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SOMMAIRE

La détection de la matiere sombre demeure aujourd’hui I'un des principaux problemes non
résolus de la physique. Comptant pour pres de 85% de toute la densité de matiere de
I’Univers, elle a été déduite par de nombreuses observations astronomiques, mais aucune
particule de matiere sombre n’a été détectée a ce jour. L’expérience PICO a cet objectif
comme raison d’étre, en utilisant la chambre a bulles pour faire ainsi. PICO peut détecter
des interactions de tres basses énergies dans ses détecteurs a liquides surchauffés, situés
dans le laboratoire souterrain SNOLAB a Sudbury, en Ontario. PICO a, et a eu, plusieurs
détecteurs de recherche de la matiere sombre, de méme que de plus petits détecteurs utilisés
pour effectuer différents tests ou calibrations. PICO-0.1 est une chambre de calibration

située a I’Université de Montréal et a été utilisée pour les études présentées dans ce mémoire.

Dans ce mémoire, les données et ’analyse de mesures faites avec PICO-0.1 sont présentées.
Une étude du seuil de Seitz - seuil d’énergie théorique pour qu'un événement se produise
dans une chambre & bulles - est faite, avec la réaction monoénergétique 33Cl(ng,,p)>°S dans
du CyCIF5; I'étude du recul monoénergétique 3°S, directement a l'intérieur du détecteur,
est présentée. De plus, la détection des reculs de protons dans PICO-0.1 est détaillée;
d’abord par I'analyse du signal acoustique du proton produit par *3Cl(ny,,p)3°S, et ensuite
par diffusion élastique des neutrons et des rayons gammas a haute énergie sur '’hydrogene

dans du CyoHsF,.

il



Mots-clés: Matiere sombre, WIMPs, détection directe, chambre a bulles,

PICO, seuil de Seitz, recul de protons.
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SUMMARY

Dark matter detection remains one of the main unresolved problems in physics. Accounting
for almost 85% of all the matter density in the Universe, it was inferred through many
astronomical observations, but no dark matter particle has been detected yet. The PICO
experiment has this objective as its purpose, using the bubble chamber in order to do so.
PICO can detect extremely low-energy interactions in its superheated liquid detectors,
located in the SNOLAB underground laboratory in Sudbury, Ontario. PICO has and
has had multiple dark matter search detectors, as well as small detectors used to perform
calibrations and tests. PICO-0.1 is a calibration chamber located at the University of

Montreal and was used for the studies presented in this thesis.

In this thesis, data and analysis of measurements made with PICO-0.1 are presented.
A study of the Seitz threshold - theoretical energy threshold for an event to occur in a bub-
ble chamber - is made, with the monoenergetic reaction **Cl(ng,,p)*>S in C,CIFs; the study
of the monoenergetic 3°S recoil, directly inside the detector, is presented. Furthermore, the
detection of proton recoils in PICO-0.1 is detailed; first through the analysis of the acoustic
signal of the proton produced by 3°Cl(ng,,p)*>S, and second through elastic scattering of

neutrons and high energy gamma rays on hydrogen in CoHsFy.

Keywords: Dark matter, WIMPs, direct detection, bubble chamber, PICO,

Seitz threshold, proton recoils.
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INTRODUCTION

Since more than 80 years and still as of today, dark matter has been one of the most
intriguing mysteries of physics. It constitutes almost 85% of all the matter density in
the Universe, but still hasn’t been directly detected yet - only cosmological effects were
observed. Lots of efforts are ongoing around the world to try to detect a dark matter
particle interaction with ordinary matter, through many different kinds of experiments and

international collaborations.

PICO is one of those experiments, located 2 km under the surface of the Earth in
the SNOLAB underground laboratory in Sudbury, Ontario. The PICO experiment uses the
bubble chamber technology to try to find dark matter, by detecting extremely low-energy
interactions with the nuclei of its active fluid in a superheated state. Being able to
reduce considerably and understand perfectly its background, PICO is currently one of
the world-leading experiments for the direct detection of dark matter. Lately, PICO has
had two dark matter search detectors, PICO-2L (a 2-litre bubble chamber) and PICO-60
(a 40-litre bubble chamber); two detectors are currently under construction (PICO-40, a
new-design 40-litre bubble chamber planned to run in early 2019) or design (PICO-500,
a 500-litre bubble chamber planned to run in 2020); and a number of small chambers
are running in different institutions to make different calibrations, design testing, or any
kind of small-scale tests to eventually put to use at larger scale. PICO-0.1 is one of these
calibration chambers; it is a 75mL bubble chamber located at the University of Montreal

since its commissioning in 2012. PICO-0.1 is the main subject of this thesis; chapters 5 and



6 present data and analysis of measurements made with this detector.

Before arriving to measurements and analysis, chapters 1 and 2 will introduce the
concept of dark matter; its definition and implications, evidences of its existence, and
potential candidate particles that could make up for it. Chapter 3 will detail the three
different families of dark matter detection techniques: direct detection, indirect detection
and production. The main experiments in each of them, and their particular physics and
detection technique, will also be presented. Finally, chapter 4 will describe precisely the
PICO experiment, its theory and functioning, as well as its main detectors; the transition

to PICO-0.1 and its measurements will be made.

Chapter 5 will present a study of the Seitz threshold - theoretical energy threshold
for an event to occur in a bubble chamber - with a monoenergetic reaction in CyClF5,
35C1(ngn,p)°S producing a 17 keV 3°S recoil inside the detector. Chapter 6 will detail the
successful detection of proton recoils in PICO-0.1 - which was never done in any PICO

detector - and the calibration of PICO-0.1 with CoHoF, as its active fluid.



Chapter 1

DARK MATTER IN THE UNIVERSE

As of today’s knowledge, dark matter accounts for about 84.5% of all the gravitational
mass density in the Universe, and about 26.8% of all the Universe itself (mass and energy
densities). While it still has to be directly detected, it was inferred through numerous
astronomical observations, whether from gravitational effects or studies of the cosmological

microwave background.

This chapter discusses dark matter in the frame of the Lambda Cold Dark Matter
model: what is dark matter and what does it do (or does not), and how do we know it

exists.

1.1. DARK MATTER

The name dark matter originates from the fact that it is a type of matter that does not
interact electromagnetically; it does not absorb, emit, or reflect any light from the whole
electromagnetic spectrum, making it nearly impossible to be detected directly through
classical astronomical observation techniques. We were able to observe only its effects on
gravity in the cosmos (section 1.2), implying that it inevitably has a mass. However, we
don’t know much more about dark matter: we know that it has a mass (it has gravitational
effects), it is electrically neutral (or it would interact with photons), it is stable, and it

is cold (non-relativistic). These characteristics for dark matter all fit in the cosmological



standard model, the Lambda Cold Dark Matter (ACDM) model.

1.1.1. The Lambda Cold Dark Matter model

The ACDM model is a cosmological model that describes the Universe, from its earliest
moments (the Big Bang) up until today. It considers a cosmological constant A # 0 attribut-
ing an energy density to the vacuum, causing the Universe to expand. The A constant can
in fact be given in terms of the vacuum energy density, as

8rG

where p, is the vacuum energy density. It enters into the description of spacetime by

adding a term into Einstein’s field equations of general relativity [1]:

G

1
RMV — EQMVR + Agwj = 7TMV (112)

where R, and R are the Ricci curvature tensor and scalar, g, is the spacetime metric
and 7T}, is the stress-energy tensor. Assuming homogeneity and isotropy of the Universe,

one can find the metric that solves 1.1.2; and its spacetime element. The latter is given by:

2

1—kr?

ds* = —c*dt* + a(t)? ( + r2d§22> (1.1.3)

where a(t) is called the scale factor and describes space expansion or shrinkage as it
increases or decreases with time ¢, while & describes the spatial curvature and can take
values £ = +1,0,—1; &k = +1 is a closed universe, k = 0 is a flat universe and k£ = —1 is an
open universe, as shown on figure 1.1. This metric is called the Friedman-Roberston-Walker

(FRW) metric.

Solving Einstein’s field equations 1.1.2 with this metric leads to Friedman’s equation:

(@)2 k 8rG Ac?
a? 3 3
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F1a. 1.1. 2D representations of 3D space sections, for closed (left), flat (cen-
ter) and open (right) geometries [1].

where @ is the time derivative of the scale factor @ and p is the total (average) matter

energy density of the Universe. This allows to conveniently introduce the Hubble constant

_ alto)
=)

where t; is the present time. The Hubble constant gives the expansion rate of the

(1.1.5)

Universe, and its current most precise observed value is [2]

Hy = 67.74 £ 0.46 (km/s)/Mpc = (2.195 4 0.015)x107'® s~ . (1.1.6)

Considering a flat (k = 0) universe, the present density of a flat FRW model is called the

critical density and is given by

312

porit = g—gy = (3.926 4 0.027)x107 kg/m” . (1.1.7)

This total density can then be separated in three parts: matter, radiation and vacuum

energy. Their respective fraction can be defined as

pcm't
o, = L) (1.1.8)
pcrit
QU = QA = _pv(to)
pcrit



Geometry Curvature Density Relative density

Open k=-1 p < pe Q<1
Flat k=0 P = pe Q=1
Closed k=+1 P> Pe Q>1

TaB. 1.1. Types of universes, their geometries and parameters.

where Q = Q,,, + Q, + Q, = 1, still for a flat FRW model. From this and by normalizing
a(ty) = 1, we can find the expression for a(t) for different cases of type-dominated universes:

e Matter dominated, 2, =1, 2, =0, Q, = 0:

at) = <t>2/3 (1.1.9)

to
e Radiation dominated, ©2,, =0, Q, =1, Q, = 0:
1/2
a(t) = (—) (1.1.10)
e Vacuum dominated, ,, =0, €2, =0, , =
a(t) = eflt=to) (1.1.11)

where

=", === (1.1.12)

More generally, for any flat, open or closed universe, we get the expression for Q:

k

HZa?

0—1 (1.1.13)

meaning that that k, and therefore the geometry of space, is determined by whether
Q) is greater, equal to, or smaller than 1. Relating this to the density of the Universe

p and the critical density p.,i;, table 1.1 summarizes each type of Universe and its parameters.

The matter energy density €2, can be separated into two parts, €2, = €2 + Q., where €2,
is the fraction of baryonic matter and €. the fraction of dark matter. From equations 1.1.1,

1.1.7 and 1.1.8, one can rewrite the expression for A in terms of observable parameters:



Parameter Value
Hy (2.195 4+ 0.015)x10~18 s~¢
Qa 0.6911 + 0.0062
Qi 0.3089 + 0.0062
Q, 0.04860 4 0.00073
Q. 0.2590 + 0.0041
A (1.110 & 0.018)x107%2 m~2

TAB. 1.2. Observed values of cosmological parameters [2] and calculated value
of the cosmological constant A.

8rz 3H§QA

A= chm‘t A= (1114)

2

All observed cosmological parameter values are summarized in table 1.2, along with
the calculated value of A from 1.1.14. According to these observed values, some important
observations can be done in the frame of the ACMD model, especially from the energy
density fractions: first, assuming Q2 = 1, Q24 = 0.6911 + 0.0062 and £2,, = 0.3089 %+ 0.0062
means that only 30.89% of the Universe is matter (baryonic and dark matter), while 69.11%
is what is called dark energy - vacuum energy density; second, €2, = 0.04861 + 0.00031
and €. = 0.2590 £ 0.0022 means that baryonic matter constitutes only about 4.86% of the
Universe, while dark matter makes up for about 25.90% - this also means that about 84%

of all matter is dark matter, while only about 16% is baryonic (ordinary) matter.

The ACDM describes really well a dark matter-containing universe and its evolution, and
is furthermore supported by multiple astrophysical observations. Observational evidences

of the existence of dark mtter are presented in the next section.

1.2. EVIDENCES FOR DARK MATTER

Since the beginning of the 20" century, dark matter has been at the center of attention

for astrophysicists and astroparticle physicists. It was first hypothesized in the 1920-30’s,



and then observed and studied in more and more precise ways throughout the years, from
the 1960’s to today. This section presents different evidences of the presence of dark matter

in outer space.

1.2.1. Galaxy rotation curves

First to suggest the existence of dark matter were Dutch physicists Jacobus Kapteyn in
1922 and Jan Oort in 1932, by observing the rotation velocities of stars in the Milky Way
[3, 4]. However, it was Swiss astronomer Fritz Zwicky in 1933 who hypothesized it in a more
precise and quantitative way, when he studied the motion of galaxies in the Coma Cluster

and found out, by applying the virial theorem

(i) = —5(Ep) (1.2.1)

- with (Ej;) and (£,) the time averaged kinetic and potential energy - that there was a
lot of unseen mass having large gravitational effects [5]. By comparing the mass needed
for galaxies near the edges of the cluster to have their observed velocities (from classical
mechanics) with the one obtained from the estimated brightness and number of galaxies, he
concluded that there was 400 times more mass than what could be visually observed (from
the light of stars and galaxies). His estimation later proved to be inaccurate in its value,

but his statement was right: there was a lot more matter than what could be seen.

It was only about 40 years later that Zwicky’s statement was confirmed and more
precisely measured. During the 1960’s and 1970’s, American astronomer Vera Rubin
measured the velocity curves of spiral galaxies and found out, like Zwicky, that there had
to be more mass than observed for the stars on the edges to obtain their velocities [6].

According to Newtonian mechanics, the velocity curve for orbiting stars should follow

GM(r)

v = (1.2.2)



- -rotational velocity
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Fic. 1.2. Andromeda galaxy rotation (velocity) curve, expected (red) vs.
measured (white) [7]. Stars far from the center of the galaxy have much higher
velocities than expected from Newtonian mechanics, indicating that there is
more mass than observed from the luminous disk.

where M (r) is the mass of the galaxy contained inside radius r. Near the edge of a galaxy,
one can consider M(r) &~ Myqiazy, and therefore a velocity curve going as v ~ \/17/7" would
be expected. However, this is not what was observed, as shown on figure 1.2. By studying
more than 80 galaxy rotation curves, Rubin concluded that for most of them, there had to

be about six times more dark matter than luminous matter.

1.2.2. Gravitational lensing

As a consequence of general relativity, a light path can be bent around a massive object
due to its deformation of spacetime. A bright object can therefore appear multiple times
around an intermediate object, by the phenomenon of gravitational lensing; figure 1.3

illustrates this concept.

Using the Schwarzchild geometry and its spacetime element



Fic. 1.3. lustration of gravitational lensing [1]. A light source S emits light
rays towards an observer O, bent by an intermediate mass. For the observer
O, S appears at different points Iy, I and I3.

2GM

c2r

ds? — (1_ 2GM

c2r

) (c dt)’ + (1 - >_1 dr? + 12402 (1.2.3)

to calculate orbits or deflections of light rays around massive objects, one can derive the

effective potential which photons are subject to [1]:

1 2G'M
W, =—(1-— 1.2.4
7(7) 72 ( 2r > ( )
Defining the impact parameter b:
le
i (1.25)

with [ and e the angular momentum and energy of the light ray at infinity (where the
spacetime curvature due to the massive object vanishes and spacetime is flat), we can find

three different kinds of light ray orbits, depending on 1/b* compared to the maximum of

10



Fi1c. 1.4. Three different kinds of light rays orbits, depending on 1/b* com-
pared to the maximum of W.g, i.e. Wg(3GM/c?) = ¢*/27G*M? [1]. At the
top, 1/0* = W.g(3GM/c?); in the middle, 1/0* < W.5(3GM/c?); at the bot-
tom, 1/b* > W.5(3GM/c*). 1/b? is shown with dashed lines (or a dot) on the
left, compared to Wy as a function of ¢*r/GM (r/M in ¢ = 1 units). The
shape of the corresponding light ray orbit is shown on the right.

Weg, as shown on figure 1.4.

11



Given this, one can find the deflection angle « of a light ray passing by a mass M at an

impact parameter b > GM/c*:

4G M
a=— (1.2.6)

Observations of gravitational lensing can then provide an estimate of the mass of an
intermediate object between a light source and an observer. This technique is therefore
used to estimate the mass of galaxies/clusters of galaxies providing gravitational lensing of
other luminous objects behind them. By comparing the mass obtained to the estimated

mass from the luminous bulk, one can deduce the mass of dark matter contained in the

galaxy /cluster of galaxies.

1.2.2.1. Bullet Cluster

The most famous evidence of dark matter obtained through gravitational lensing is the
observation of a collision between two clusters of galaxies, known together as the Bullet
Cluster. As the two clusters are colliding, stars from the galaxies (far from one another)
are not really affected and continue their way through the collision, only slightly slowed
down due to gravitational effects. On the other hand, hot interstellar gases from the two
clusters (most of their baryonic matter) interact electromagnetically, causing them to be
slowed down much more than the stars. Therefore, most of the mass of the colliding clusters
should be slowed down and trail behind each of the two unaffected clusters of stars, but
gravitational lensing showed otherwise: the strongest lensing - i.e. most of the mass -
came from the regions of the two clusters [8]. This observation is shown on figure 1.5. It
thus suggests that there is more than the visible mass in the clusters of galaxies, that was
electromagnetically unaffected in the collision - as of the visible mass - : neutral, massive

dark matter.

12



Fia. 1.5. Colorized data the bullet cluster collision [9]. In red is the X-ray
light coming from hot interstellar gases; in blue is the reconstructed mass from
gravitational lensing. Most of the mass comes from the two regions ahead of
the interstellar gases, coincident with the visible galaxies.

1.2.3. Cosmic microwave background

From as early as 1075 seconds after the Big Bang to about 378 000 years later, the
Universe was a hot plasma of protons, electrons and photons. It was so dense that photons
could only travel very short distances before scattering, making it opaque as well. As the
Universe was expanding, it was also cooling down. About 378 000 years after the Big
Bang, a time known in cosmology as the epoch of recombination, the Universe had cooled
enough so that free protons and electrons were able to combine to form neutral hydrogen.
Photons could then travel freely throughout the Universe, as they were being decoupled
from matter. These relic photons are still observable today as the Universe background
radiation (not associated with any star, galaxy or other cosmic object), called the cosmic

microwave background (CMB).

The Universe’s background radiates as a black body, at a temperature of 2.72548 =+

0.00057 K [10]. Tt is almost perfectly isotropic, with anisotropies of only a few parts in 10°

13



Fi1G. 1.6. Cosmic Microwave Background anisotropy map, as measured by the
Planck space observatory in 2013 [11].

