spin of the nucleus
(unpaired spin of one nucleon)

Spin-independent Spin-dependent

2Giu” J +1
= J [ap<Sp>+an<Sﬁ>
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Direct detection

WIMPs and Neutrons
scatter from the
Atomic Nucl&Us

Photons and Electrons
scatter from the
Atomic Electrons
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Rate calculation

The differential cross section (for spin-independent interactions)
in events/kg/keV mass per unit recoil energy is:

dR - Po v 0'0A2
dQ m, 2p7

x F*(Q) X @dv

Um

(1)

e Dark matter density component, from local and galactic observations
with historically a factor of 2 uncertainty

e The unknown particle physics component o
(where p, is the reduced mass of the proton)

e The nuclear part, approximately given by FZ(Q) — e Q/Qo

(where Q¢ = % MeV)

e The velocity distribution of dark matter in the galaxy
of order 30% uncertainty (not-statistical) and v,, = \/Qmy/2m?
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The recipe for direct detection of dark matter

e Detect tiny energy deposits, energy of recoils is tens of keV
imyv3 = 3(100GeV)(107%) = 50keV

R(cts/10kglyr) for 10** cm?, 100 GeV R(cts/1 Okglyr) for 1045 cm?, 10 GeV

Xe Xe

Ge 100¢ Ge 100
Ar 050 Ar 050 Knowing your energy scale
Si si and efficiency at threshold
are cruciall

Ne o105 Ne o100

005 \ 005

0 10 20 30 40 0 10 20 30 40
Energy threshold (keV) Energy threshold (keV)

e Background suppression:

— Deep sites to reduce cosmic ray flux
— Passive/active shielding
— Caretful choice and preparation of material

e Background discrimination (electronic recoils vs nuclear recoils)

threshold (4.4 pe)

| 1 i 5 { AR ey g
10 20 30 40 30 a0
Energy {keVee)

s 10

15 0
Timing Parameter (us)

e Large target mass, scalability to ton-scale targets
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Sudbury Neutrino Observatory Laboratory

SNOLAB

deepest and cleanest
large-space international
facility in the world

e 2 km underground
near Sudbury, Ontario

e ultra-low radioactivity
background environment

Class 2000

e Physics programme focused
on neutrino physics
and direct dark matter
searches
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Eric Véazquez-Jauregui

PICO: search for dark matter with superheated liquids

México D.F.; 23 de Septiembre de 2015

13



PICO Collaboration
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PICO bubble chambers

Eric Véazquez-Jauregui

e Target material:
superheated CF31,
CgFg, C4F10
spin-dependent /independent

Could make a
dark matter bubble
chamber with any liquid!

e Particles interacting
evaporate a small
amount of material:
bubble nucleation

e Cameras record bubbles
® Piezo sensors detect sound

e Recompression after
each event

Water (buffer)
Bellows

CsFg (target)
Acoustic Sensors

Fused Silica Jar
Cameras

Pressure Vessel

To Hydraulic Cart
Mineral Qil
(hydraulic fluid)
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PICO bubble chambers

e In a superheated fluid, energy deposition greater than FE;; in a radius
less than r. will result in a bubble large enough to overcome surface
tension (Seitz ”Hot-Spike” Model)

e Low E or dE/dx result in smaller bubbles that immediately collapse

e Classical Thermodynamics:

Pv — Pl

do 4
B =4l (o —T - —71° pyh
th TI"T'C (G’ aT) 3’?T'T'ﬂp
J \ ]

Y Y

Surface energy Latent heat

\
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Bubble nucleation

Dependence of bubble
nucleation on the total
deposited energy and dE/dx

e Backgrounds:
electrons, ?®Po, ?2Rn

e Signal processes of
Iodine, Fluorine and Carbon
nuclear recoils

Eric Véazquez-Jauregui
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Backgrounds in PICO: ~ rejection

Probability
S
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_CF3I fit
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_C3F8 fit

\ \ \ \ \ \ \ \ \ I

107+
10-10;

—11|
10 1

Eric Véazquez-Jauregui

2 3 4 5 6 7 8 9 10 11 12
Threshold (keV)