(a few pK over 2.73 K). Its anisotropies have been measured most precisely by the Planck
spacecraft in 2013, as shown on figure 1.6. This temperature map can be decomposed into

a sum of spherical harmonics Y}, with coefficients a;,,, as

T(0,0) = i zlj imYim (0,0) - (1.2.7)

=0 m=—1

Temperature deviations AT can then be written in terms of the angular momentum {:

Az - DG (1.2.8)
27
with coeflficients
Cim o 3 (129
1= 2[ n 1 A, . . )

m=—1

The measured temperature power spectrum as a function of the angular momentum is
shown on figure 1.7, where we can observe a series of so called "acoustic' peaks. These peaks
all have their physical significance: the (angular) position of the first peak indicates a flat

Universe (section 1.1.1), while its amplitude, compared to the second and third peaks, give

14
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F1G. 1.7. Planck 2015 temperature power spectrum, DT (= AT?) in function

of the angular momentum ¢ [2]. Thick line is the theoretical fit from the
ACDM model.

information on the baryon and dark matter density (and therefore €, and (2.), respectively.

The results obtained (1.2) agree really well with the ACDM model and are hardly ex-

plained otherwise, providing powerful evidence of the presence of dark matter in the Universe.
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Chapter 2

DARK MATTER CANDIDATES

As detailed in the previous chapter, the presence of dark matter in the Universe is well
documented and hardly refutable. What is still unknown about it are its constituents; is
there a dark matter particle? If so, what is it made of, what are its properties? Multiple
candidates were proposed since the postulate of dark matter; many of them were practically

excluded. The main current candidates are presented in this chapter.

2.1. AXIONS

Axions were theorized in 1977 by Roberto Peccei and Helen Quinn, as a solution to the
strong CP problem, i.e. that the strong interaction has close to zero charge-parity (CP)
violation, which seems quite unnatural as quantum chromodynamics allow such violation.
Their model, known as the Peccei-Quinn model, introduces a new global /(1) symmetry to
the QCD Lagrangian through a CP-violating term 6 [12]. This symmetry is broken at low
energies (below about 100 MeV), suggesting that there would be a very light scalar boson,
the axion. Axions would be spinless, chargeless particles, acquiring a small mass m, from

non-perturbative QCD effects:

107 GeV

mg =~ 0.62
-

) eV(/c?) (2.1.1)



where f, is the U(1) symmetry breaking scale (¢ = 1 units will be used in this chapter).
At the level of a few peV of mass, axions could be good dark matter candidates. According
to Peccei [13], with calculations from astrophysical observations, notably the Wilkinson

Microwave Anisotropy Probe [14], the axion mass is bounded between

2.1x107% eV < m, < 1073 eV . (2.1.2)

In 2016, with the Fermi Large Area Telescope, Berenji et al. obtained an upper limit on

the axion mass of 0.079 eV experimental, at a 95% confidence level [15].

2.2. STERILE NEUTRINOS

Sterile neutrinos are different from the Standard Model neutrinos in that they don’t
interact by any Standard Model interaction; they only interact by gravity. They could be
right-handed neutrinos (spin parallel to momentum), which still have to be observed, in

opposition to the Standard Model left-handed neutrinos.

For the neutrinos to obtain mass in the Standard Model, one can add a Dirac mass

(mp) term to the Lagrangian [16]:

Lp= —mD(l/_Rl/L —I—I/_LI/R) (2.2.1)

where the D subscript indicates Dirac fermions (solutions to the Dirac equation), and
the R and L are the right- and left-handed chiral states. This mass term would imply that
right-handed chiral neutrinos exist. However, as the neutrino masses are extremely small
compared to other Standard Model fermions, this would suggest that they obtain their mass

through another mechanism.

As they transform as singlets under the Standard Model gauge transformations, one

18



can introduce right-handed neutrinos (and left-handed anti-neutrinos) in the Lagrangian by

adding a gauge-invariant Majorana mass (M) term:

1
Ly = —5]\/[(1/]?31/3 + VRVE) (2.2.2)

where v3 is the CP conjugate of the right-handed neutrino, i.e. the left-handed anti-

neutrino. We can then combine the two mass terms to obtain the combined Lagrangian

1 — _
Loy = -3 (mprLvg + mprir + Mvsvg] + h.c. (2.2.3)

with h.c. the hermitian conjugate, or, equivalently:

C

1 - 0 mp 14
Loy = -3 (V—L u§> "1 + hee. (2.2.4)
mp M Vp
This Lagrangian therefore provides six neutrino fields (three for each v, and vg), thus a

6 x 6 mixing matrix and six mass eigenstates. In the limit M > mp, we obtain the mass

eigenstates

1 2m?2
~-M+ (M D 2.2.5
me~ g (a4 22 ) 225

providing a light neutrino state () and a heavy neutrino state (/V) with masses

"D and M (2.2.6)
m, ~ —— and my ~ ) 2.
M N
The neutrino states would then be:
mp

m
v (v +rp) — W(VR +vp) and N~ (vp+vp) + WD(VL +vi) (2.2.7)

where we can see that the light neutrino is almost entirely left-handed, the right-handed
part being largely suppressed by mp/M; same goes for the heavy neutrino, almost entirely

right-handed with the left-handed part suppressed by mp/M.
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Thus, heavy right-handed Majorana neutrino masses M seem to motivate very light
neutrino mass values; considering a Dirac mass of the order of the mass of other fermions,
say mp ~ 1 GeV, light neutrinos would obtain a mass of m, ~ 0.01 eV,s consistent with the
current limits on neutrino masses. Heavy neutrinos would get a mass of my ~ M ~ 10!

GeV.

However, the three heavy mass states could have much smaller masses, of the order
of MeV or keV; in that case, they’re referred as sterile neutrinos [17]. Sterile neutrinos are
candidate particles for dark matter, as they are chargeless and potentially massive enough
to produce the gravitational effects we observe. They can be produced by oscillation from

light neutrinos or from particle decays.

From the 6 x 6 mixing matrix, they can oscillate (with small amplitudes) to light
neutrinos, providing potential excess in observed neutrino fluxes compared to what is
expected from the Standard Model; we could detect them this way, and maybe deduce the
detection of dark matter. In 2018, the MiniBooNE experiment has observed a 4.8¢ excess
in v, flux from a short-baseline neutrino experiment at Fermilab, for a total 6.1 excess
combined with the previous results from LNSD [18]. These results could pave the way for

evidences of sterile neutrinos.

2.3. WIMPs

The most common hypothetical candidates for dark matter particles are called WIMPs,
Weakly Interacting Massive Particles. WIMPs would be neutral, stable, non-relativistic
particles beyond the Standard Model, that would only interact by gravity (as observed),
and possibly by the weak nuclear force (still to be observed), or another force still unknown
to physicists with an interaction cross-section of an order not higher than the weak scale.

WIMPs are predicted to have a mass between 1 GeV and 100 TeV.

20



S0
pp — Xz XJ?r Moriond 2017

-/ C T T T T | T T T T I T T T T ‘ T T T T ‘ T T T T | T \_
May 2017 ATLAS Preliminary Vs=8,13 TeV, 20.3-36.1 fb™ E 400 :_CMS Preliminary 350 fp! (13 TeV) 3
%) | --- Expedediimits ~ —— Observed limits Al limits at 95% CL = 350: —SUS-16-039, 21 SS + =31 (WH) - Expacted 5
91200; Tl —via I/ ¥ 2L ATLAS-CONF-2017-089, ariv: 1400.5294 Ez;-e r —SUS-16-043, 11 (WH}) —Observed
P - —via /T 2,2 1500.07152 F =SUS-16-034, 21 OS (WZ) 3
122 C —— via %/ ¥, 2t ATLAS-CONF-2017-035, arXiv:1407.0350 300 —=SUS-16-039, 3| (WZ) —
E1000[~ %70 — via i/ ¥ 243, ATLAS-CONF-2017-089, arXiv:1509.07152 L —SUS-16-048, soft 2-tep (WZ) ]
[HG/A2 — via %/, 21, ATLASCONF-2017-035 250; B
800 "U"xg ——via T, 3k4l, aXiv:1500.07152 r l
C 2001 =
[ Myye=0Smprmy LR F ]
600~ 1500 A7 it o 2K 3
4001 1008 for o -
200 \ . 50 3
| ‘ II“ ‘ ‘ 0 % Y L L I L L 1 L ‘ 1 13 :: :1 ‘E L 1 L L I L \:

0 200 200 500 800 . 1%000 1200 100 200 300 400 500 600
m( % 75 1) [GeV] My, = my, [GeV]

Fi1G. 2.1. Exclusion limits on neutralinos and chargino masses, obtained by
LHC experiments at CERN [19]. On the left, limits for pair production
of charginos, pair production of heavier neutralinos, or pair production of
chargino and neutralino, assuming light sleptons (lepton supersymmetric part-
ner) mediating the decays. On the right, limits for pair production of chargino
and neutralino, assuming decoupled sleptons, and chargino/neutralino decay
through W*, Z* or H.

WIMPs are well motivated by the most popular theoretical extensions to the Stan-
dard Model, supersymmetry (SuSy). They are predicted to be the lightest supersymmetric
particle (LSP), likely the neutralino ({°). Searches for SuSy and neutralinos are ongoing,
particularly in particle accelerators experiments. No SuSy particle has been discovered
yet. As of 2017, exclusion limits on the neutralino (v being the lightest, ¥ and Y9 being

+

heavier neutralinos) and chargino (y*, another SuSy particle) masses have been set; they

are presented on figure 2.1.

WIMP detection searches are also very active, as discussed in the next chapter.
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Chapter 3

DARK MATTER DETECTION PRINCIPLES

Even though the existence of dark matter has been provided strong evidence (chapter 1), as
well as its presence in considerable amounts in the universe, the detection of a dark matter
particle is still lacking. We "saw" dark matter through its gravitational effects, but still have
not detected it as a single particle. There is a lot of things we still don’t know about dark
matter, such as its interactions, its mass, its quantum properties, etc. Detection of dark

matter would help determine these kinds of properties.

Dark matter detection uses three different techniques: direct detection (§3.1), search-
ing for dark matter scattering (with ordinary matter); indirect detection (§3.2), searching
for dark matter annihilation (with itself); and dark matter production (§3.3), from collisions
between ordinary matter. Many experiments around the world are searching for dark matter

in these three difTferent fields.

The above mentioned techniques for detection of dark matter are easily visualized
through a Feynman diagram of dark matter interactions, as shown on figure 3.1: direct
detection searches for scattering between a dark matter particle and an ordinary matter
particle, as described by reading the diagram downwards; indirect detection searches for
two dark matter particles annihilating into two particles of ordinary matter, as described
by reading the diagram from left to right; dark matter production looks for two particles

of ordinary matter annihilating into two dark matter particles, as described by reading the
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FiG. 3.1. Feynman diagram of dark matter () interactions with ordinary
matter (f).

diagram from right to left.

3.1. DIRECT DETECTION

Direct dark matter detection searches for direct interactions between dark matter and
ordinary matter, i.e. scattering. This scattering will transfer energy to the ordinary matter
particle, which can be detected. WIMP scattering on an atom nucleus will provide a recoil
energy Epr given by:

M Ay

ER = 2Exm(l — COS 9) (311)
X

where F, is the energy of the WIMP, m, its mass, m, the mass of the nucleus and ¢
the scattering angle, in the centre of mass frame. Considering the theoretical WIMP mass
range, 1 — 10° GeV/c?, we can then expect nuclear recoils of the order of 1 to 100 keV. The

differential event count rate in a dark matter detector, per unit mass, is given by:
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where Ry is the total WIMP interaction rate, (Fg) is the average recoil energy and F(q)

is the nuclear form factor of the detector target; each of these parameters can be calculated.
The total count rate (per target unit mass) can then be given by:

Ry = —=— = (vy)04¢ (3.1.3)

where N, is the Avogadro constant, A is the atomic mass of the target nucleus, p,
is the WIMP local density, (v,) its average velocity, o4 is the interaction cross-section
and ¢ is the detection efficiency. In average, dark matter is static throughout the galaxy.
This means that in the solar system frame, its average velocity is that of the solar system
around the galaxy, (v,) ~ vy ~ 220 km/s. Locally, in the earth frame, v, = —tj becomes
Uy = =0y — Uearth, With Ueerg, the earth vectorial orbital velocity around the Sun. Since the
Earth velocity direction to the galaxy varies throughout the year, it will lead to oscillations
of the WIMP wind over time, as illustrated on figure 3.2. If we were to detect dark matter,
we could then observe an annual modulation of the WIMP signal over a year, peaking in

June and reaching its minimum in December.

The average recoil energy (Eg) can be found by averaging eq. 3.1.1:

M Ay

m(l — COS 9>

(3.1.4)
_o AT
(ma+my)? " X

<ER> = 2<Ex>

with (Ey) = 3my(v2) the WIMP non-relativistic kinetic energy, and (1 — cosf) =

1—{cosf) =1—-0=1.
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WIMP Wind
—
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Fic. 3.2. WIMP wind in comparison with the earth orbital plane. The an-
gle between the two gives a potential variation of the WIMP signal between
summer and winter.

The WIMP-nucleus interaction cross-section o4 can be written as [20]:

2
B TeL N LU e 315
74 F (mA + my A ( )

where G is the Fermi constant and C4 is a factor depending on the type of WIMP-
nucleus interaction, whether it depends of the spin of both particles (spin-dependent inter-

action, SD) or not (spin-independent, SI). In the spin-dependent case, it is given by:

CiP = §)\2J(J +1) (3.1.6)
™

where J is the total spin of the nucleus and A = (a,(S,) +a,(S,))// is a factor depending
on the expectation values of the proton and neutron spin, (S,) and (S,,) respectively, with

WIMP-coupling coefficients a, and a,,.

The spin-independent case gives :

1

CSI —
A 2
7GY

(Zfp+ (A= 2)f)? (3.1.7)
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Nucleus 7 J A2

'H 1 % 1

YR 9 Y 0.8627
2Na 11 32 0.0109
2TAl 13 32 0.0099
35C1 17 342 0.0096
BGe 32 % 0.0026

1217 53 % 0.0026
B1Xe 54 3 0.0147

TAB. 3.1. Target nuclei properties [20].

where f, and f, are the effective WIMP couplings to protons and neutrons. To maximize
the cross-section (and therefore the chance of detecting dark matter), from 3.1.6 and 3.1.7,
one would need a high A factor for an SD-sensitive experiment, and heavy nuclei (high
Z) for an Sl-sensitive experiment. Table 3.1 gives Z, J and A\? for a few targets. Thus,
experiments intending to be sensitive in the SD sector will opt for hydrogenated or fluorine
targets, and SI experiments will choose heavier elements as target materials such as Si, Ge,

I, Ar, Xe, etc.

3.1.1. Direct detection experiments

There are many experiments around the world that search for direct detection of dark
matter. They use different techniques to detect interactions of dark matter with ordinary
matter, based on three main principles: heat transfer, ionization and scintillation. In
the first case, experiments will look for and try to detect energy transferred from the
incoming WIMP to the detector target through elastic scattering, providing additional heat
- sometimes in form of phonons - in the material. In the second case, experiments will
search for extra charge in the detector, as the incoming WIMP ionizes the target material.
Finally, in the third case, a WIMP would interact with the target, emitting electromagnetic
radiation that can be detected. A summary of all the direct detection experiments and their

detection techniques is shown in a diagram on figure 3.3.
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Fic. 3.3. Diagram of the dark matter direct detection experiments and their
corresponding techniques.

Experiments looking for direct detection via heat transfer use mostly superheated fluids
to detect energy depositions, such as PICO [21] (see chapter 4 for more details), MOSCAB
[22] and SIMPLE [23]. Energy depositions in superheated fluids create phase transitions,
which will be the main feature of this type of detectors (see section 4.1 for a more elaborate
explanation). Other experiments, such as SuperCDMS [24], use semiconducting crystals to

detect energy transfers through phonons, i.e. vibrations in the crystal lattice.

The SuperCDMS experiment combines the technologies of phonon detection and ion-
ization. They use germanium and silicon semiconducting crystals at cryogenic temperatures
that produce phonons, as well as electron-hole pairs, when interacting with an incoming
particle. Figure 3.4 shows one detector of the array, along with a schematic representation of

the experimental setup that will take place in SNOLAB, Sudbury, Ontario [25], for the next
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F1c. 3.4. One SuperCDMS detector, 76mm of diameter (left) and the exper-
imental setup to take place in SNOLAB (right) [24].

dark matter search run of SuperCDMS. On top of each detector are superconducting bands
that detect and measure the energy of the phonons, by measuring a drastic change in their
resistivity when they absorb them: by putting superconductors at their critical temperature
T, a small input of heat will increase their temperature above T, making them no longer
superconductors. This principle is shown on figure 3.5. On both side of each detector are
electrodes that create an electric field in the detector and collect the free charges that are
drifted to them. Their energy is also measured, providing a phonon to ionization energy
ratio that gives information on the type of particle that interacted in the detector. Indeed,
while both neutral and charged particles will induce phonons when depositing energy in the
detector, charged particle will induce much more ionization than neutral particles. This

technique allows to identify different types of particles and potentially, WIMPs.

Experiments looking for ionization from WIMPs use easily ionized materials - often gases
-, put inside high voltages. These gases collect a number of charges that is proportional
to the energy of the incoming ionizing particle; these detectors are called drift chambers.
For example, the NEWS-G experiment [27] uses spherical vessels filled with noble gases,

built as proportional counters with a small sensor at the center of the vessel providing the
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Fi1G. 3.5. Superconductor transition above Ty through heat absorption in
SuperCDMS detectors. [26].

high voltage inside the chamber, in order to allow charge collection at the central electrode.
Figure 3.6 shows one NEWS-G copper vessel, with a schematic view of the electric field in
the chamber. When a particle interacts in the detector, electrons from primary ionization
drift towards the sensor. Accelerated through the electric field, they then gain enough
energy to create secondary ionizations, producing an avalanche process resulting in a
few thousands electrons captured at the sensor. Meanwhile, all ions (from primary and
secondary ionizations) drift the other way, to the grounded vessel, inducing the greater part
of the current (signal). The more energetic the incoming particle, the more primary and

secondary ionizations, and the more current at the end.

Drift chambers can also be built as multi-wire proportional chambers (MWPC), where
multiple wires are combined in a grid, each acting as an independent proportional counter,
to reconstruct the 2D position of the ionization event. Figure 3.7 illustrates the design of

such detectors, and its 2D reconstruction.
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Fic. 3.7. Multi-wire proportional chamber.

Some experiments combine the ionization and scintillation techniques, notably XENON

(28], LUX [29], DarkSide [30] and PandaX [31]. These two techniques are put together in

a type of detector called time projection chambers (TPC): electrons and ions are collected

under the same principle as MWPCs, giving a 2D reconstruction of the event, while photons

are collected independently - usually in photomultiplier tubes (PMT); difference in time
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Fic. 3.8. The XENON100 detector, filled with 105 kg of LXe [28].

between the collection of photons (almost instantly) and electrons (us or a few ms) allows
to reconstruct the depth of the event, and thus its 3D position. For example, the XENON
Experiment uses liquid xenon (LXe) as the active target in its TPC, enclosed between an
anode on top and a cathode at the bottom, each paired up with a set of PMTs to collect
scintillation light. Figure 3.8 shows the XENON100 detector.

Finally, experiments such as DAMA [32], DEAP [33] and MiniCLEAN [34], use only
the scintillation technique as their dark matter detection principle. For example, the DEAP
Experiment uses liquid argon (LAr) as its active target; events in the detector will come
from excitation of the LAr, itself coming from either a nuclear recoil of argon itself, atomic
excitation of argon from electromagnetic events, alpha particles, or the recoil of heavy
nuclei. Excited argon will produce UV light as it de-excites, with a wavelength of 128 nm.
A wavelength shifter - more precisely tetraphenyl butadiene (TPB, CogHas) - is then used to
shift the UV light to the visible spectrum, that can then be collected in PMTs. Waveforms
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Fia. 3.9. The DEAP-3600 detector, filled with 3600 kg of LAr [33].

of signals in the PMTs are then analyzed to allow particle discrimination and eventu-

ally, dark matter detection. Figure 3.9 presents the DEAP-3600 dark matter search detector.

3.2. INDIRECT DETECTION

Dark matter indirect detection experiments will search in outer space for excess signal
created in certain final states of dark matter decaying or annihilating with itself. Looking in

the sky at regions where dark matter is present in high density, such as the galactic center,
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dwarf galaxies or galaxy clusters, dark matter can provide signals by decaying into Standard
Model (SM) particles, or by annihilating into them. The flux of particles coming from dark
matter decaying or annihilating can be factored into two parts, one that depends on the dark
matter theoretical model used, and one that depends on the dark matter distribution. The

latter, referred as the "J-factor', is defined as [35]:

Jaee®) = [ o)l (3:2.1)

los

for decay, and

Jann (V) = / P2 0)dl (3.2.2)

los

for annihilation, where ¢ is a sky direction, [ is a distance along the line-of-sight (los)
and p is the dark matter density. The differential intensity of particles observed (per area

A, time ¢, solid angle 2 and energy F), from the direction ¢, is then:

ANge. 1 1 dN,

TAdL 0 dE ~ Trmgr dp ) (3.23)

for decay, and

AN, 1 (ov) dN,
dA dt dQ dE 4w 2m2 dE

Jann (1)) (3.2.4)

for annihilation, where 7 is the lifetime of the dark matter particle (for the decay case)

and dN, /dF is the differential spectrum of x-particles emitted, per annihilation or decay.

The total spectrum of z-particles can simply be written as the sum of all its final

states f spectra, with the corresponding branching ratios By:

AN, AN, ;
o _zijf 75 (3.2.5)

The final states will be stable SM particles that are kinematically accessible from the

dark matter initial state. They therefore include photons, neutrinos, electron-positron pairs,
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Fi1G. 3.10. Spectra from dark matter particles annihilation, for final state
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left) and protons (bottom right), for m, = 500 GeV [35].

proton-anti-proton pairs, and heavier nuclei. The spectra for photons, neutrinos, electrons
and protons, from dark matter annihilation, are shown on figure 3.10. Dark matter will
be attempted to be detected by finding hints of these spectra through other background

radiation from outer space.

3.2.1. Indirect detection experiments

From the previous section and figure 3.10, indirect detection experiments can therefore
be separated in three categories: gamma-ray telescopes, neutrino detectors and cosmic-ray

detectors.

The first category includes experiments/apparatuses such as the Fermi Gamma-ray
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F1c. 3.11. Picture of the VERITAS telescope array [38].

Space Telescope (or The Fermi Large Area Telescope, LAT) [36], H.E.S.S [37] and VERI-
TAS [38]. Gamma rays are good candidates for potential indirect detection of dark matter:
first because the WIMP mass scale provides a large part of its decays and annihilation in
the gamma-ray energy range; second because they are excellent for mapping the source of
the signal - since they travel to the observer without deflection - and for carrying spectral
information that can be very useful for the characterization of the dark matter particle
when (if) detected. However, the Earth’s atmosphere completely blocks (absorbs) cosmic
gamma rays, so one has two options: detect them directly from space (e.g. LAT), or detect

them indirectly from Cherenkov radiation in the Earth’s atmosphere, at the Earth’s surface

(e.g. H.E.S.S, VERITAS). Figure 3.11 shows VERITAS telescopes.

Neutrino detectors include experiments such as IceCube [39], ANTARES [40] and
Super-Kamiokande [41]. They require a large volume of water or ice to observe Cherenkov
radiation coming from particles interacting with cosmic neutrinos. Like gamme rays,
neutrinos are useful to trace back the source and energy of the signal, as neutrinos hardly
interact at all with matter. Figure 3.12 shows the IceCube cubic kilometre detector,
anchored at the South Pole, within Antarctica’s ice. IceCube consists of 5 160 digital optical
modules (DOM), each with a ten-inch photomultiplier tube, detecting light from charged
leptons doing Cherenkov radiation after interactions with neutrinos in Antarctica’s ice. The

DOMs are arranged in 86 vertical layers inside holes melted into the ice, and arrayed over a
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Finally, cosmic-ray detectors search for products of dark matter decay and annihilation

in local charged cosmic ray fluxes and include experiments such as PAMELA [42] and

AMS-02 [43], but also ground-based Cherenkov detectors (H.E.S.S, VERITAS, etc). They

are advantageous for being highly sensitive due to low backgrounds produced by standard

astrophysical processes, but lack the ability of mapping the source of the signal because of

diffusion and deflection of the charged cosmic rays.
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Fic. 3.13. CERN’s LHC and experiments.

3.3. PRODUCTION

The third and last way to potentially detect dark matter is by producing it in high-energy
laboratories, such as particle colliders. Particle colliders have been the bread and butter of
new particle discoveries in the last decades, from the burst of discoveries in the 1960-70’s to
the highly awaited observation of the Higgs boson in 2012. Currently, the most powerful
particle collider in the world is the Large Hadron Collider (LHC), located at CERN, on the
border between Switzerland and France [44]. As of 2018, it collides protons at 13 TeV of
energy in the center of mass. It was home of the Higgs boson discovery in 2012, and still
runs for the search of new physics. Figure 3.13 shows the CERN accelerator complex and

the four experiments around its 27-km accelerator ring 175 m underground, namely ATLAS

(45, CMS [46], ALICE [47] and LHCD [48].

Particle collider experiments have different types of particle detectors to identify and
reconstruct the products of the collisions. Taking the ATLAS detector as an example,

from inside to outside (figure 3.14): charged particle trackers measure, by ionization, the
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trajectory of charged particles coming from the collisions; electromagnetic calorimeters
measure the energy of electromagnetic particles such as electrons, positrons and photons,
through Bremsstrahlung radiation; hadronic calorimeters measure the energy of hadrons
by stopping them in high-density materials, through nuclear interactions; finally, muon
spectrometers measure muons momenta after they passed through all previous detectors
without interacting much. The difficulty with collider experiments to successfully detect
dark matter is that dark matter will not interact with any of the detectors that reconstruct
the events. The presence of a WIMP in a collison event will therefore have to be inferred,
through what is referred to as the missing transverse momentum; since the collision initially
has zero momentum in the plane transverse to both colliding beams, it needs to also have
zero momentum in this plane in the final state. Once the whole event has been reconstructed
and all particles identified, the sum of all transverse momenta should be zero; if not, this
means that some particle(s) didn’t interact in any of the detectors, carrying the missing
momentum that was not measured. Neutrinos are the most common particles responsible
for missing transverse momentum, making it difficult to definitely attribute it to a WIMP,

and therefore to be able to detect it.
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Chapter 4

THE PICO EXPERIMENT

This chapter describes the PICO experiment for the direct detection of dark matter. PICO
is a bubble chamber experiment (§4.1) that uses superheated liquids (§4.1.1) to try to
detect interactions between dark matter and ordinary matter. The PICO Collaboration
was formed in 2013 by the union of the PICASSO [49] and COUPP [50] collaborations. Its

latest results are presented in section 4.5.

4.1. BUBBLE CHAMBERS

Bubble chambers are particle detectors that were invented in 1952 by Donald Glaser
[51], and which had their success in the 1970’s, leading to discoveries such as the charged
and neutral currents. They use superheated liquids to detect energy depositions from

incoming particles; their principle is explained in the next sections.

4.1.1. Superheated liquids

Superheat is a metastable state where a fluid is maintained in its liquid state while
being above its boiling point. This state is obtained, for example, by reducing the pressure
of a liquid below its vapour pressure, while keeping its temperature constant. At a fluid’s
vapour pressure (i.e. on the saturation curve delimiting the liquid and vapour states on a

phase diagram), the liquid and gaseous phases coexist in equilibrium (see phase diagram
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Fic. 4.1. Typical phase diagram, with the liquid-vapour saturation curve
highlighted (left) and the Gibbs potential on the saturation curve (right).

and Gibbs potential on figure 4.1), as they occupy equal minima in the Gibbs potential.
Reducing the pressure at a constant temperature (or increasing the temperature at a
constant pressure) then leads to a superheated state, as shown on figure 4.2. The minimum
of the superheated liquid Gibbs potential is local, and above the vapour minimum; this
leads to a metastable state, where an amount AL of energy given to the system will lead to
a phase transition from liquid to vapour. Bubble chambers are based on this principle, i.e.

that energy depositions in superheated liquids will create phase transitions; their detection

and functioning principles are detailed in the next section.

4.1.2. Detection principle

Bubble chambers are filled with fluids that become their active mass when put into a
superheated state. As explained in the previous section, the superheated fluid then becomes
sensitive to potential phase transitions, when energy is deposited into it. That way, an
incoming particle passing through the superheated liquid deposits energy by scattering off

the fluid’s atoms (nuclei or electrons) and creates a phase transition - a gas bubble is formed.

To be operational, bubble chambers use a piston (or similar device) that regulates
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F1G. 4.2. Superheat phase diagram (left) and Gibbs potential of a superheated

state (right).
the pressure of the active fluid. Because superheat is easier (and faster) achieved by
controlling the pressure instead of the temperature, temperature is held constant in the
detector, while the pressure is externally controlled. By default, the chamber when inactive
is compressed, under high pressure, keeping the active fluid in the stable liquid state. To get
the chamber active, the pressure is then lowered until the liquid is in a superheated state,
and stays as is until an event occurs and energy is deposited in it. When a phase transition
happens and a bubble is formed, the chamber is quickly recompressed, crushing the gas
bubble back to liquid, and the chamber is inactive again and ready for the next expansion
cycle. To detect the bubble formations, cameras monitor the inside of the detector and are
set to trigger the recompression as soon as a bubble is seen. Some bubble chambers are
also submerged in a constant magnetic field, curving tracks of charged particles. A simple

drawing in figure 4.3 shows all of this together.

Two types of events can occur in a bubble chamber: ionization tracks and nuclear
recoils. The former happens when a charged particle goes through the detector and, on its
way, strips electrons from the active fluid’s atoms; these d-electrons then create bubbles,
forming a track of bubbles on the incoming particle’s path. An example is shown on figure

4.4. The latter occurs when a neutral particle passes through the chamber and does elastic
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F1G. 4.3. Schematic representation of a bubble chamber [52].

scattering with one or many of the active fluid’s nuclei; each recoil nucleus then creates
a bubble, leading to events with one or many randomly spaced bubbles, as the incoming
particle can scatter in any direction and can create an multitude of bubbles, anywhere in

the detector. An example is shown on figure 4.5.

4.2. PICO DETECTORS

PICO is an experiment that uses bubble chambers to search for dark matter; this section

presents the PICO dark matter detectors.

4.2.1. Characteristics

PICO detectors are all built in a similar way and share many characteristics, which are

listed below.
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Fi1G. 4.4. lonization tracks in CERN’s first liquid hydrogen bubble chamber
in 1960 [53].

F1G. 4.5. Photo of a multi-bubble event from neutron scattering in the PICO-
2L bubble chamber [21].

(i) Their active fluids are contained in ultra-clean quartz or silica vessels. Since we

want to reach very high sensitivity levels for the search of dark matter, the inner
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(i)

(iii)

(iv)

vessels containing the superheated liquids need to be particulate-clean and very low
in radioactive contamination, keeping background as low as possible. Likewise, since
rough surfaces are potential nucleation sites for bubbles in superheated liquids, the
walls of PICO bubble chambers have to be very smooth. For these reasons, fused

quartz or silica vessels are used for PICO detectors.

All PICO detectors acquire live data and are controlled through a Data AQuisition
system (DAQ) connected to them. It allows to regulate the pressure inside the
detector and to record acoustic signals, and provides informations on the current
state of the chamber : temperature, pressures inside and outside, live pictures of the

detector, etc.

The pressure inside PICO bubble chambers is regulated by hydraulic systems
connected to bellows on top of the chambers; to keep the interior of the detector
compressed or expanded, bellows contract or stretch, respectively. Pressure can
be set precisely to obtain the desired level of superheat, and then recompression
reverts to the inactive state. A picture of the bellows mounted on top of an
inner vessel is shown on figure 4.6. Larger PICO detectors are immersed inside
a pressure vessel so that the pressure inside and outside of the chamber are
equal; smaller test chambers don’t have pressure vessels and require thick, high pres-

sure rated inner vessels. Usually, ordinary mineral oil is used in the hydraulic system.

In order to see bubble events in PICO chambers, a set of cameras monitor the
detectors at all times. As soon as a bubble is detected, a signal is sent to the DAQ
to recompress the chamber and end the superheat state. The cameras are also used

to count the number of bubbles for each event.
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(v)

(vii)

4.2.2.

Every PICO detector is equipped with a set of piezoelectric transducers that record
the sound which accompanies bubble formation in the chamber. They are mounted
directly on the glass jar to minimize the acoustic loss through propagation. Acoustic

signals of each event are recorded and used to classify different types of events.

Most PICO detectors have a non-reactive buffer fluid on top of the active liquid,
so that the latter lays only inside the inner vessel, and that there are no events
occurring in other parts of the detector (inside the bellows, etc.). PICO usually uses

water or linear alkylbenzene (LAB) as buffer fluids.

PICO detectors typically use "Freons' - halocarbons, chlorofluorocarbons, hydroflu-
orocarbons, etc, i.e. compounds containing primarily carbon and fluorine - as their
active fluid. As explained in section 3.1, fluorine is a target of choice for SD-sensitive
dark matter search experiments. C3Fg is the most common target for PICO cham-
bers, although other compounds have also been used such as CyCIF5 (see chapter 5)

and CoHyF, (see chapter 6).

Detectors

The PICO experiment uses a series of bubble chambers of various size, for calibration

purposes and for dark matter search. Here are the main ones.

4.2.2.1. PICO-2L

PICO-2L was the first chamber of the newly formed PICO Collaboration in 2013. It is

a two litre bubble chamber for the search of dark matter, located at SNOLAB. It has been

decommissioned in early 2017 after two runs of dark matter search with respectively 2.90

+ 0.01 and 2.91 + 0.01 kg of C3Fg as the active fluid [54, 55]. The design of PICO-2L

is shown on figure 4.7; two cameras look inside the pressure vessel, and three piezos are
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F1G. 4.6. PICO-2L inner vessel and bellows [21].

mounted on the fused silica jar. Water is used as the buffer fluid.

4.2.2.2. PICO-60

PICO-60 is the latest primary dark matter search detector for the PICO experiment,
also located at SNOLAB. It is a 40 litre bubble chamber that has been decommissioned in
2017 after two runs of dark matter search with respectively 36.8 4 0.2 kg of CF3I and 52.2
+ 0.5 kg of C3Fg as active fluids [56, 57| (appendix A). PICO-60 is designed as shown on
figure 4.8; four cameras look inside the pressure vessel, and nine piezos are mounted on the

fused silica jar. Water is used as the buffer fluid.
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F1G. 4.7. A schematic view of the PICO-2L detector [54].

4.2.2.3. PICO-40L

PICO-40L is the next primary dark matter search detector of the PICO Collaboration
that is expected to be running in early 2019, in the same location as PICO-60 in SNOLAB.
It will use the same 40 litres vessel than PICO-60, but its design is different: the chamber
will be upside down! The new design will allow to remove the buffer fluid from the chamber:
as shown on figure 4.9, the top part of the detector (containing the active fluid) is kept
warm, while the bottom part (hydraulic system) is kept cold so that the target liquid in
that region is not superheated. By using an inner jar as a piston inside another outer jar,
no buffer liquid is needed; this way, it is removing a main fraction of the background events

in the detector.
PICO-40L will be used to test the new 'right-side up" design for future PICO detectors,

especially PICO-500 (§4.2.2.4). If the experiment is conclusive and indeed background-

reduced (compared to the last PICO-60 dark matter search run), the design shall be retained.
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F1c. 4.8. A schematic view of the PICO-60 detector.

4.2.2.4. PICO-500

PICO-500 is the next generation PICO dark matter search detector; it is a 500 litres
bubble chamber. It is currently under design (with the "right-side up" version by default)
and its construction is planned to begin in 2019. Figure 4.10 shows a drawing of it using a

pressure vessel inside a water tank, which currently belongs to the MiniCLEAN experiment

at SNOLAB.
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WARM
(superheated)

coLD
(liquid)

F1a. 4.9. Design of the PICO-40L detector [58].

4.2.2.5. PICO-0.1

PICO-0.1 is not a dark matter search detector, but a calibration chamber. It is a 75ml
bubble chamber that is used to make threshold calibrations, to study different active fluids
and to make any kind of tests, pertaining to the performance of this kind of detector. Its
small size facilitates its operation in neutron test beams and active liquids are rapidly
interchangeable, as the chamber is easier commissioned and decommissioned. It is also easy
to make radioactive source calibrations, as its small size makes it less sensitive to ambient
background and more sensitive to radioactive sources put right beside and directed towards

it. Some pictures of it are shown on figure 4.11.

PICO-0.1 does not have a pressure vessel; instead, its jar is a centimetre-thick high
pressure rated quartz glass. Two piezos are mounted on the jar to record acoustic signals,
and two 150 frames per second cameras are monitoring it, located 90° from each other.

Two LED panels alternatively light the chamber, each in synchronization with one camera.
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Fi1c. 4.10. PICO-500 in its pressure vessel, inside a water tank.

PICO-0.1 is immersed in a water bath to regulate its temperature; the water bath has a
beam tube leading to the chamber to allow the insertion of radioactive sources close to the

chamber. The complete setup is shown on figure 4.12.

The PICO-0.1 chamber was transferred from Fermilab to the University of Montreal
accelerator laboratory and the calibration program carried out with this chamber is the
main topic of this thesis; chapters 5 and 6 describe measurements (and analysis) made with

this chamber.

4.3. SEITZ MODEL

In 1957, Frederick Seitz wrote On the Theory of the Bubble Chamber, in which he studied
and described the theory behind bubble nucleation in bubble chambers [59]. His model,
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Fic. 4.11. PICO-0.1. On the left, the chamber alone with its "top hat" con-
taining the bellows. On the right, the chamber and its hydraulic cart.

nowadays called the "Seitz Model", shown to be adequate and is still used to explain and
predict bubble formations in bubble chambers. This section summarizes this model and its

main parameters.