Bubble nucleation probability from gamma
interactions in CsFg and CF31
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PICO bubble chambers

e Alpha decays:
Nuclear recoil and
40 pm alpha track
1 bubble

e Neutrons:
Nuclear recoils
mean free path ~20 cm
3:1 single-multiple ratio
in COUPP4

e WIMPs:
Nuclear recoil

mean free path > 10'? cm
1 bubble
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PICO bubble chambers

e Alphas are ~ 4 times louder than nuclear recoil bubbles

e > 99.4% discrimination against alpha events demonstrated

e Discovered by the PICASSO collaboration

Observable bubble ~mm
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PICO detectors features

e Energy: threshold detector

e Background suppression:

— UG at SNOLAB
— Water shielding
— Clean materials

e Background discrimination:

— Neutrons:
multiples bubbles
Nuclear recoil, I ~ 20 cm

— «: acoustic parameter
Nuclear recoil, 40 um track

e Large target mass:

COUPP4 to COUPPG60
PICO-2L to PICO-60
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PICO bubble chambers

e COUPP4: a 2-liter CF3I chamber run at SNOLAB in 2010 and 2012

e COUPP60: up to 40 liter CF3I chamber run at SNOLAB 2013-2014

e PICO-2L: a 2-liter C3F8 chamber run at SNOLAB 2013-2014 and 2015

e PICO-250L: future ton-scale experiment

Eric Vazquez-Jauregui Meéxico D.F.; 23 de Septiembre de 2015 22



cOouPP4
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PICO: data analysis

e EExamination of images:
algorithm searching for
clusters among pixels that
changed between consecutive
frames

e Examination of pressure rise:
fit to the rate of pressure
rise by a quadratic time
dependence for bubbles in the bulk

hand-scanned to
resolve disagreement

e Examination of the
acoustic signal

overall efficiency for all data quality
and fiducial volume cuts is ~ 80%
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COUPP4 at SNOLAB

Acoustic transducer signals

digitized with a 2.5 MHz The nuclear recoil acceptance
sampling rate and recorded of the AP cut is ~ 95%
for 40 ms for each event

e Acoustic parameter: piezos

3 Ways Of Counting: 8 E- ------ YRR -E e} Back‘grounddam,‘nbub:l
' Alphas ® AmBe data, nbub = 1
e Images: cameras i < - Ambedan =2
L] ! 4 AmBe data, nbub =3
6- E A AmBe data, nbub = 4
e Pressure rise: transducer o ‘ :
5F : ¢ A

Acoustic Parameter
S
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T
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2F mmmemmmme- - e "
10°
1 | oe® 3 e ° L)
S 107 Lo b st s fnnes e\ vt ssehe b o N | TTTTTT *7 77777~ Single bubble,
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g 0 1 Ql 1 1 1 1 1 1
g 10" 0 0.5 1 1.5 2 2.5 o3 35 4
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£10°
By 2
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COUPP4 at SNOLAB: calibrations

Radon fraction = 0.95 & 0.05 GEANT am,‘ MCNP
222R (101 keV), simulations
218Po (112 keV), e Bubble rate is 50% higher
214Po (146 keV)

—34 Cdata

Count rate (normalized to 1)

1074 — Best fit simulation (Radon fraction = 0.95 + 0.05)
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5
10 . ‘ \ \ / /
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COUPP4 at SNOLAB: calibrations

Eric Véazquez-Jauregui

e Lower efficiency for F and 2C
recoils

e Seitz model for 1271 recoils
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Seitz model:

e 6 keV 9F recoils,
C,Fyy (PICASSO)

e 101 keV 2?¥Po recoils,
CyFyo (PICASSO)

e 101 keV 28Po recoils, C F3I

Understand efficiency for
15 keV recoils in CF31

1 L
0.8
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2
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5 __Bxp. B =15keV.0= 1
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Calibrations

e + and neutron calibrations

— AmBe and ?°2Cf
—60Co and 133Ba

— Neutron beam at Montreal

e COUPP lodine Recoil
Threshold Experiment

— Low energy Iodine recoils

— 7 beam and
silicon trackers

e °3Y /Be calibration chamber

— Understand response to
energy recoils

low

— Monochromatic low energy

neutrons

Eric Véazquez-Jauregui
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CIRTE

COUPP lodine Recoil Threshold

Experiment 5} y \ |
| _
Elastic scattering of pions : o | T

to study iodine recoils directly

[4)]
1/c

—

lodine nucleation efficiency
o©
[&)]