4.3.1. The heat spike model

The Seitz Model states that the bubble formation mechanism in bubble chambers is
primarily due to the production of highly localized hot regions, or "temperature spikes" in
the superheated liquid. These "heat spikes" will generate local phase transitions, leading to
the formation of bubbles larger than the critical size needed for them not to collapse under

their surface tension.
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Fic. 4.12. PICO-0.1 complete setup.

The effective pressure experienced by a spherical bubble due to its surface tension is

simply given by

Pe = — (4.3.1)
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where o is the surface tension and r the radius of the bubble. At equilibrium, this
pressure corresponds to the gas pressure inside the bubble, minus the fluid pressure outside

of it :

Pe =Pp — Dy - (432)

where p, and py are the pressure of the bubble and the fluid, respectively. The pressure
in the gas bubble can be expressed as:
Pu

Py = Py — (pv _pf)_ (433)
Pr

where p, is the saturated vapor pressure, p, the saturated vapor density and p; the fluid

density. Considering I,Z_; < 1, we then get (p, — pf)fz—; < py. We can therefore write

The gas pressure of the bubble is in good approximation the saturated vapor pressure of

the fluid; we will henceforth use this equality. From 4.3.1, 4.3.2 and 4.3.4, a bubble will then

satisfy the condition

2 2
EA——— (4.3.5)
De Dv — Dy

R.

where R, is the critical radius, i.e. the radius necessary to form a non-collapsing
bubble. This means that a bubble acquiring a radius r > R, will continue to steadily grow,
evaporating surrounding fluid with p; < p, (since the fluid is in a superheat state), while a

bubble with r < R, will only collapse on itself.
The energy required to form a bubble comes from four components [60] : the work

done by expanding a bubble to its critical size - with radius R, - against the pressure of the

surrounding fluid, the energy required to evaporate the liquid, the work needed to form the
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bubble surface (liquid-vapor interface), and the work lost into irreversible processes, such as
acoustic emission, etc. The first term can then be written as:
47

W, = _ERE(pv —Df) (4.3.6)

The vaporization term can be written as a function of the entropy change AS between

the initial and final state:

W, = TAS . (4.3.7)

In terms of the specific entropies s of the bubble and the fluid, we get:

4
W, = %prUT(sb —S¢), (4.3.8)

which can be expressed in terms of the latent heat of evaporation hy,:

4
W, = %prvhlv . (4.3.9)

The bubble surface term is a combination of the free energy of its surface, 47 R3o, and

of its heat absorption from the surrounding fluid, —47 R3T g—;:

W, = AT s <a — Ta_a> : (4.3.10)

Finally, the irreversible work is W;,, and is small compred to other terms; it can be
neglected. Combining 4.3.6, 4.3.9 and 4.3.10, we obtain the total energy required to form a
bubble :

E.=W.+ W, +W,+W,,

4.3.11)
s (

4 0
Ric;pvhlv + _WRE (U - T_U> + VViTT

A7

3 3 ar

where F,. stands for critical energy. A bubble is thus formed when an amount of energy

E > E. is deposited in the superheated fluid, creating a bubble with radius r > R...
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Fi1G. 4.13. Seitz critical energy curves for different temperatures, for CoCIF;5
(left) and CQH2F4 (I‘lght)

From thermodynamic properties of fluids obtained from the NIST database [61], one
can calculate the Seitz critical energy for different pressure and temperature set points, as

shown on figure 4.13 for C,ClF5 and CoHsF,.

4.3.2. dF/dx threshold

In addition to the "heat spike" model where a bubble is created when the energy deposited
in the superheated fluid Fqep satisfies Fgep > I, another criterion is necessary for the
formation of the bubble, namely an effective enough stopping power dF /dx of the incoming
particle. In order to successfully form a bubble, a particle has to deposit Fq4ep, > £, inside a
short distance, such that the heat input leads to a bubble of critical radius R.. This distance

is called the critical length L., and the criterion can be written as:

B
Faep = / C;—xdx > B, (4.3.12)

c

L, is typically expressed as a function of R., since it is the most useful scale in this

context. We then have
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L.=b-R, (4.3.13)

where b is named the Harper parameter, and varies from author to author. b = 2 is
commonly used, but it also ranges up to 18, to quote for example [62, 63]. The Harper
parameter shall be studied in the following chapter for the specific case of C;CIF5 as the

active fluid for PICO-0.1, and more precisely in section 5.3.2.

4.4. DETECTOR RESPONSE

Given the criterion Eqe, > E. to create a bubble in a superheated liquid, £, can also be
viewed as a threshold energy; any Fqe, larger than . will create a bubble, making bubble

chambers operating as threshold detectors.

Being threshold detectors, bubble chambers have their unique response to incoming
particles; their event count rate at a given energy threshold will depend only on energy
deposition above threshold. Given recoils with a specific energy spectrum, the detector
response at a fixed threshold will be proportional to the integral of the spectrum above this
threshold. A good example to illustrate this behaviour is elastic neutron scattering with the
active fluid’s nuclei: from kinematics, the recoil energy Eg of a nucleus of atomic mass A,
from elastic scattering with an incoming neutron of energy F,,, is given by :
2A

ER = m(l — COS Q)En (441)

where 6 is the neutron scattering angle, in the centre of mass frame. Taking C3Fg as an
example (PICO’s usual target for dark matter search), the maximum recoil energies (with

0 = m) of carbon and fluorine nuclei are then:
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F1G. 4.14. Recoil energy spectra for carbon and fluorine, for elastic scattering
with neutrons of energy F,, (top). Detector response (count rate R = dN/dt)
in function of its threshold energy Fy,, for the same type of event (bottom).

C (A=12): Ep.. ~0.28E,
(4.4.2)
F (A=19) : Eg,,. = 0.19E, .
Assuming an isotropic neutron scattering, ¢ ranges randomly from 0 to 27. The recoil
spectra of the nuclei will then have a box shape, ranging from Er =0 to Fgr = Eg__ , as
shown on top of figure 4.14. The detector response will therefore look like the bottom of

figure 4.14, as integrating the box-shaped spectrum above each energy threshold will result

in a linear count rate curve, rising as we decrease the threshold energy.

4.5. CURRENT RESULTS

As dark matter has not been directly detected yet, experiments try to reach the best
sensitivity in trying to do so. The PICO experiment currently holds the world-leading
exclusion limits for the direct detection of spin-dependent WIMP-proton interaction, as a
result of PICO-60 last dark matter search run [57] (appendix A), as shown on figure 4.15.

Spin-independent WIMP-nucleon interaction limits are also shown on figure 4.16.
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Chapter 5

SEITZ THRESHOLD CHARACTERIZATION WITH
C,Cl1F}

CyClF5 can be used in a PICO detector in order to precisely characterize the Seitz threshold,
through the reaction between a thermal neutron (neutron with a kinetic energy of the order

of its thermal energy, i.e. ~0.025 eV) and a chlorine nucleus from the superheated fluid:

BC (nen,p) *°S + 617 keV (5.0.1)

where ng, is the thermal neutron. Since the incoming neutron is almost at rest, and from
conservation of momentum, this reaction produces recoils of a **S nucleus and of a proton
in opposite directions; the former with 17 keV of kinetic energy, the latter with 600 keV
[64]. Because the reaction products are monoenergetic, this reaction provides a precise scale
for the Seitz threshold, since the recoil energies are perfectly known inside the detector.

A study to characterize the Seitz threshold with this reaction is subject of the present chapter.

5.1. CoCLF5 THERMODYNAMICS

"Freons" such as C3Fg, C4F1¢ and even CsF 5 have been proven to be thermodynamically
appropriate for bubble chamber experiments. PICO uses C3Fg as its active fluid for the

search of dark matter, and CyClF5 has really similar thermodynamic properties. Table 5.1



Property CsFs C,ClIF;

Ty (°C) | -36.780 -38.942
Te (°C) 7195  79.79
Py 15:¢ (PSIA) | 95.180  99.596
pi1sec (g/ml) | 1.3795  1.3388

TAB. 5.1. Thermodynamic properties of C3Fg and C,CIF5 [61].
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F1G. 5.1. CyCIF;5 vapor pressure as a function of temperature [61].

compares both for a few properties. Figure 5.1 then presents the C;ClF5 vapor pressure as

a function of temperature.

5.2. 35S 17 KEV MONOENERGETIC RECOIL DATA

This section presents the %3S 17 keV monoenergetic recoil data: how the desired reaction

with monoenergetic recoils was obtained, how the sulfur recoil was specifically studied, as

well as PICO-0.1 17 keV data and analysis.
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5.2.1. Thermal neutrons

In order to obtain thermal neutrons inside the PICO-0.1 detector, we start out with
fast neutrons from an antimony-beryllium (SbBe) source: 12!Sb is an unstable isotope of
antimony, that can be produced at Polytechnique Montreal’s SLOWPOKE nuclear reactor
[65]; natural antimony (57.21% ''Sb and 42.79% '?3Sb) is activated by neutron capture in
the reactor, producing ?2Sb and '?*Sb with half-lives of 2.72 and 60.20 days, respectively.
In the present case, three sources were reactivated (they had already been activated in the

past), with respective measured activities of 834.7, 566 and 525 pCi on August 3¢, 2016.

124G8h decays into an excited state of '**Te through B~ decay, which de-excites into a
lower energy state by emitting gamma-rays with energies of 1691.03 or 2091.70 keV [66].
By putting ?Be beside the ?*Sb gamma source, these high-energy gammas can knock out a
neutron from the beryllium; neutrons knocked out by 1691.03 keV gammas (97%) come out
with 22.8 keV of kinetic energy, and those by 2091.70 keV gammas (3%) with 378 keV.

These fast neutrons are then slowed down by paraffin until they become thermal.
Paraffin is a kind of wax made of hydrogen and carbon, therefore having a high stopping
power for neutrons (because of its great amount of hydrogen atoms). As shown on figure 5.2,
2.25 cm of paraffin are enough to thermalize the great majority of the 22.8 keV neutrons; a
thickness of 4 ¢cm of paraffin was used for this study. By placing the SbBe neutron source
and paraffin next to PICO-0.1, a sufficient flux of thermal neutrons reaches the chamber

and allows to study the reaction

BC (nen,p) *S . (5.2.1)

5.2.2. Sulfur and proton recoils

Via the reaction 5.2.1, a sulfur nucleus and proton recoils with energies of 17 keV and

600 keV respectively are produced inside the PICO-0.1 detector. According to the critical
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Fi1Gc. 5.2. Thermalizing 22.8 keV neutrons with 2.25 ¢m of paraffin : on the
left, the original 22.8 keV spectrum; on the right, the spectrum after passing
through the paraffin.

energy criterion of the Seitz model (§4.3.1), both of these recoils should create bubble
events at energy thresholds between 0 and 17 keV. However, from the dE/dx criterion
(§4.3.2), no proton events are expected at thresholds higher than a few keV. Indeed, since
protons are light, charged and fast, they will mostly interact with electrons and deposit
small amounts of energy within L¢; they will lose all of their 600 keV along extended tracks
in the superheated liquid. Thus, even at thresholds as low as a few keV, their small energy
depositions along their track will not be sufficient to create bubbles in the detector. Only
the 17 keV sulfur nuclei deposit enough energy above threshold and can therefore be used

to characterize precisely the Seitz threshold.

As detailed in section 4.4, the expected response from a PICO threshold detector is
an integral of the recoil energy spectrum above the threshold energy. For a monoenergetic
spectrum such as for the 17 keV sulfur recoils, integrating a Dirac delta function results
in a step (or Heaviside) function, as shown on figure 5.3. Therefore, the *3CI (ng,,p) %S
data can be used to characterize the Seitz threshold, specifically its precise location and its

steepness.

64



dR
= 35¢_ :
dE,. S-recoil
dN E
_— R
dt

Eth

Fi1G. 5.3. Expected PICO-0.1 response to 17 keV monoergetic sulfur nucleus
recoils from **Cl (ng,,p) %S. At the top, the (monoenergetic) recoil energy
spectrum. At the bottom, the expected count rate response by varying the
threshold below Ejy,.

Pico 0.1 SbBe thermalized neutrons response

~. 0.06 " + 1245hBe |
E # ] + Background
= wi + 1245pBe - Back d
Y = e - Backgroun
“;‘E 0.04 § .
2 el
el
—g 0.02 1 .
& —
0 A4 A bk hbhha 4 ::%ﬁz:i::.—a— —k—
0 5 10 15 20 25 30

Threshold (keV)

Fic. 5.4. PICO-0.1 response to thermal neutrons with the reaction
35C1 (ng,p) 3°S, producing 17 keV monoenergetic 3°S recoils.

5.2.3. Data

The count rate response obtained with PICO-0.1 is shown on figure 5.4. Instead of a
sharp step at 17 keV (as on the bottom of figure 5.3), a much smoother, slowly rising step,
starting at a lower energy than 17 keV is observed. The count rate starts to rise at around
17 keV, and reaches its half-height at about 11 keV. The full plateau is reached 10 keV. An

explanation of this behavior is given in the following sections.
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5.3. SRIM SIMULATIONS

In order to explain the behavior of the 17 keV monoenergetic recoil data in PICO-0.1
shown on figure 5.4, a comparison with simulations made with the SRIM program (Stopping
and Range of Ions in Matter) was performed. This program allows to calculate and simulate
interactions and tracks of ions of given energy in a given material. In this case, tracks of 17

keV 35S were simulated in C,CIF5.

5.3.1. Bubble efficiency

Given the recoil energy of a given nucleus and the critical parameters of the Seitz model,
SRIM can be used to calculate the efficiency for bubble formation in CyClF5. Indeed, from
the energy deposited by a recoiling sulfur nucleus along its track, and from the critical
radius and energy (R¢ and Eg respectively) needed to form a bubble (section 4.3), one can
determine if the simulated recoil creates a bubble or not. In order to do so, the energy
depositions along the ion track are obtained from SRIM. Then, a window of critical length
Lo = b- Re is moved along the track and a check is performed whether the critical energy E¢x
was deposited inside this window, by taking the area under the curve (dF/dx vs. distance).
If this is the case, a bubble event can be formed; if not, the recoil did not produce any
nucleation. An example for both cases is shown on figure 5.5. Repeating this a large number
of times for a given recoil, the predicted bubble efficiency (bubble events over all events) at

a given threshold energy can be calculated:

() = # of events with nucleation at Fyy, (5.3.1)
total # of events at Ey,

Using this method, efficiency curves can be calculated at any threshold energies and and
fitted to the 17 keV 3°S recoils data (figure 5.4); since SRIM gives separate contributions
to the energy deposition (nuclear and electronic recoils), one can also calculate efficiency
curves for each of them, in addition to the curve for the total deposited energy. In order

to produce said curves, the proper critical radius R¢ for each critical energy F¢o has to be
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Fic. 5.5. Example of searching for a bubble event in SRIM. On the left,
sufficient energy was deposited inside the critical length, and nucleation occurs.
On the right, The end of the track is reached without ever having enough
energy deposited inside the critical length to create a bubble; no nucleation
occured.

determined; those are calculated from the Seitz model at either a constant temperature or
constant pressure. Results are shown in figure 5.6 for constant temperature (since this is the
common mode of operation for a PICO detector, i.e. the pressure is varied while keeping

the temperature constant).

In the following sections, different efficiency curves are produced by varying parameters
that affect the efficiency and/or the Seitz threshold, with the aim to try to obtain a curve

that could explain best the behaviour of the 17 keV data.

5.3.2. Harper parameter

First, an effort was made to reproduce the 17 keV data by finding a Harper parameter
b that would generate an efliciency curve with a similar shape. By varying from 6 = 0.1 to
b = 2, the curves shown on figure 5.7 were obtained. As can be seen, none of them results
in the correct shape, or even come close to it. At b = 2, the predicted total efficiency curve
becomes a sharp step at 17 keV, rising to maximum efficiency; for a critical energy smaller

than the recoil energy, the bubble efficiency is 100%. Therefore, it would be the same for
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Fi1G. 5.6. Relation between the critical radius R and the critical energy Fo
calculated from the Seitz model for C5;ClFs5, here at a constant temperature of
15°C.

larger b’s too - the greater the b, the larger the efficiency. One would only obtain a larger

nuclear recoil efficiency, which is not yet maximum for b = 2.

One can then try to "fine-tune" the Harper parameter to fit the data. This is shown in
figure 5.8, with the best fit obtained with
100

b= W (5.3.2)

However, in previous experiments, it was shown that the Harper parameter cannot
decrease with increasing critical energy, and therefore that parametrisation cannot be a
valid approach. Since it was not possible to fit the data without a decreasing or with
a constant Harper parameter, it was concluded that the Harper parameter alone cannot
explain the behaviour of the 17 keV data, and that other physical explanations had to be

explored to reproduce the data.
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F1G. 5.7. Efficiency curves produced with SRIM for 17 keV 23S nucleus recoils
in CyClF5, for different b parameters. From top-left to bottom-right : b = 0.1,
b=0.5,0=1and b = 2. Each efficiency point is calculated with 1000 SRIM
recoil simulations.

5.3.3. Surface tension

In a second try, the hypothesis that the surface tension used in the Seitz model is
not correctly considered was investigated; indeed, usually the Seitz threshold is calculated
assuming a planar surface tension instead of a spherical one, as for a bubble. In fact, it
was found that the surface tension for a spherical surface could be as much as 7% larger
than for the planar case used in the Seitz Model; modifying the surface tension this way
would modify the Seitz threshold as shown on figure 5.9. Considering this modification, the

Seitz threshold and its correspondent efficiency were recalculated; the result is shown on
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Fi1G. 5.8. "Fine-tuning" the Harper parameter to reproduce the 17 keV data.

We use b = B jheV )22 /llffv)g,g. Efficiency is in arbitrary units. Each efficiency point

is calculated with 100 SRIM recoil simulations.
figure 5.10. At this point, the Seitz threshold is shifted to the right, closer to a real 17 keV
step, but the data still cannot be reproduced with SRIM. Although the nuclear-recoil-only
efficiency curve resembles a lot to the real data, there is no physical reason to believe that
only nuclear recoils, and not electronic recoils, contribute to the formation of bubbles.
This hypothesis is therefore rejected, and it is concluded that a modification from a pla-

nar to a spherical surface tension is not sufficient to explain the behaviour of the 17 keV data.