1.2} | . | | . I
o]
"E 0.8} T T | "1 Op . . . .
= : 0 10 20 30 40 50
§ 067 ] lodine equivalent recoil (keV, )
é 0.4} . ]
@ 02} + — : red region: step fl.lnctiC).n r}aodel with

o . . . . the threshold varied within the

0 20 40 60 80 100 N o
lodine equivalent recoil (keV, ) uncertainty on the Seitz theory
prediction,

and pink for carbon and inelastics dashed blue curve: best fit step
function with Er+ = 16.8 keV
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COUPP4 at SNOLAB: results

456 kg-days, 2474 alphas 120
1733 alphas (15 keV data)

5.3 alpha decays/ kg-day
95% from radon

> 98.9% « rejection
> 99.3% (15 keV data)

® 6 events at 8 keV

® 6 events at 10 keV
(2 triples)

e 8 events at 15 keV
(1 double)

Eric Véazquez-Jauregui
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(Neutrons from rock: < 1/year)
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COUPPG60
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COUPPG60

' """\“‘W

qF Al’ '

8\ v

Eric Vazquez-Jauregui

México D.F.; 23 de Septiembre de 2015



COUPPG60 physics run

Physics run: June 2013-May 2014

e Filled with 36.8 kg of CF3l

e Collected >3000 kg-days of
dark matter search data

® between 10 and 20 keV threshold

Zero multiple bubbles, no neutrons
Limit on neutron rate is factor 3
below observed rate in COUPP4

e Population of events that sound
like nuclear recoils but are clearly
not WIMPs

several events (statistics):
able to study them in detail

Eric Véazquez-Jauregui México D.F.; 23 de Septiemb:

Mineral Oil
(hydraulic fluid)

Water (buffer)

Acoustic Sensors
CFsl (target)

Pressure Vessel | ]
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re de 2015 33



COUPPG60 physics run

Seitz Threshold [keV] <:3§.1_I e;;?u;g?.ﬁl psi

7.0— 8.2 1.2 0.0
8.2— 9.6 2.9 0.0
9.6—11.5 17.7 0.0
11.5—13.0 24.1 0.8
13.0—14.5 28.3 0.9
14.5—17.0 14.6 2.6
17.0—20.0 4.0 7.9

>20.0 6.6* 43.5

Total 02.8 55.7

0 EéD 100
R .IFijar [mm]
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COUPP60 event selection

e Use spatial coordinate, expansion time, and acoustic parameter
to define consistency cut

e Generic method of using a KS-test on these distributions to define a
cut where the distributions are consistent at p=0.003

e Using method similar to optimum interval method (penalty of 1.8)

o Keeps 48% exposure, 0 candidates

50 40 200
I35 150
")
5 130 100
[72]
8 125
> T 50
= - 120 E,
- 15
o -50
o 10
~100
_150!
0 50 100 150
10 20 30 40 50 RZR. [mm]

Expansion time bin (equal exposure) jar
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Backgrounds in PICO

Two working hypothesis for source of backgrounds
in PICO bubble chambers

e Particulates (dust, stainless steel, silica):
ICP-MS assay and better cleaning protocols,
optical and electron microscopy

e Water droplets:
switching buffer fluid to Linear Alkyl Benzene

&
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From COUPP4 to PICO-2L

Eric Vazquez-Jauregui
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PICO-2L

e C3F'g as target material

e spin-dependent sensitivity:

world leading limit

e Low energy threshold,
as low as 3 keV

® Test recent claims of
evidence for light WIMPS

Eric Vazquez-Jauregui

Run: 20131110_0 Event: 26

Event Time: Sun Nov 10 01:56:21 2013

ou
w
o

—AmBe source

---Acoustic cut

—WIMP search datal]|

o d oo o

1
In(AP)

(alpha calorimetry observed
for the first time)
Results from run I
published on June!