5.3.4. Heat dissipation

In a third approach, the process of heat dissipation during the formation of bubbles in
a superheated liquid was explored. From the work of Denzel, Diemand and Angélil [67] on
molecular dynamics simulations, one expects that the heat dissipation during the bubble
formation can be 3 to 10 times faster than the bubble growth itself. This could result in

a loss of energy deposited in the superheated liquid that was approximated to be about
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F1G. 5.9. Seitz threshold recalculated with smaller and larger surface tensions
(0.8 to 1.2 times the original), for CoCIF; at 15°C.
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F1G. 5.10. Efficiency curve produced with SRIM for 17 keV 3°S nucleus recoils
in C,ClIF5, with a 7% larger surface tension from the Seitz model. b = 2 is
used. Efficiency is in arbitrary units. Each efficiency point is calculated with
100 SRIM recoil simulations.
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17keV S in CZCIF5 efficiency at 15°C, b=2, 20% energy loss
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F1G. 5.11. Efficiency curve produced with SRIM for 17 keV S nucleus recoils

in CyClIF5, with a 20% energy loss from the original recoil and the energy

deposition. b = 2 is used. Each efficiency point is calculated with 100 SRIM

recoil simulations.
20%. This effect was included in SRIM by removing 20% of the recoil energy and all energy
depositions on the tracks; the efficiency obtained is shown on figure 5.11. Not unexpected,
the curve is pretty much the same as the one in figure 5.7 (bottom right, b = 2) but shifted
down in energy. Omne could consider a greater energy loss to create a larger shift of the
efficiency curve, but one still would not obtain the proper shape to reproduce the data.

Therefore, the hypothesis that heat dissipation can explain the 17 keV data was rejected

and other physical explanations had to be investigated.

5.3.5. Critical radius distribution

Finally, a more statistical interpretation of the critical radius Rs was considered: in
particular, the assumption was made that R is part of a distribution instead of having a
precise value obtained from the Seitz model. For this purpose, it seems natural to consider

the normal (or gaussian) distribution, with mean g and standard deviation o, as generically

described by:
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1 (x — p)?
flx) = Jora? exp <_TI2> (5.3.3)

From this, R¢ is now taken as a normally distributed random value around the Seitz
model Re (renamed Re, here), from a distribution of standard deviation ¢ = e¢R¢; € is a
free parameter, typically taken between 0 and 1. Thus, for each SRIM simulation made
for calculating the nucleation efficiency, a randomly generated value is selected from the
R¢ distribution centered on R¢,. This way, the intended probability distribution for the

critical radius is obtained.

Having different, normally distributed R¢s's for each simulation of an efficiency point
(efficiency at a given E¢) would have the effect of smoothening the efficiency curve, since
Ro distributions at different Fo’s would overlap; instead of a distinct Ro for each Ego
as on figure 5.6, Ro distributions would make each efficiency point more similar to each
other, as they would have similar R¢’s. Some results are shown on figures 5.12 and 5.13,
respectively with b = 1 and b = 2. Once again, it turned out that the 17 keV data could not

be reproduced. An R distribution does not really affect the curve for b = 2, nor for b = 1.

Finally the two last attempts were combined, namely a gaussian-distributed Rs and an
energy loss from heat dissipation; the result is shown on figure 5.14. The nuclear-recoil-only
efficiency curve is once again close to the data, but the total efficiency can still not explain
it. Noting that a R¢ normal distribution does not affect much the efficiency curve, no
attempt was made for other types of distributions; only unusual shapes could have the effect

needed, and therefore would not be motivated from a physics point of view.

Therefore, a completely different approach, i.e. revisiting the Seitz threshold itself, is

presented in the next section.
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F1G. 5.12. Efficiency curve produced with SRIM for 17 keV 3°S nucleus recoils
in C,ClF5, with a gaussian-distributed R¢, of mean o = 0.5R¢o. b = 1 is used.
Each efficiency point is calculated with 500 SRIM recoil simulations.
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F1G. 5.13. Efficiency curve produced with SRIM for 17 keV 3°S nucleus recoils
in C,CIF;5, with a gaussian-distributed Rq, of mean o = 0.25R- (left) and
o = 0.5R¢ (right). b = 2 is used. Each efficiency point is calculated with 500
SRIM recoil simulations.

5.4. (GAUSSIAN BLURRED STEP SEITZ THRESHOLD

Being up to now unable to come up with a simple physical explanation of the behaviour

of the 17 keV data, the question was asked how to best describe the observed threshold in a
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Fi1G. 5.14. Efficiency curve produced with SRIM with a gaussian-distributed
R¢, of mean 0 = 0.5R:, and with a 20% energy loss from the original recoil

and the energy deposition. b = 1 is used. Each efficiency point is calculated
with 500 SRIM recoil simulations.

mathematical form and then seek to understand it. Therefore, an intrinsic resolution to the
response of energy depositions in superheated fluids was tried out, possibly due to energy
loss in dissipation (see section 5.3.4, [67] for more details) and other effects. The original
Seitz threshold can this way be considered as a Heaviside limit of a Gaussian blurred step
(GBS) function, of mean y and width o, as illustrated on figure 5.15. The GBS (or sigmoid)
gives a smoother rise to a plateau than a Heaviside function, and is defined as:

H(z) = - erfe((p — x) /o) (5.4.1)

DO | =

with erfc the complimentary error function

erfe((u —x) /o) =1 —erf((u — x)/0)
2 ooe_(u

= 0-)2
=77, dy .

The Heaviside function is obtained by taking the limit ¢ — 0 in equation 5.4.1.

(5.4.2)
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FiG. 5.15. The Gaussian blurred step function in grey (with mean g and
width o), compared to the Heaviside function in red.

Given this, one can then find the probability for the detection of a recoil of energy g,

which is given as a GBS centered on Fr = Egpg, near Fyy:

1 B - F b
P(Egr,Fcps) = 2 erfc (%) — erfc( C;Bsﬂ (5.4.3)

where erfc (%ﬁﬁ) is introduced to set the probability at Fr = 0 to 0, i.e. P(0,£,) = 0.
Faps can deviate from FEyy, as it is possible that the event probability begins to rise only at
Er = E,,, or even at a greater energy ' > FEy,. Two examples for this probability function

(for two different Egpg) are illustrated on figure 5.16.

The same way, a detector response ¢ for a monoenergetic recoil of energy 'y, as a function

of the threshold energy E}p, can be given by:

(5.4.4)

e(Ey) = % {erfc (Mﬂ ;

g

where Fy < Epg is the energy at half-height of ¢; examples are shown on figure 5.17.
Defining the energy shift AF as

AE = By — By (5.4.5)
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Fi1G. 5.16. Gaussian blurred step event probability P in function of the recoil
energy Epg, for Egps = 10 keV (blue) and Feps = 15 keV (green), and for a
given original Seitz threshold of Ey, = 10 keV. Both probability curves have
o = 2 keV, the width of the GBS.
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Fi1G. 5.17. Gaussian blurred step detector efficiency ¢ as a function of the
threshold energy FEy,, for Ey = 17 keV (blue) and Fy = 11 keV (green), and
for a given monoenergetic recoil energy of Fr = 17 keV. Both efficiency curves
have o = 2 keV, the width of the GBS.
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Fi1G. 5.18. Fit of the 17 keV data with a GBS threshold of Fy = 11 keV and
width o = 2 keV. We notice a AE = 6 keV.

where L., is the deposited energy (monoenergetic recoil energy), we can then reproduce

the 17 keV data with a GBS Seitz threshold, as shown on figure 5.18.

By doing the same with other monoenergetic calibrations, one can then study trends
for the AFE shift and the width o: on figures 5.19 and 5.20 are shown two previous mo-
noenergetic calibrations done with PICASSO detectors - droplet detectors using the same
principle as PICO detectors but with thousands of millimeter-sized droplets of superheated
liquid in a gel array - using C4F;o as the active fluid. Figure 5.19 shows the data of *“Po
alpha decay into 2!°Pb + «, producing a monoenergetic 150.7 keV 2'°Pb recoil. The detector
response is centered at Ity = 141 keV, resulting in a shift of AL = 10 keV; the response has
a width of 0 = 16.8 keV. Figure 5.20 shows another set of monoenergetic recoil data: 5.49
MeV alpha recoils from the alpha decay of 2! Am into 23"Np + .. Alpha recoils are different
from nuclear recoils because they deposit their energy on long distances, making them quite
inefficient for bubble formations along most of their ranges (section 4.3.2). Therefore, they
begin to create bubbles at the end of their track (the "Bragg peak'), and at much lower
energies than their original kinetic energies. Since only the dF/dx on the track is known,

but not the b parameter, the energy shift AE cannot be inferred in this case. However, one
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F1G. 5.19. Fit of the 151 keV monoenergetic 2!°Pb recoil data, with a GBS
threshold of Fy = 141 keV and width ¢ = 16.8 keV. We notice a AE = 10
keV.

can still study the efficiency curve of this monoenergetic data, and define its parameters F
and o. It is found that alphas begin to create bubbles at Fy = 71 keV, with a GBS of width
o =64 keV.

Table 5.2 summarizes the GBS threshold parameters obtained from the study of the
monoenergetic recoil data. Both AL and o increase with [;,, while the intrinsic
resolution of the GBS o/F,, seems to remain about constant, around 10%. A further
analysis could be done with more monoenergetic data calibrations, to obtain more precise
information about trends for AE and o, and to determine better the intrinsic resolution
of the Gaussian blurred step threshold. However, it has been clearly shown that the
threshold for PICO detectors can be phenomenologically well described by a sigmoid
function with resolution ¢ and shift in energy AFE; what is still to be done is to determine

a mechanism which describes this behaviour and for this, more experimental data are needed.
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Fi1G. 5.20. Fit of the 5.49 MeV monoenergetic alpha recoil data with a GBS
threshold of Fy = 71 keV and width ¢ = 6.4 keV. AFE is irrelevant here for
reasons stated in the text.

Faep (keV) FEy (keV) AFE (keV) o (keV) o/ Ezep

17 11 6 2 0.12
> 71 71 - 64 0.9
151 141 10 168 0.1

TAB. 5.2. Summary of GBS thresholds parameters obtained from monoener-
getic recoils data. We assume that the energy deposited from the 5.49 MeV
alphas to form bubbles was about (and perhaps a bit above) Fy = 71 keV.
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Chapter 6

DETECTING PROTON RECOILS WITH PICO-0.1

In order to search for low mass WIMPs, as low as the GeV scale, scattering on light target
nuclei would substantially improve the sensitivity reach of PICO. For nuclear recoils such
as carbon and fluorine, PICO detectors are already well calibrated and their response are
well-known (see section 4.4). In this chapter, their response to proton recoils is studied:
these recoils have never been studied in PICO detectors, and therefore it remained to be
shown that they are at all observable. Proton interactions in the detector are expected to be
similar to the ones from alpha particles (which are also well understood in PICO detectors):
charged particles (nuclei) scatter essentially on electrons in the superheated liquid and can
create multiple bubbles along their track. A visualisation of a heavy element alpha-decaying
and creating events in a PICO detector is shown on figure 6.1. Similar interactions from
protons are expected; PICO-0.1 is therefore used to study proton recoils in two different

ways: first, from the same reaction studied in the previous chapter,

B5CL (ng, p) *°S + 617 keV | (6.0.6)

acoustic signals from the events were analysed in order to deduce the detection of proton
recoils; second, proton recoil events were studied directly, from the recoils of hydrogen nuclei

in CQH2F4.
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F1G. 6.1. Representation of an alpha particle recoil event, along with an heavy
element nucleus recoil.

6.1. 600 KEV PROTON RECOILS IN CyCLF5

This section presents the data and analysis for the 600 keV proton recoils from the

reaction

BC (ng,p) *S . (6.1.1)

6.1.1. Proton and sulfur recoils

As detailed in the previous chapter, the reaction 6.1.1 produces a pair of monoenergetic
recoils: one of 17 keV for the 3°S nucleus, and one of 600 keV for the proton; the former
was observed and analysed in chapter 5, the latter is now investigated. As explained in
section 5.2.2, proton recoils are expected to create bubbles only at low threshold energies.
This expectation is furthermore supported by SRIM simulations: using the same procedure
as described in section 5.3.1 to calculate bubble efficiencies, the 600 keV proton efficiency in
C,CIF;5 is calculated for b = 1 and b = 2. As seen on figure 6.2, the efficiency rapidly goes
to zero as the threshold energy increases, for both cases. PICO-0.1 is therefore operated at

low threshold (~1-5 keV) in order to detect proton recoils.

However, as seen in the previous chapter, recoiling sulfur nuclei are detected with good

efficiency from about 15 keV and below. Therefore, in order to observe proton recoil events
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FiG. 6.2. Efficiency curves produced with SRIM for 600 keV proton recoils in
CoClF5, for b =1 (left) and b = 2 (right). Each efficiency point is calculated
with 100 SRIM recoil simulations.

at low threshold, one cannot isolate them from the sulfur nucleus recoil events; both are
always detected together. A visualisation of this type of event, with both proton and sulfur
nucleus recoils, is provided on figure 6.3. Thus, as the proton bubble is always alongside a
sulfur bubble, the objective would be to distinctly see the proton events. However, this is
not directly possible: as the proton has a mean range of about 11.7 pym in CyCIF5 (obtained
from SRIM, see figure 6.4) and the sulfur nucleus of a few tens of nm, PICO-0.1 cameras
cannot resolve if the proton created bubbles of its own; all bubbles of an event merge into
one observable bubble before they can be separately distinguished. Therefore, in order
to detect proton recoils within events including a bubble from the sulfur nucleus recoil,
acoustic signals of the events were investigated: as described in section 4.2.1 (and 4.2.2.5
for PICO-0.1), PICO detectors are equipped with piezo-electric transducers that listen to
and record the sounds of bubble events; PICO-0.1 has two.

We know that for PICO detectors, the acoustic signal amplitude of a given type of
recoil only depends on the pressure and temperature conditions inside the detector, and not
on the energy of the incoming scattering particle. Therefore, all nuclei recoils in CyClFj5
(whether C, Cl or F) will have similar acoustic signals at a fixed threshold energy point

(kept under the same conditions of pressure and temperature). Knowing this, the detection
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Fic. 6.3. Representation of a complete event from the reaction
35C1 (ng,, p) 2°S, with both 2°S and proton recoils creating bubbles.

—_ Ion Range = 11.7T um Skewness =-3,18123

G\E: Straggle = 3012 A Eurtosis = 22,1688

0 12000
e

[eal

= 10000
a2

=

-t
— 8000
T
};:,‘ 6000

=

u
T 4000
bl a] -—
= -
= % 2000
Zla

| 0
0A - Target Depth - 20 um

F1G. 6.4. Range distribution for 10* 600-keV protons in CyCIF5.

of proton recoils was studied through the acoustic signal of events in which they occur; their
contribution to an event with a sulfur nucleus recoil was analysed. Indeed, an event with
only a sulfur recoil will be as of any other nuclear recoil, while an event with a recoiling
sulfur combined with bubbles created by the proton will have a different acoustic signature.
If the proton creates bubbles by its own, an acoustic signal of greater amplitude than an

event with only a nuclear recoil is expected.
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6.1.2. Acoustics analysis

In order to study proton recoils in CoClF35, events from the 3°Cl (ng,, p) 2°S reaction are
compared with nuclear-recoil-only events; these are obtained from elastic scattering with
fast neutrons. As explained in the previous section, nuclear recoils from elastic scattering
with fast neutrons will have similar acoustic signals than the ones from sulfur recoils alone,
while events with sulfur nucleus and proton events should have a greater acoustic amplitude.
To obtain fast neutrons, a 24.6 mCi ?*" AcBe neutron source (activated at 100 mCi, 1971;

half-life 7951 days) is used, with neutron energies ranging from 0 to 10 MeV.

To compare acoustic signals of each type of event, the raw signals recorded from the
piezos is used, and treated as follows: the acoustic signal data is squared, and all of the
signal is summed over. This gives the acoustic power of the event, in V2. To compare events
on equal footing, the same signal length is selected in each of them; the DAQ recording
at a rate of 10 data points per second, 25000 points are taken for each acoustic power
calculation, resulting in a signal of 25 ms for every event. All events begin at the moment
when the bubble is formed; reconstruction of the event allows to have the precise time where

the acoustic signal of the bubble begins.

6.1.2.1. z-position dependence

First, an effort was made to see if there was a correlation between the acoustic power
and the z-position (height) of the event in the detector. As the piezos are located above the
active fluid on the outside of the jar of PICO-0.1, it could be expected that the acoustic
power decreases as the events are further away from the piezos (smaller z). The observed
relation is shown on figure 6.5 at 15 and 25°C, and no correlation was found. Acoustic
power has no dependence on its z-position in the detector. The comparison between events

can’t therefore be based on this relation.
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F1G. 6.5. Acoustic power of 3°Cl (ng,, p) 3°S events in function of their height
(z) in the detector, at 35 PSI, 15°C (left) and 25°C (right).

6.1.2.2. Acoustic power distibution

Subsequently, the acoustic power distribution of all events at a given threshold was
studied: the distribution of 33Cl (n,, p) **S events was compared to the distribution of fast
neutron recoil events. The results for six different threshold points is shown on figure 6.6,
where indeed some deviations can be seen between distributions at low threshold: for the
1.66 keV, 2.15 keV and 2.72 keV distributions, an excess at high acoustic power is observed
for the 2°Cl (ng,p) 3°S compared to the fast neutron recoils, suggesting that the proton
recoils contribute to the acoustic signal by creating their own bubbles. For the three higher
threshold distributions, both distributions seem to merge as protons stop creating events
of their own. This was to be expected at some point, as explained in section 6.1.1 and
from the SRIM simulations on figure 6.2: protons can create bubbles at low threshold, and
can become increasingly inefficient as the threshold raises to ~2-5 keV. From figure 6.6,

this point where proton detection become inefficient is somewhere between 2.72 and 3.53 keV.

6.1.2.3. Selection of frequency windows

To enhance the distinction between the distributions of °Cl (ny,, p) 3°S events and fast
neutron recoil events, the mean Fast Fourier Transform (FFT) of the acoustic signals from

all events of each distribution is used, and shown on figure 6.7. By selecting the proper
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F1G. 6.6. Normalized acoustic power distributions for *Cl (n,, p) %S events
(blue) and fast neutrons recoil events (red), all at 35 PSI, respectively (from
top-left to bottom-right) for 1.66 keV (23°C), 2.15 keV (21°C), 2.72 keV (19°C),
3.53 keV (17°C), 4.44 keV (15.5°C) and 5.4 keV (14°C). The distributions for
each threshold point are shown for both piezos.
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frequency windows in these FF'Ts, one can find a way to improve this discrepancy. From the

FFTs of figure 6.7, frequency windows were chosen as follows, for all distributions:

[0.3,0.5] U [1.1,1.3]x10° Hz, for piezo-0
(6.1.2)
[0.3,1.3]x10° Hz, for piezo-1

A visual representation of this frequency window selection is shown on figure 6.8,
where dark sections are ignored for the next calculations. Using these frequencies only,
new acoustic power distributions are obtained, as shown on figure 6.9. Since one cannot
select precise frequencies directly from the raw acoustic signal, these acoustic powers
were calculated by squaring the FFT of each event (in the selected frequency windows as
mentioned), instead of squaring the acoustic signal itself; they are no more given in V2
dimensions, but in arbitrary units. The original discrimination is now enhanced for the
three distributions at lower thresholds, and has remained the same for the two distributions
at higher thresholds; the distributions at 3.53 keV now show a small deviation, suggesting

the protons might still have a small but none-zero bubble efficiency at this threshold.

From these results, it was concluded that protons do indeed produce bubble events, as

it was intended; they do this with good efficiency below ~3 keV.

6.1.3. Harper Parameter

From figures 6.6 and 6.9, the proton bubble efficiency could be expected to be maximum
from 0 to ~3 keV, and to drop to zero around ~4 keV. Therefore, an efficiency curve
that could look (approximately) like figure 6.10 could be expected. Having another look
at the Harper parameter, one can find some values that would produce such curves, as
shown of figure 6.11. From this, it can therefore be concluded that the Harper param-

eter could take values of 3/2 < b < 5/3; this still has to be confirmed by more measurements.
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F1G. 6.7. Mean Fast Fourier Transform of *Cl (ng,,p) *°S events (blue) and
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bottom-right) for 1.66 keV (23°C), 2.15 keV (21°C), 2.72 keV (19°C), 3.53 keV
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FiGc. 6.8. Frequency selections for the mean Fast Fourier Transform of
35C1 (g, p) S events (blue) and fast neutron recoil events (red) of figure
6.7. Dark sections are now not taken into account.

Thus, it was concluded that proton recoils are detectable in PICO detectors, and a
more direct approach is now explored by filling PICO-0.1 with CoHsF,4 and searching for

hydrogen nuclei recoils from elastic scattering; results and analysis are presented in the next

90



e
=

o2
w
v

PDF distribution

2
w

o
o
i

e
f

e
-
w

e
-

o
o
v

PDF distribution

PDF distribution

0.6

0.5

0.4

0.3

0.2

0.1

4]

1.4

1.2

0.8

0.6

0.4

0.2

4]

Piezo-0 Piezo-1
0.14
E*5s+p Fsp
[_JFast neutrons Fast neutrons
0.12
23°C
0.1 23°C

1.66keV

0.08
0.06
0.04

0.02

0
1

1.66keV

2

5 10 15 0 20 30 40
Acoustic Power [a.u.] Acoustic Power [a.u.]
Piezo-0 Piezo-1
0.25
E3s+p
Fast neutrons
0.2
19°C

2.72keV

4 6 8 10
Acoustic Power [a.u.]

0.15

0.1

0.05

2.72keV

10
Acoustic Power [a.u.]

20 30

Piezo-0 Piezo-1
0.3
I *5s+p 35s+p
Fast neutrons [Fast neutrons
0.25
15.5°C
0.2
4. 44keV 15.5%C
4.44keV
0.15
0.1
0.05
0
2 4 6 5 10 15 20

Acoustic Power [a.u.]

Acoustic Power [a.u.]

0.45

2
S

d
w
v

PDF distribution

ot
L

o
¥
[

e
o

e
-
v

e
-

i
o
v

PDF distribution

PDF distribution

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

16

1.4

1.2

1

0.8

0.6

0.4

0.2

0

Piezo-0

0.2

Piezo-1

[ _JFast neutrons

21°C

2.15keV

0.18

0.16

0.14

0.12

[JFast neutrons

21°C

2.15keV

2

0.1
0.08
0.06
0.04
0.02
0
4 6 8 10 12 10 20 30
Acoustic Power [a.u.] Acoustic Power [a.u.]
Piezo-0 Piezo-1
0.25
3554p
Fast neutrons
0.2

3.53keV

4 6 8
Acoustic Power [a.u.]

Piezo-0

0.15

0.1

0.05

5 10

17°C
3.53keV

15
Acoustic Power [a.u.]

20

Piezo-1

25

2

I *5s+p
Fast neutrons

3 4 5
Acoustic Power [a.u.]

E%s+p
Fast neutrons

5 10

Acoustic Power [a.u.]

Fi1c. 6.9. Normalized acoustic power distributions with specific frequency
selection (as described in equations 6.1.2, and shown on figure 6.8) for
35CL (nen, p) *°S events (blue) and fast neutron recoil events (red), all at 35
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Fi1G. 6.10. Expected proton bubble efficiency, deduced from acoustics analysis.
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Fi1G. 6.11. Efficiency curves produced with SRIM for 600 keV proton recoils
in CyClF5, for b = 3/2 (left) and b = 5/3 (right). Each efficiency point is
calculated with 100 SRIM recoil simulations.
section.

6.2. PROTON RECOILS IN CoHsFy

Another way to detect proton recoils in PICO detectors is from typical PICO
events: nuclear recoils. By using CoHsFy4 as the active fluid in PICO-0.1, one can search

for recoils of hydrogen nuclei (i.e. protons). The next sections describe two ways it was done.
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Property CgFg C2C1F5 C2H2F4

Tp (°C)  |-36.789 -38.942 -26.074
Te (°C) 7187 79.79  101.06
Py 15oc (PSIA) | 95.180  99.596  70.833
pi1sec (g/ml) | 1.3795  1.3388  1.2434

TAB. 6.1. Thermodynamic properties of C3Fg, CoCIF5 and CoHoF, [61].

6.2.1. C,H,F, thermodynamics

Before any further step, a brief look was taken at the thermodynamic properties of
CyHoFy, and their usability in bubble chambers. Although CsHoFy is not as thermodynam-
ically close to C3Fg as CoClFs5, its properties are close enough to be adequate for operation
in PICO bubble chambers; table 6.1 compares them to those of C3Fg and C,CIF5 (already
presented in table 5.1), and figure 6.12 shows the CoHyF, vapor pressure as a function of
temperature. Comparing figures 6.12 and 5.1, one can conclude that in terms of vapor
pressure (a critical property for a fluid in a bubble chamber), CoHyF, is usable for a PICO

detector.

6.2.2. 22.8 keV neutrons

First, elastic scattering with 22.8 keV neutrons from an SbBe source was studied, these
neutrons being obtained as described in section 5.2.1. In this case, the respective measured
activities of the three reactivated antimony sources were 724, 382 and 365 uCi, on October

315, 2017.

6.2.2.1. Nuclear recoils

From the energy spectra of nuclear recoils (eq. 4.4.1), the maximum recoil energies

(0 = ) for the three atoms of CoHyF, are:
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Fia. 6.12. CoHyF, vapor pressure as a function of temperature [61].

H (A=1): Eg,.. = E,

C (A=12) : Eg,. ~0.28E, (6.2.1)
F (A=19): Ep  =0.19E, .

Therefore, recoils in the energy range Fp € [0.28,1]F, in CoHoF, can only be recoils
from hydrogen nuclei, since carbon and fluorine are too heavy to obtain these energies from
elastic scattering with a neutron. One can then search for proton recoils in this region of

threshold energies. For 22.8 keV neutrons, the maximum recoil energies are:

H:Ep  =228keV
C: Ep,.. ~6.38keV (6.2.2)

F:Ep . ~433keV ,
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PICO-0.1 CszF4 normalized response
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Fic. 6.13. PICO-0.1 response to 22.8 keV neutrons in CoHoF,. All data
(background and with source) are shown. Data are normalized to source ac-
tivity.

providing the range Er € [6.38,22.8] keV where only proton recoils are allowed.

6.2.2.2. Data with water in water bath

The PICO-0.1 response with threshold points exploring the energy range Eg € [6.38,22.8]
keV is shown on figures 6.13 and 6.14. A significant count rate above background is observed
in the region of interest, where only proton recoils are allowed; it seems to be a good
evidence that proton recoils were detected in CoHoF,. However, some interrogations remain:
one data point above 22 keV is significantly above background (154 events vs. 75 expected
from background, 6.40 excess), where it shoudn’t be allowed; the shape of the curve is
hardly explained, as one could have expected a linear rise from 22.8 to 6.38 keV (see section
4.4, specifically figure 4.14, extrapolated to hydrogen recoils) while this is not observed;
materials between the neutron source and the active fluid, especially a few centimeters of
water, certainly have slowed down the 22.8 keV neutrons to lower energies, therefore shifting
down the energy thresholds of each nuclear recoil and changing the meaning of this count
rate curve. Data without water in the water bath (detector at room temperature) were

therefore taken to seek understanding, and are presented in the next section.
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PICO-0.1 C,H,F, combined response
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FiGc. 6.14. Background-subtracted PICO-0.1 response to 22.8 keV neutrons
in CoHoF 4, with visual markers for the different threshold energies of fluorine,
carbon and hydrogen nuclei. Region of interest is Fy, € [6.38,22.8] for proton
recoil events. Data are normalized to source activity.

6.2.2.3. Data without water in water bath

In order to understand better the count rate curve obtained on figure 6.14, data were
taken without water in PICO-0.1’s water bath, so that 22.8 keV neutrons are less slowed
down and absorbed between their emission from the SbBe source and the active fluid.
Results are shown on figure 6.15. As expected, a shift in energy is observed between
data with water and data without, as neutrons indeed lose energy when passing through
water. By comparing the two count rate curves, it was found that neutrons were losing
about 6.75 keV in water; figure 6.16 shows the same data, but the data with water in
the water bath are manually shifted by 6.75 keV to higher energies. It is now clear that
some process other than proton recoils creates events, as four data points above 22 keV
now have significant count rates above background. One hypothesis that is emitted is
that the small fraction of 378 keV neutrons (see section 5.2.1) creates bubble events;

however, it is not understood why they would begin to do so only at about 32 keV. Some
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PICO-0.1 C,H,F, combined response
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Fi1Gc. 6.15. Background-subtracted PICO-0.1 response to 22.8 keV neutrons
in CoHyF,, with (blue) and without (red) water in the water bath. Data are
normalized to source activity.

simulations are therefore needed to explain the behaviour of this count rate curve in CoHoF .

6.2.2.4. Simulations

Simulations were carried out by prof. Alan E. Robinson for PICO-0.1 response to a
124SbBe neutron source, including the 3% of 378 keV neutrons, and 1.256 cm of water
between the outside of PICO-0.1 jar and the end of the beam tube (between the source and
the detector). Figure 6.17 compares the experimental data to the simulations count rate,
for all events having at least one bubble. The simulation curve is renormalized to fit the
experimental data (simulations were not absolute but accurate on the shape of the curve).
Although data do not fit perfectly the simulations, a good agreement is found; simulations
including events from neutrons scattering on protons, it is concluded that proton recoils

were indeed observed.
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PICO-0.1 CZH2F4 combined response
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Fi1Gc. 6.16. Background-subtracted PICO-0.1 response to 22.8 keV neutrons
in CoHoFy, with (blue) and without (red) water in the water bath. Data with
water are manually shifted by 6.75 kev to match data without water. Data
are normalized to source activity.

0.12

Event Rate (Hz)
(=] (=] (=]
o o o e
=~ o oo e

o
o
(%]

* Data
—Simulations
10 20 30 40 50
Eth (keV)
F1G. 6.17. PICO-0.1 response to ?SbBe neutrons in CoH,F,, compared to simulations.

PICO-0.1 C2H2F4 response to 124ghBe neutrons
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6.2.3. Thomson scattering

Next, Thomson scattering on hydrogen nuclei was studied. Thomson scattering is the
low-energy limit of Compton scattering, i.e. when electromagnetic radiation scatters on a
charged particle of mass (energy) much greater than the energy of the photon. This condition

can be written:

hy < mc* . (6.2.3)

In the present case, gamma rays from a ?*Na radioactive source was used. 2!Na is
an unstable isotope of sodium, that can also be produced at the SLOWPOKE facility
of Polytechnique Montreal. 2?‘Na decays by a (S~ process to **Mg with a half-life of
14.958 hours, emitting two gamma rays of 1.368 and 2.754 MeV, respectively [68]. Since
the proton has a mass of 938 MeV(/c?), condition 6.2.3 for Thomson scattering is there-
fore respected. The present source was activated with 474 uCi, at 2:03 PM on May 24", 2018.

From the Thomson scattering cross section on a particle of mass m and charge ¢

[69]

o = 8—7T <Q—2>2 5 (624)

3 \dregmc?
one can derive the differential count rate for Thomson scattering on protons as a function

of the recoil energy Er in a PICO bubble chamber:

dR  3m,c? myc
— = 1 1— Ep—2= 2.
Ay~ 82 ( - ( R (6.25)

where m,, is the mass of the proton and £, the photon energy. As described in section 4.4,
the detector count rate at a fixed threshold energy is given by the integral of the spectrum

above this energy; namely:

Emaoc

R= dEg (6.2.6)

Eyp,
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Fi1G. 6.18. Expected detector response from Thomson scattering, for 1.368
MeV v (left) and 2.754 MeV ~ (right).
where F,.4. is the maximum recoil energy; here ., = 2E3 /mPCQ, from kinematics of
a collision between a v and a proton. Integrating equation 6.2.5, one can find the relative

(normalized to 1) count rate as a function of the threshold energy:

3myc? 3 mpct\’ 1 (my\’
R(Ew) = _ZLE—?{EM_I—@(E—?/) Eth_§<E—?/> Eg, (6.2.7)

This expected detector response for +’s of 1.368 and 2.754 MeV is illustrated on figure
6.18; it is observed that the detector response begins (when decreasing in threshold energy)
around 4 keV for 1.368 MeV ~’s, and around 16 keV for 2.754 MeV ~’s; solving eq. 6.2.7
exactly for R = 0 (maximum threshold energy), one finds that the detector response begins
at 3.96 keV for 1.368 MeV ~’s, and at 16.17 keV for 2.754 MeV ~’s. One can therefore
explore the energy range around 16 keV to study Thomson scattering of 2.754 MeV ~’s in

CoHsFy; this is done in the next section.

6.2.3.1. Data

The PICO-0.1 data for the study of Thomson scattering on protons were taken between
May 24" and May 28, 2018, and are presented on figure 6.19. A count rate significantly
above background is observed from 18 keV and below, while at 26 keV the count rate is
comparable to the background. However, this does not directly imply the observation

of Thomson scattering on protons, particularly because no events are expected above 16
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PICO-0.1 czH2F4 ~ response (4 half-lives)
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F1G. 6.19. PICO-0.1 response to ?*Na gamma rays in CoH,F,. Data are not
normalized to source activity; threshold points were selected randomly for each
event, compensating for the relative effect of the source decaying. Data for
four 2*Na half-lives are used.

keV; events can occur from neutrons indirectly produced by the gamma source. The most
common process that could create neutron events in the detector is the dissociation of
deuterium from the absorption of a gamma ray, ejecting a neutron. This can occur in
surrounding materials, especially water from the PICO-0.1's water bath, and also from
hydrogen in the active fluid itself (CoHsF4). Some simulations therefore need to be carried
out to estimate the fraction of events that are from Thomson scattering, and from other

processes.

6.2.3.2. Simulations

Simulations were performed by prof. Alan E. Robinson to determine what fraction of
events could come from Thomson scattering on protons. The total expected count rate
curve is shown on figure 6.20, and a renormalization to fit the experimental data (to take

into account the decaying of the source) are shown on figure 6.21. Although data do not fit
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F1G. 6.20. Simulation of PICO-0.1 response to 2*Na gamma rays in CoHyF,.
Complete response (left) and zoom on the region of interest where data were
taken (right).

perfectly the simulations, a good agreement is found. Fractions of different types of events
were obtained:
e 1.79x10719 events per 2*Na decay are expected from a neutron produced inside the
freon.
e 9.45x107Y events per 2*Na decay, for all threshold energies, are expected from Thom-
son scattering on protons.

e Rest of events comes from neutrons outside the freon.

Given eq. 6.2.7 for 2.754 MeV ~’s (right of figure 6.18) and knowing that 9.45x10~? events
per ?*Na decay, for all energies (integral of the rate curve) come from Thomson scattering,

one can renormalize the expected rate with this number:

9.45x10~* 9.45x10~*
RN(Eth) = R(Eth) ~ m

— R(E,) ~ 1.169x107°R(E 6.2.8
f016.17R(Eth) dEth ( th) X ( th) ( )

This renormalized expected rate from Thomson scattering on protons is compared to
the total rate obtained from simulations, and is shown on figure 6.22. It is observed that

a significant fraction of events is coming from Thomson scattering, suggesting that it was

observed in PICO-0.1.
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to simulations.
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It is therefore concluded that Thomson scattering on protons was likely observed in

PICO-0.1.

6.3. PROJECTED LIMITS PLOT

It has been shown with PICO-0.1 that CoHsF,4 can be used as the active fluid inside
a PICO bubble chamber, and in adequate conditions of operation. Therefore, CoHsF,
could potentially be used for a dark matter search run in PICO main detectors, whether
during future runs of PICO-40L or even PICO-500. As previously stated, the hydrogen
in CoHoF, would largely improve the sensitivity of PICO at low WIMP mass; figure 6.23
presents potential limits that the PICO experiment could obtain with CoHyF, in PICO-40L.
These limits were produced assuming 120 live-days (5400 kg-days) of exposure at 43°C
and 20 PSIA, for a threshold energy about 1 keV; one can still adjust the temperature
in the range 43-45°C, and the pressure between 20 and 40 PSIA (20 PSIA is too low for
an operating PICO chamber) to obtain a threshold of 1 keV. These presented limits were
calculated by Arthur Plante, a PICO colleague and PhD candidate at University of Montreal.
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of PICO are shown in black. The two blue curves are calculated assuming two
different hydrogen nucleation efficiencies at 1 keV, as shown on figure 6.24
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F1G. 6.24. Hydrogen nucleation efficiencies at a 1 keV threshold, as a function
of the recoil energy. The blue efficiency generates the lowest limit of the two
on figure 6.23, the red efficiency generates the highest limit of the two.
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CONCLUSION

A lot of work still has to be done to have definitive evidence of the detection of dark matter.
Great amounts of progress are made every year in all kinds of experiments trying to detect
it, whether it is about the development of new technologies or a better understanding
of the current ones. This general progress obviously includes the efforts of the PICO
bubble chamber experiment: not only with its new detector design, but also with a deeper
comprehension of its functioning, and of the theory of the physics behind it. The work done
in this thesis provided insights on both parts: a better understanding of the theory, as well
as experimental evidence of a yet unobserved phenomenon that could lead to new projects

for the PICO experiment.

First, chapter 5 presented a study of the Seitz threshold, i.e. the theoretical model
to calculate the energy necessary to form a bubble in a bubble chamber. Through the
reaction 3°Cl (ng,, p) 3°S in CyCIF5, the 3°S monoenergetic recoil was studied to precisely
understand and characterize the Seitz threshold. Many hypotheses were explored to
explain the behaviour observed for this monoenergetic reaction; none of them, represented
through simulations, could succeed. Hypotheses were such as: different values of the
Harper parameter - providing the size of the critical length in which the energy has to be
deposited to form a bubble; a lower surface tension than previously assumed for spherical
bubbles; energy loss through heat dissipation during the growth of the bubbles; a normal
distribution - instead of a fixed value - for the critical radius necessary for a bubble not to
collapse on itself; and a combination of the two last hypotheses. Another approach was

then explored: revisiting the Seitz threshold itself. By assuming an intrinsic resolution -



with a mean and a width - to the Seitz threshold, one could explain the behaviour of the 3°S
monoenergetic recoil data, as well as a few more monoenergetic calibrations; a trend could
be deduced for the function resolution: a resolution of about 10% was found for all cases.
One could therefore describe the Seitz threshold with an intrinsic resolution and an energy
shift. However, more calibrations need to be performed to confirm the observed trend,

as well as to define a relation for the threshold shift and understand the mechanism behind it.