PRL 114(2015), 231302
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PICO-2L

e No multiple bubble events in the

low background data

e Two distinct alpha peaks, clearly

separated from nuclear recoils

e Timing of events in high AP peaks
consistent with radon chain alphas,

and indicate that the higher
energy 214Po alphas are
significantly louder

(a new effect not seen in CF3I)

- 222Rn | EIEPD | 214PD
a(5.6 MeV) a(6.1 MeV) a(7.9 MeV)
3 minutes 55 minutes

Eric Véazquez-Jauregui

v 7
— First Alpha l ‘|'
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—— Third Alpha
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1
>
[&]
©
o) 0.8
=
LI
-5 0.6
3 E T=3.2t0.3keV
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0 ; i TR
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PICO-2L

e 11 total WIMP candidate events | Fluorine Efficiency Model

e 194 kg-days of data - Prefiminary—
(3-8 keV thresholds)

e Expected background: ~ 1 event

F in C3F8 (3 keV)
F in CF,l (10 keV)

Nucleation Efficiency

Data set | N_recoils | Exposure (kg-d)
3 keV 9 76 i
4 keV 0 16
6 keV 2 70 02}
8 keV 0 32
Total 11 194 L | R T N SUE

E_(kew)
nr

e Candidate events have timing
correlations inconsistent with
WIMPs or neutrons

e In addition to in-situ AmBe
calibrations we are calibrating the
nuclear recoil response of C3F8

e Post-run PICO-2L samples show  with low-energy neutron sources
evidence of particulate on test chambers
contamination. (Montrel, NU, UofC)

Analysis of samples ongoing
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Results and preliminary results

=y
<

SD WIMP-proton cross section [crnz]
S1 WIMP-nucleon cross section [cmz]

WIMP mass [GeV/c?]

PICO-2L is world leading experiment
first time supersymmetric parameter
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space has been probed by direct
proton channel
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Implications to DAMA-LIBRA signal

e Using DAMA spectrum between 2 and 6 keV

e Applying DAMA iodine quenching factor (0.09)
results in expectation of 49 recoils above 22 keV

e PICO-60 observes <4.1 events at 90% C.L.

e Background estimate:
singles = 4.27 4+ 1.06 per yr, multiples = 3.85 £ 0.94 per yr

2-6 keV 004 |

= e——————  DAMA/Nal = 100 kg - > T «—— DAMA/LIBRA =250kg ——> 0wl 3
¥ .08 (0.29 tonxyr) (0.87 tonxyr) a
%‘n 0.08 g 0.2 £
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20 S000 4000 5000 Yy . - , 5 . e !
T'ime [dﬂ}) Energy [keVed]
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New PICO-2L run
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Run-1 3.2keV data Run-2 3.2keV prelim. data
* 32 live days « ~51 live days and counting

* Est. neutron bkgd 0.9*%2 , _ events * Est. neutron bkgd 1.5*%3 | events
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PICO-250L

() > 1010 7//6 insensitivity PICO-250L: ton-scale bubble chamber

designed for CF;l or C;F, target
e > 99.3% acoustic «

discrimination
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e Multi-target capability

SD- and SI-coupling

High- and low-mass WIMPs
e Easily scalable,

inexpensive to replicate
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Data taking by 2017-2018

Working to deploy new detector:
Right Side Up chamber

Solve background issues
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A few comments on backgrounds in dark matter detectors

e Radioactivity of surroundings
e Radioactivity of detector and shield materials

e Cosmic rays and secondary reactions

Some comparisons:
e How much radioactivity (in Bq) is in your body? where from?
e What is the most radioactive food we eat?

e How many radon atoms escape per m? of ground, per second?
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Backgrounds in dark matter detectors

e Radioactivity of surroundings
e Radioactivity of detector and shield materials

e Cosmic rays and secondary reactions

Some comparisons:

e How much radioactivity (in Bq) is in your body? where from?
4000 Bq from 14C, 4000 Bq from 40K (including about 8000 neutrinos)

® What is the most radioactive food we eat?
Bananas and coffee (1000 Bq)

e How many radon atoms escape per m? of ground, per second?
7000 atoms/m?/s

WIMP scatters (<1 event/ton/year) swamped by backgrounds
(> 101712 events/ton /year)
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Cosmic rays and natural radioactivity

courtesy of S. Kamat

Eric Vazquez-Jauregui

F Fast ns
Slow muons
Electrons :
Gammas

Neutrons
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Backgrounds in dark matter detectors

e External radioactivity from the walls and concrete

e Radon decays in air

e Internal radioactivity of materials target and shielding
e Cosmic rays

e Activation of detector and other materials during
production and transportation on earth

e Worst? neutrons (MeV neutrons can mimic WIMPs)

Three extremely important issues:
backgrounds, backgrounds and backgrounds

Crucial to correctly/precisely understand your detector
Model detectors with some standard tools:

SOURCES, MCNP, GEANT4, ...
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Detectors in GEANT

Eric Véazquez-Jauregui

iy

PICO-60 and PICO-2L
GEANT4 models
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Eric Véazquez-Jauregui

DEAP-3600: search for dark matter with liquid Argon

México D.F.; 23 de Septiembre de 2015

50



DEAP3600 Collaboration
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DEAP

Dark Matter Experiment with Argon
and Pulse-shape Discrimination:

e scattered nucleus detected via scintillation
e pulse shape discrimination for suppression of 3/~ events
e LAr advantages:

—is easily purified and high light yield
—is well understood
—has an easily accessible temperature (85K)

—allows a very large detector mass with uniform response

e Detectors:

— DEAP-1: prototype, 7 kg LAr, 2 PMTs
—DEAP-3600: 3600 kg LAr, 255 8 PMTs
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DEAP-1

Demonstrate discrimination

~ suppression better than: 3 x 108

between electromagnetic
events and nuclear recoils
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Glass windows
Poly PMT supports ‘ /

Neck connects to vacuum and

gas/liquid lines
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/
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8” long acrylic gui¥c Acrylic vacuum chamber

ET 9390B PMT 5~

7kg LAr Inner surface 97% diffuse reflector,

covered with TPB wavelength shifter
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DEAP-3600

e 3600 kg argon
(1000 kg fiducial)
in ultra-clean AV

w— Glove Box

g oy

| Lo d
Liguid Nitregen Filled
Coaling Cail

Main Process
Systems Flange

® Vessel is “resurfaced” in-situ
to remove Rn daughters

g
:

e TPB wavelength shifter Convective Flow Guides
deposition

e 255 Hamamatsu R5912
HQE 8” PMTs

(75% coverage)

Acrlic Vessel Shell

Acrylic Light Guides

e 50 cm light guides i/
PE shielding for neutron JI
moderation IR \'.'-.C

Absorber &
Thermal Insulation

e 8 m water shield
in Cube Hall

Inner Acrylic Vessel
Coated With Wavelength
Shifter TPB

Steel Shell And
Support Structure
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DEAP-3600
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DEAP progress

Eric Vazquez-Jauregui

Status of DEAP-3600 Installation

at SNOLAB
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View down etenr neck
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Eric Véazquez-Jauregui

DEAP-3600 almost ready!
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DEAP-3600 sensitivity

| — . . cpms-II

| — — XENON100

BayesF|TS (2014)

Cross-section normalized per nucleon (cm?)

_5 ; r . .
CMSSM, >0 Adapted from:
-6ff Posterior pdf L.Roszkowski et al, -
Log Priors arXiv:1405.4289v1
_7 .
3 | XENON100 (2012)
WIMP mass (GeV) o
~— -8 LUX |
— )
© )
s 77 ~ '
20 {
O ————
= =10 \‘__/.Zrun (proj,)
}*\}
- ner contour: lo
—11F outer contour: 2o
_12 i i i i il i i i i L i i i i 1
0 0.5 1.5

1
m, (TeV)

Eric Véazquez-Jauregui México D.F.; 23 de Septiembre de 2015



Future: DEAP-50T

e s

Eric Véazquez-Jauregui
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150-tonnes DAr in AV
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Sensitivity 104 cm?
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Conclusions

e PICO bubble chambers are producing world leading direct detection
limits using flourine targets

e PICO-2L has a new world-best spin dependent WIMP-proton limit

e PICO-60 results are inconsistent with hypothesis that DAMA
modulation is due to iodine recoils and is an independent
iodine experiment

— PICO-2L is running again with better cleaning protocols
and temperature control

— PICO-60 is being upgraded for a C3F8 run this fall with better
temperature control, muon tagging, and particulate control

e DEAP-3600 commissioning under way
e First data from DEAP-3600 coming this fall

e Potential to become the best detector for spin independent
WIMP-proton couplings (WIMP masses around 100 GeV)

IFUNAM actively participating in PICO and DEAP
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SNO-+ Collaboration
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SNO-+ Physics Goals

e Double beta decay with Tellurium
e Low energy solar neutrinos

e Geo-neutrinos

e Reactor neutrino oscillations

e Supernova neutrinos

e Nucleon decay

e Other exotic searches: axions

The top priority is a sensitive search for neutrinoless
double-beta decay (0v33) in ¥Te
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