Second, proton recoils in PICO detectors were observed and described for the first
time, in chapter 6. They were first observed by the acoustics analysis of the same reaction
studied in chapter 5, i.e. 3°Cl (ng,, p) 3°S. This reaction produces a 600 keV monoenergetic
proton recoil in the detector, that could be observed by comparing the acoustic power of
such events with events containing only nuclear recoils; events with protons were acoustically
more powerful, assuring that protons produce their own bubbles. They were then observed
in a second manner by studying nuclear recoils in CoHsF,. From elastic scattering with
neutrons, only the threshold energy range Fr € [0.28,1]F,, allows for hydrogen nucleus
recoils, i.e. proton recoils; they were indeed observed in this region. Furthermore, Thomson
scattering on protons from 2.754 MeV gammas allows bubble events below 16 keV. Good

evidence was found that this kind of recoil was observed as well.

In summary, the work done in this thesis provided new insights on the understand-
ing of the Seitz threshold, and brought evidence of the detection of proton recoils in a
PICO detector; both of these subjects can be useful for the future of the PICO experiment.
The characterization of the Seitz threshold of chapter 5 has the potential to be extended
by studying more monoenergetic calibrations, and eventually could help understand more
precisely the Seitz threshold. On the other hand, the detection of proton recoils and the
demonstration of usability of CoHoFy as the active fluid in a PICO detector is a tangible
progress and has direct influence on the future of dark matter search with PICO: calibrating
PICO detectors to proton recoils will improve significantly their sensitivity at low WIMP

mass, especially by using CoHsFy as the active fluid for the search of dark matter.
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New results are reported from the operation of the PICO-60 dark matter detector, a bubble chamber filled
with 52 kg of C;Fg located in the SNOLAB underground laboratory. As in previous PICO bubble
chambers, PICO-60 C;Fg exhibits excellent electron recoil and alpha decay rejection, and the observed
multiple-scattering neutron rate indicates a single-scatter neutron background of less than one event per
month. A blind analysis of an efficiency-corrected 1167-kg day exposure at a 3.3-keV thermodynamic
threshold reveals no single-scattering nuclear recoil candidates, consistent with the predicted background.
These results set the most stringent direct-detection constraint to date on the weakly interacting massive
particle (WIMP)-proton spin-dependent cross section at 3.4 x 10™#! ¢cm? for a 30-GeV ¢=> WIMP, more
than 1 order of magnitude improvement from previous PICO results.

DOI: 10.1103/PhysRevLett.118.251301

The evidence for nonbaryonic dark matter in the Galactic
halo is compelling [1,2]. Many classes of theory, including
supersymmetric extensions to the standard model, provide
promising dark matter candidates in the form of non-
relativistic, weakly interacting, massive particles (WIMPs)
[3]. The search for WIMPs is challenging due to the
predicted small WIMP-nucleon scattering cross section
and nuclear recoil energies in the range of 1 to 100 keV.
Low thresholds, large exposures, and background suppres-
sion are therefore critical to obtain sufficient sensitivity. As
the nature of the WIMP-nucleon interaction is unknown,

0031-9007/17/118(25)/251301(6)
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explorations in both the spin-dependent (SD) and spin-
independent (SI) couplings are essential [4—6].

The PICO Collaboration searches for WIMPs using
superheated bubble chambers operated in thermodynamic
conditions at which they are virtually insensitive to gamma
or beta radiation. Further background suppression is
achieved through the measurement of the bubble’s acoustic
emission, allowing for discrimination between signals
from alpha decays and those from nuclear recoils [7].
Superheated detectors filled with fluorine-rich liquids
have consistently provided the strongest constraints to

© 2017 American Physical Society
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spin-dependent WIMP-proton interactions [8-15]. Our
largest bubble chamber to date, PICO-60, was recently
filled with a 52.2 4+ 0.5 kg C;F; target, and operated at
SNOLAB in Sudbury, Ontario, Canada. Here, we report
results from the first run of PICO-60 with C;Fg, with an
efficiency-corrected dark matter exposure of 1167 kg day,
taken between November 2016 and January 2017.

The PICO Collaboration previously reported the obser-
vation of anomalous background events in dark matter
search data with the 2-L PICO-2L C;Fg [8] and the 18-L
PICO-60 CF5I [10] bubble chambers. Improvements in
fluid handling and bubble chamber operation eliminated
this anomalous background in a second run of the PICO-2L
detector [9]. A leading hypothesis for the cause of these
background events is bubble nucleation due to surface
tension effects introduced by the contamination of the
active target with particulate matter and water droplets [16].
The PICO-60 detector was recommissioned following a
rigorous cleaning procedure targeting particulate contami-
nation. Every component was cleaned to MIL-STD-1246
Level 50 [17] prior to assembly, and samples of the water
buffer were taken using an in situ filtration system during
commissioning to monitor particulate injection. A final
measurement after C;Fg distillation confirmed that the total
assembly met MIL-STD-1246 Level 100, after which the
inner volume was closed.

The PICO-60 apparatus was described in Ref. [10],
and here we restrict ourselves to describing subsequent
improvements and changes. A new seal design was
deployed between the silica jar and the stainless steel
bellows to minimize particulate generation, replacing the
gold wire seal described in Ref. [10] with a nonexpanded
virgin polytetrafluoroethylene gasket. The C;Fg target does
not require the addition of chemicals to remove free ions,
unlike CF;I. While the same water tank is used, a new
chiller system holds the temperature in the water tank
uniform to approximately 0.1°C. The target volume was
more than doubled, requiring a corresponding increase
from two to four cameras (in two vertical columns). Eight
piezoelectric acoustic transducers identical to those used in
Ref. [9] were attached, evenly spaced around the outside of
the silica jar, using a spring loaded high-density polyethyl-
ene ring. Five sensors failed during commissioning, leaving
three operable sensors for the duration of the experiment.

The chamber expansion cycle is similar to that employed
in the previous run [10]. First, the chamber pressure is
lowered to a predetermined point, superheating the C;Fg
active liquid and putting our detector in a live, or expanded,
state. Energy deposition within the superheated liquid will
nucleate a phase change that can lead to a macroscopic gas
bubble, or event. The primary trigger uses the change in
entropy between two consecutive camera images [18] to
detect the appearance of a gas bubble in the chamber. A
trigger is also sent if a rise in pressure is detected or when
the chamber has been expanded for 2000 s. Following a

trigger, the hydraulic system initiates a fast compression,
raising the pressure above 150 psia in roughly 100 ms. The
chamber begins a new expansion after a compressed dead
time of 100 s. A long compression of 600 s is imposed on
every tenth compression or after a pressure-rise trigger. Of
the 44.6 days of detector operation during the WIMP search
data set, the chamber was expanded (live) for 34.3 days
after the compressed dead time is removed.

The WIMP search data set was taken at 30.2 & 0.3 psi
and 13.9 4+ 0.1°C. The threshold is calculated from these
thermodynamic conditions using Eq. (2) of Ref. [10] to be
3.29 £0.09 keV. There is an additional 0.2 keV uncer-
tainty in the threshold due to the thermodynamic properties
of C5Fg taken from Ref. [19]. As discussed in Refs. [8] and
[10], the nuclear recoil threshold is not a step function at the
calculated thermodynamic threshold due to energy losses
that escape the region of bubble formation. In situ nuclear
and electronic recoil calibrations were performed by
exposing the chamber to AmBe and >>2Cf neutron sources
and a '3*Ba gamma source both before and after the WIMP
search run. Prephysics background data were taken during
commissioning to measure the alpha backgrounds due to
222Rn chain decays which, event by event, are indistin-
guishable from nuclear recoils except in acoustic response.
For the WIMP search run, we performed a blind analysis by
masking the acoustic information that allows the discrimi-
nation between alpha decays and nuclear recoils, effec-
tively salting our WIMP search data with single bulk
bubbles. This information was processed only after cuts
and efficiencies for single bulk nuclear recoil candidates
were set, using source calibrations and prephysics back-
ground data.

For the WIMP search data set, periods of unstable
operation are removed, these being defined as times within
one hour of radioactive source transport near the detector or
in a 24-h window following any significant interruption to
operation. The first 25 s of every expansion is discarded to
remove transient effects. Of the 34.3 days the detector was
expanded, 30.0 live days (87.4%) are considered in the
WIMP search.

Bubble images are identified using the same entropy
algorithm as used for the optical trigger. The pixel
coordinates are then reconstructed into spatial coordinates
using ray propagation in a simulated optical geometry. The
fiducial volume is determined by setting cut values on
isolated wall and surface event distributions in the source
calibration and prephysics background data sets, and is
shown in Fig. 1. These cuts remove events on or near the
surface or within 6 mm of the nominal wall location. For
regions of the detector where the optics are worse, such as
the transition to the lower hemisphere, the outer 13 mm are
removed. The fiducial cuts accept a mass of 45.7 £ 0.5 kg,
or 87.7% of the total C3Fg mass.

The first step in the WIMP candidate selection removes
events that are written improperly on disk, events that were
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FIG. 1. Spatial distribution of single-bubble events in the
WIMP search data. Z is the reconstructed vertical position of
the bubble, and R? /Rja is the distance from the center axis
squared, normalized by the nominal jar radius (145 mm). The
fiducial cut is represented by the dashed line. The red squares are
the 106 single bulk bubbles passing all cuts prior to acoustic
unblinding and the gray dots are all rejected single-bubble events.

not triggered by the cameras, and events for which the
pressure was more than 1 psi from the target pressure. The
signal acceptance for these cuts is greater than 99.9%. Only
events that are optically reconstructed as a single bubble are
selected as WIMP candidates. This cut removes neutron-
induced multiple-bubble events and events for which the
optical reconstruction failed. The acceptance of this cut is
98.0% £ 0.5%. In addition to the optical reconstruction
fiducial cut, fiducial-bulk candidates are selected based on
a rate-of-pressure-rise measurement, which is found to
accept all optically reconstructed single bulk bubbles in the
source calibration data.

The acoustic analysis is similar to the procedure
described in Ref. [11] to calculate the acoustic parameter
(AP), a measurement of the bubble’s nucleation acoustic
energy. As the AP is used to discriminate alpha particles
from nuclear recoils, events with high pretrigger acoustic
noise or an incorrectly reconstructed signal start time are
removed from the WIMP candidates selection. The effi-
ciency for these acoustic quality cuts is 99.6% = 0.2%. For
this analysis, based on the prephysics background and
calibration data, the AP is found to optimally discriminate
alpha particles from nuclear recoils using the signals of two
out of the three working acoustic transducers in the 55 to
120 kHz frequency range. The AP distribution for nuclear
recoil events is normalized to 1 based on AmBe and 2>2Cf
nuclear recoil calibration data.

An additional metric, the NN score, is constructed from
the piezo traces using a neural network [20] trained to
distinguish pure alpha events (NN score = 1) from pure
nuclear or electron recoil events (NN score = 0). The two-
layer feedforward network takes as an input the bubble’s
3D position and the noise-subtracted acoustic energy of
each of three working acoustic transducers in eight
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FIG. 2. Top: AP distributions for AmBe and >?Cf neutron
calibration data (black) and WIMP search data (red) at a 3.3 keV
threshold. Bottom: AP and NN score for the same data set. The
acceptance region for nuclear recoil candidates, defined before
WIMP search acoustic data unmasking using neutron calibration
data, is displayed with dashed lines and reveals no candidate
events in the WIMP search data. Alphas from the *?’Rn decay
chain can be identified by their time signature and populate the
two peaks in the WIMP search data at a high AP. Higher energy
alphas from 2'“Po are producing larger acoustic signals.

frequency bands ranging from 1 to 300 kHz. The network
is trained and validated with source calibration data and the
prephysics background data. A nuclear recoil candidate is
defined as having an AP between 0.5 to 1.5 and a NN score
less than 0.05. These combined acoustic cuts are deter-
mined to have an acceptance of 88.5% + 1.6% based on
neutron calibration single bulk bubbles.

In the WIMP search data, before unmasking acoustic
information, all single bulk bubbles are identified and
manually scanned. Any events with mismatched pixel
coordinates are discarded. The same procedure is found
to keep 98.7% £ 0.7% of the single bulk bubbles in the
neutron calibration data. A total of 106 single bulk bubbles
pass all cuts prior to acoustic unblinding and are shown in
Fig. 1. The unmasking of the acoustic data, performed after
completion of the WIMP search run, reveals that none of
the identified 106 single bulk bubbles are consistent with
the nuclear recoil hypothesis defined by the AP and NN
score, as shown in Fig. 2. Instead, all 106 single bulk
bubbles are alphalike in their acoustic response. The final
efficiencies and exposures for the WIMP search are
summarized in Table I.

TABLEI. Summary of the final number of events and exposure
determination for singles and multiples in the 30.0 live-day
WIMP search data set of PICO-60C;Fg at a 3.3 keV thermo-
dynamic threshold.

Efficiency  Fiducial mass  Exposure  No. of
Data set (%) (kg) (kg day) events
Singles 85.1£1.38 45.7+0.5 1167 £28 0
Multiples  99.4 £0.1 522405 1555 £ 15 3
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Neutrons produced by (a, n) and spontaneous fission
from 28U and ?*’Th characteristically scatter multiple
times in the detector. The multiple-bubble events are an
unambiguous signature and provide a measurement of the
neutron background. To isolate multiple-bubble events in
the WIMP search data, we do not apply acoustic or fiducial
cuts, resulting in the larger exposure shown in Table I.
Instead, given the 99.5% £ 0.1% efficiency to reconstruct
at least one bubble in the bulk for a multiple-bubble event,
every passing event is scanned for multiplicity. This scan
reveals three multiple-bubble events in the WIMP search
data set. Based on a detailed Monte Carlo simulation, the
background from neutrons is predicted to be 0.25 £+ 0.09
(0.96 £ 0.34) single- (multiple-)bubble events. PICO-60
was exposed to a 1 mCi '**Ba source both before and
after the WIMP search data, which, compared against a
Geant4 [21] Monte Carlo simulation, gives a measured
nucleation efficiency for electron recoil events above
3.3 keV of (1.80 & 0.38) x 107!, Combining this with a
Monte Carlo simulation of the external gamma flux from
Refs. [16,22], we predict 0.026 &= 0.007 events due to
electron recoils in the WIMP search exposure. The back-
ground from coherent scattering of 8B solar neutrinos is
calculated to be 0.055 £ 0.007 events.

We use the same shapes of the nucleation efficiency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% difference in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the following
parameters: pp = 0.3 GeVc2em™, . = 544 km/s,
Vgarth = 232 km/s, and v, = 220 km/s. We use the effec-
tive field theory treatment and nuclear form factors
described in Refs. [24-27] to determine the sensitivity to
both spin-dependent and spin-independent dark matter
interactions. For the SI case, we use the M response of
Table 1 in Ref. [24], and for SD interactions, we use the
sum of the X' and X" terms from the same table. To
implement these interactions and form factors, we use
the publicly available bMDD code package [27,28]. The
calculated Poisson upper limits at the 90% C.L. for the
spin-dependent WIMP-proton and spin-independent WIMP-
nucleon elastic scattering cross sections, as a function of
WIMP mass, are shown in Figs. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 x 107! cm? for a
30 GeV ¢=2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with neu-
tron-only SD limits set by other dark matter search experi-
ments is achieved by setting constraints on the effective
spin-dependent WIMP-neutron and WIMP-proton cou-
plings a, and a, that are calculated according to the

2

SD WIMP-proton cross section [cm?]

—_

o
(]
3

—_

o
[
@
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10"
WIMP mass [GeV/c?]

FIG. 3. The 90% C.L. on the SD WIMP-proton cross section
from PICO-60 C;Fg plotted in thick blue, along with limits from
PICO-60CF;I (thick red) [10], PICO-2L (thick purple) [9],
PICASSO (green band) [14], SIMPLE (orange) [15], PandaX-
I (cyan) [29], IceCube (dashed and dotted pink) [30], and
SuperK (dashed and dotted black) [31,32]. The indirect limits
from IceCube and SuperK assume annihilation to 7 leptons
(dashed) and b quarks (dotted). The purple region represents
parameter space of the constrained minimal supersymmetric
model of Ref. [33]. Additional limits, not shown for clarity,
are set by LUX [34] and XENONI100 [35] (comparable to
PandaX-II) and by ANTARES [36,37] (comparable to IceCube).

method proposed in Ref. [46]. The expectation values
for the proton and neutron spins for the '°F nucleus are
taken from Ref. [24]. The allowed region in the a,-a, plane
is shown for a 50 GeV ¢~ WIMP in Fig. 5. We find that
PICO-60 CsFg improves the constraints on a, and a,, in
complementarity with other dark matter search experiments
that are more sensitive to the WIMP-neutron coupling.

0-38

[em?]

10-40 L

42|

10
PICO-60 C F,

-44 s
10° 10" 102
WIMP mass [GeV/c?]

10

S| WIMP-nucleon cross section

FIG. 4. The 90% C.L. on the SI WIMP-nucleon cross section
from PICO-60 C;Fjg plotted in thick blue, along with limits from
PICO-60 CF;I (thick red) [10], PICO-2L (thick purple) [9], LUX
(yellow) [38], PandaX-II (cyan) [39], CRESST-II (magenta) [40],
and CDMS-lite (black) [41]. While we choose to highlight this
result, LUX sets the strongest limits on WIMP masses greater
than 6 GeV/ ¢2. Additional limits, not shown for clarity, are set
by PICASSO [14], XENONI100 [35], DarkSide-50 [42],
SuperCDMS [43], CDMS-II [44], and Edelweiss-III [45].
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FIG. 5. PICO-60 constraints (blue) on the effective spin-
dependent WIMP-proton and WIMP-neutron couplings, a,
and a,, for a 50 GeV/c?> WIMP mass. Parameter space outside
of the band is excluded. Also shown are results from PANDAX-II
(cyan) [29], LUX (yellow) [34], PICO-2L (purple) [9], and
PICO-60 C5FI (red) [10].

The LHC has significant sensitivity to dark matter, but to
interpret LHC searches, one must assume a specific model to
generate the signal that is then looked for in the data. Despite
this subtlety, the convention has been to show LHC limits
alongside more general direct detection constraints in the
parameter space of Fig. 3. We choose instead to compare our
limits with those of the LHC on the chosen model, as shown
in Fig. 6. The LHC Dark Matter Working Group has made
recommendations on a set of simplified models to be used in
LHC searches and the best way to present such results
[47-49]. For a given simplified model involving a mediator
exchanged via the s channel, there are four free parameters:
the dark matter mass mpy, the mediator mass m.q, the
universal mediator coupling to quarks g,, and the mediator
coupling to dark matter gpy. We make a direct comparison of
the sensitivity of PICO to that of CMS [50,51] by applying
our results to the specific case of a simplified dark matter
model involving an axial-vector s-channel mediator.
Following Egs. (4.7)-(4.10) of Ref. [49], we find an

10% . : ,
o E Axial-vector mediator, Dirac DM\, = CMS DM+J/v
Q g=0.25,g_ =1 CMS DM+photon
> 10%E " o = PICO-60 C,F,
S
2 2|
2 10 |
£ |
e [ |
S 10" . |
= .
I |
10° - - .
101 10° 10°

Mediator mass [GeV/cZ]

FIG. 6. Exclusion limits at the 95% C.L. in the mpy-Mpeq
plane. PICO-60 constraints (thick blue) are compared against
collider constraints from CMS for an axial-vector mediator using
the monojet and mono-V (red) [50] and monophoton (orange)
[51] channels. The shaded regions signify excluded parameter
space for the chosen model. A similar analysis by ATLAS can be
found in Ref. [52].

expression for the spin-dependent cross section as a function
of those free parameters, and we invert this expression to find
Myeq as a function of the cross section. For this comparison,
we assume g, = 0.25 and gpy = 1. With this simple trans-
lation onto the specified model, we can plot our limits on the
same mpy-Mmeq plane, and the results are shown in Fig. 6.
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New results are reported from continued operation of the PICO-60 dark matter detector, a bubble
chamber filled with 52 kg of C3Fg located in the SNOLAB underground laboratory. The chamber
was successfully operated at thermodynamic thresholds as low as 1.2keV while remaining stable.
A second, blind 1404-kg-day exposure at 2.45keV threshold was acquired with approximately the
same expected total background rate as the previous 1167-kg-day exposure at 3.3keV. A new, more
stringent limit is set in the region of WIMP mass below 5GeV.
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I. INTRODUCTION 7

8

Identifying the nature of the cold dark matter is one of °
the primary challenges in modern physics [1-5]. Direct ©
detection dark matter experiments with sensitivity to the 1
very small recoil energies (1-100 keV) expected from elas- 12
tic scatters of WIMPs on target nuclei are designed to ac- 13
quire large background-free exposures. This has required *
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scaling up detector masses while continuing to eliminate
all sources of interactions that would act as backgrounds
to a WIMP interaction signal. The operators characteriz-
ing this interaction are typically parametrized into spin-
independent (SI) and spin-dependent (SD) couplings,
and as the underlying mechanism remains unknown, it
is essential for a WIMP-search program to probe both SI
and SD couplings.

The superheated liquid detector technology used by
the PICO collaboration affords excellent intrinsic rejec-
tion of electron recoils from gamma and beta particles.
Alpha decays of U/Th daughter nuclei can be acous-
tically discriminated against using piezoelectric sensors
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mounted on the detector surface. Materials screening
and optimized detector design minimize the remaining
sources of neutron background, with the goal of ac-
quiring a background-free WIMP-search exposure. The
first blind exposure of the PICO-60 C3Fs detector [13]
achieved this goal, acquiring a 1167-kg-day exposure at
a thermodynamic threshold of 3.3keV with zero single-
scatter nuclear recoil candidates in the signal region after
unblinding.

Three multi-bubble events were observed during that
exposure, while 0.2540.09 (0.96 £0.34) single(multiple)-
scatter neutron events were predicted by simulation
(Sec. VA), indicating that the detector was effectively
neutron-limited, unable to attain significant additional
WIMP sensitivity simply by acquiring longer exposures.

Following post-run calibrations, an attempt was made
to explore the limits of detector stability while testing for
the appearance of the predicted environmental gamma
background (Sec. V B), by significantly reducing the de-
tector’s bubble nucleation threshold. The C3Fg tempera-
ture was increased from (13.9 £0.1) °C to (15.9 £0.1) °C
and the superheated pressure was progressively reduced
from (30.2+0.3)psia to (21.7+0.3)psia, effecting a
reduction in the nucleation threshold (Sec. III) from
(3.29 £ 0.09) keV to (1.81 £ 0.09) keV. The detector con-
tinued to operate stably, maintaining a live-time fraction
over 75% during these periods, despite the higher rate
of bulk single-bubble events, attributed primarily to in- °
creased sensitivity to the electron recoil background. *

In response, a second blind exposure was acquired be— "’
tween April and June 2017 at a threshold of 2.45 keV
for which the overall background rate was expected to be
indistinguishable from the rate at 3.29keV. Here we re- *
port the results of that efficiency-corrected dark matter o
exposure of 1404-kg-days. ”

Just prior to decommissioning, the temperature was w
raised to (19.9£0.1) °C, enabling a threshold as low as
(1.20 £ 0.09) keV to be reached As expected, the event ;
rate was then dominated by events consistent with elec-
tron recoils, but operations remained stable. The higher
event rate led to a reduced live-time fraction near 40% o
at this lowest threshold. These operating conditions are "
summarized in Table L.
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II. EXPERIMENTAL METHOD Zi

95

The PICO-60 apparatus (Fig. 1) was configured as de- s
scribed in detail in [10], with the following changes imple- o
mented in 2016. Rather than CF3l, the bubble chamber o
was filled with (52.2 £ 0.5) kg of CsFg, as first reported o
n [13]. As the superheated operating temperatures foro
C3Fg are lower than those in CF3l, a new chiller systemio
was used to hold the temperature of the surrounding wa-ie
ter tank [10, 13] uniform to approximately 0.1°C. Theios
acoustic transducers, formerly coupled to the inner ves-in
sel with epoxy, were changed to a spring-loaded coupling.ios
The chamber’s expansion cycle was identical to the pre-ios

Acoustic Sensors

Water (Buffer) i )
iezos

C3F8 (Target)

Cameras
Propylene Glycol
(hydraulic fluid)

FIG. 1. The PICO-60 detector as configured for its operation
with C3Fg. The full volume of target fluid is stereoscopically
imaged by two columns of two cameras each.

vious run [13], with only occasional minor alterations as
required to respond to temporarily elevated trigger-rates
observed after the position of the water-target interface
shifted due to thermal expansion.

As in [13], in order to image the entire C3Fg volume,
double that of the CF3l used in the first run of PICO-60
[10], it was necessary to install an upper row of cameras,
resulting in a stereoscopic view by each of two vertical
pairs. As part of this expansion in scale, the data acqui-
sition hardware and software running the cameras and
issuing the primary event trigger was restructured and
modularized. Each column of cameras was controlled
by a separate server continuously acquiring images at
340 Hz, improved time resolution compared to the 200 Hz
used for the previous exposure [13]. Each camera filled a
ring buffer with incoming images while their control soft-
ware monitored for the appearance of bubbles by continu-
ously calculating the image entropy S; = — ). P;log, P,
where P; is the fraction of pixels populating intensity
bin ¢ of the difference map histograms generated from
consecutive frames. These camera servers communicated
operational state changes and trigger conditions to the
primary data acquisition server managing event-level op-
eration of the chamber. The cameras were sent a single
digital pulse train to synchronize their exposure timing.
This signal was also used to drive the pulse timing of the
LEDs illuminating the chamber’s inner volume.

The chamber was primarily operated at four additional
sets of thermodynamic conditions, summarized in Ta-
ble I. For the (2.45 4+ 0.09) keV threshold, a second blind
analysis [13] was undertaken by defining and beginning
to acquire a new category of background data that imple-
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T (°C)|P (psia)|[Seitz threshold, Er (keV)|Livetime (d) |Exposure (kg-d)
100 | 255 |1.20 £ 0.1(cxp) £0.1(th) 0.21 8.2
19.9 34.3 | 1.58 £ 0.1(exp) %+ 0.1(th) 1.29 50.3
15.9 21.7 | 1.81 £ 0.1(exp) % 0.2(th) 7.04 310.81
15.9 30.5 |2.45 £ 0.1(exp) & 0.2(th) 29.95 1404.22
13.9 30.2 | 3.29 £ 0.1(exp) = 0.2(th) 29.96 1167

TABLE I. Details of the four new operating conditions and their associated exposures, as well as the original set of condi-
tions used in [13]. The two blind exposures are grouped in the lower rows. The experimental uncertainty on the threshold
comes from uncertainties on the temperature (0.1 °C) and pressure (0.3 psi), while the theoretical uncertainty comes from the
thermodynamic properties of C3F'g, including the surface tension and dominated by uncertainty in the Tolman length [33].

mented randomization in the processing of the acoustic
signals that allow discrimination between alpha decays
and nuclear or electron recoil events. Source calibrations
and pre-physics background data were used to finalize
cuts and efficiencies for bulk single recoil event candi-
dates in an unbiased manner. After this analysis was
frozen, acoustic information for the physics data set was
processed and the acceptance region was examined.

For the three lowest thresholds, acoustic information
was never blinded, and a full analysis not performed, as
these data sets were always expected to contain many
gamma-induced recoils indistinguishable from nuclear re-
coils by their acoustic signals. Furthermore, these lowest
thresholds are not supported by comprehensive nuclear
recoil calibrations in C3Fg as introduced for the thresh-
olds of the blind exposures in Sec. III. These data sets
thus act primarily as a confirmation of the ability to op-
erate a bubble chamber stably at very low thresholds.

III. BUBBLE NUCLEATION THRESHOLD

The efficiency with which nuclear recoils nucleate bub-
bles is measured with a suite of neutron calibration ex-
periments, to which fluorine and carbon efficiency curves
at each threshold are fit to monotonically increasing,
piecewise linear functions. Well-defined resonances in the
51V(p,n)51C1" reaction are used to produce monoenergetic
50, 61, and 97 keV neutrons directed at a ~30-ml C3Fg
bubble chamber at the Tandem Van de Graaff facility at™”
the Université de Montréal. An SbBe neutron source is
also deployed adjacent to the ~30-ml bubble chamber,"™
and an AmBe neutron source adjacent to the PICO-2L"
chamber [8]. The initial C3Fg calibration presented in' -
Ref. [8] and used for the first PICO-60 C5Fg result [13] is"
refined in this analysis with additional calibration data.”™
Datasets have been added for 61 and 97 keV neutron
beams and the 50 keV neutron beam dataset is entirely158
new, as is the SbBe source, a gamma-induced neutron’
source that primarily produces monoenergetic 24 keV
neutrons. Calibrations were preformed at a variety of
thermodynamic thresholds, with selected results shown'®
in Figure 2, along with the prediction for the best-fit ef-
ficiency model. 161

Fach of the neutron calibration experiments is simu-ie
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Bubble Multiplicity

FIG. 2. The green points show the observed rates of single,
double, and triple-or-more bubbles for the calibration sources
at listed thermodynamic thresholds. Green error bars indicate
statistical uncertainties, and the black error bars at the bot-
tom show the systematic uncertainty on the neutron flux. The
blue histograms show the predicted rates from the simulation
given the best-fit efficiency model derived from all calibration
data. Each dataset is normalized to the observed rate of sin-
gle bubbles, or double bubbles for SbBe due to gamma back-
ground. The normalization of the simulation is constrained
by the systematic neutron flux uncertainties shown.

lated in MCNP [22] or Geant4 [23], using updated differ-
ential cross sections for elastic scattering on fluorine [24].
The calibration data is fit using the emcee Markov Chain
Monte Carlo (MCMC) python code package [25]. The
output of the fitting is a distribution of sets of four effi-
ciency curves (fluorine and carbon curves at each of the
2.45 and 3.29 keV thresholds) with associated likelihoods
(Fig. 3). The addition of the new lower-neutron-energy
datasets supports tighter constraints on the low-energy
part of the efficiency curves than previously reported, re-
sulting in increased sensitivity to low-mass WIMPs.

IV. DATA ANALYSIS

The new data sets were processed in much the same
way as in [13], with several improvements and additions.
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FIG. 3. The best-fit fluorine (blue) and carbon (magenta)
efficiency curves for 2.45keV and 3.29 keV data are shown as
the solid lines. The shaded regions show the band enveloping
all efficiency curves fitted within 1o. The light green dashed
lines show the calculated Seitz threshold, with theoretical un-
certainties from Table 1.

Cuts were redefined independently for each set of oper-
ating conditions, and to take advantage of an improved
optical reconstruction of bubble positions.

The algorithm to reconstruct the spatial position of
each bubble was modified to have finer sub-pixel resolu-
tion and to monitor and correct for any slight shifts in
the overall image position on the sensor grid over time.
This algorithm individually weighted each camera’s con-
tribution to the reconstruction by the relative quality of
the bubble image obtained. Image quality was evaluated
as a function of the distance between the bubble’s image
the center of the camera’s sensor, and included correc-
tions for lighting quality that changed as several LEDs
failed during operations. 100

One result of these improvements is that the fiducial,g,
mass is increased from (45.7 £ 0.5) kg to (48.9 + 0.2) kg,
These new fiducial cuts use improved time-resolution to,,
reconstruct vectors tracking bubble motion for ten frames,,
after first visibility, which are then used to reject single,,
bubble events in the near-wall region having highly an-
gled tracks characteristic of nucleations originating ony
the detector walls, with a uniform 95.6% acceptance of,,
non-wall events in this annular region. Similarly, events
near the surface, where visibility is less favorable, were
required to be detected by both cameras within 30 ms
of each other, to limit uncertainties in position recon-
struction. This cut had 100% acceptance of non-surface
events in the cylindrical near-surface region. Together,
these optimizations allow fiducial cut boundaries to be
placed more closely to the edge of the detector while still
classifying zero surface- or wall-originating events as fidu-,,
cial. A manual scan for misalignment of pixel coordinates,,
found zero single bubble candidates reconstructed in an,,
incorrect position. 212

Time-dependent effects over the blind exposure wereas
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FIG. 4. Spatial distribution of single-bubble events in the
2.45keV WIMP-search data. Z is the reconstructed verti-
cal position of the bubble, and RQ/RJ»ar is the distance from
the center axis squared, normalized by the nominal jar radius
(145 mm). The outer edge of the fiducial cut is represented
by the dashed black line, outside of which all events are ex-
cluded. Events reconstructed within the cyan annular region
3-7mm from the wall were additionally required to satisfy
a condition limiting their track’s zenith angle, and events in
the near-surface magenta region were additionally required to
have appeared in two cameras with a limited offset in frame
index. Red squares are the 87 single bulk bubbles passing all
cuts prior to acoustic unblinding and grey dots are all rejected
single-bubble events. Blue circles are the 3 candidate events
passing the AP cut.

minimal. The signal from a Dytran fast pressure trans-
ducer, a polynomial fit to which during early bubble
growth can very accurately identify bubble multiplicity,
drifted over time, but was straightforwardly renormal-
ized. The magnitude of acoustic signals from bubble nu-
cleation is strongly dependent on the temperature and
pressure of the superheated liquid. Single bubble events
from 252Cf neutron and '33Ba gamma calibration data
were used to independently renormalize the acoustic scal-
ing at each set of thermodynamic conditions.

V. BACKGROUND ESTIMATES

Backgrounds are estimated from a combination of
Monte Carlo simulations and measured calibration event
rates during threshold scans. The total expected back-
ground rate is the sum of the following contributions, and
is summarized in Table II.
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A. Neutron background

Geant4 simulations of the detector geometry and com-
position lead to estimates of the expected neutron flux
in the detector. The background from neutrons during
the blind exposure is expected to be 0.384+0.15 singles
and 1.43+0.49 multiples. Two multi-bubble events were
observed during the second blind exposure, along with
one during an intervening °°Co gamma calibration, in
addition to the three observed during the first blind ex-
posure [13]. Two neutron single-bubble events over the
total 60-day blind exposure is the most probable value,
as inferred from the observed multiples and the simulated
ratio of single-bubble to multi-bubble events.

B. Gamma background

Gamma calibration was performed at 2.45keV with
a 0.1mCi %9Co source before and after the blinded run.
Compared with a Geant4 simulation of the same detector
geometry, this produces a measured nucleation efficiency
of (2.89 + 0.15)x107? for electron recoil events above
2.45keV. Combined with the rate of external gammas
as simulated in MNCP, based on measurements from a
Nal detector in the SNOLAB J drift [ref], we estimate
a background of 0.129 £ 0.028 gamma events in 29.95
days for this blind exposure. More advanced models of
the gamma response in superheated fluids are currently
under development, at present producing even lower es-
timates for the gamma background in this exposure than™
the above method.

262

C. Coherent neutrino scattering background
263

264

With energy thresholds below approximately 5keV,
sensitivity to coherent elastic nuclear scattering of B ]
solar neutrinos can become a significant contributor to
the overall background estimate for sufficiently large ex-
posures. For the blind exposure acquired at 2.45keV,
this background is projected to contribute (0.10 % 0. 02)

events.
271

272

273

D. Alpha background ot
275
The measured fiducial single-bubble event rate duringzs
the second blind run of PICO-60, (2.9 £ 0.3) events/live-2r7
day, can be extrapolated to a 222Rn rate under the as-xs
sumption that each such event represents one of threezs
alpha decays along the 222Rn to 2'°Po chain. Given theaso
exposure of this data set, this corresponds to an approx-zs
imate 222Rn rate of 21Bq in the detector, competitivezs:
with [cite DEAP-3600 paper — it was accepted to PRL ases
of 17 July 2018, but no citation details exist yet]. Excel-zs
lent separation of the alpha peak from the low-AP recoilzss

[ Neutron | CNS | Total |
[(0.38 £ 0.15)[(0.13 £ 0.03)](0.10 £ 0.02)[(0.61 £ 0.15)]

Gamma |

TABLE II. Summary of estimated background contributions
for the full 30.0 day livetime of the 2.45keV blind run of
PICO-60.

102 Neutron calibration

Gamma calibration

= WIMP search

1 H]‘ 1
1 2 3

log(AP)

FIG. 5. AP distributions for **>Cf and '**Ba calibration data
(black) and WIMP search data (red) at 2.45keV threshold.
The acceptance region for nuclear recoil candidates, defined
before WIMP search acoustic data unmasking using neutron
calibration data, is displayed with dashed lines and reveals 3
candidate events in the WIMP search data. Alphas from the
22Bn decay chain can be identified by their time signature
and populate the two peaks in the WIMP search data at high
AP. Higher energy alphas from 2'4Po produce larger acoustic
signals.

peak was maintained across thermodynamic conditions.

VI. WIMP SEARCH RESULTS

After the decision to unblind the 2.45keV WIMP-
search data set, the acoustic signals were processed and
are presented in Figure 5 along with the AP distributions
for neutron and gamma calibrations. Three nuclear re-
coil candidates are observed in the WIMP-search signal
region, a rate higher than the background prediction from
Table II. However, the total observation of three single-
bubble and six multiple-bubble events over the combined
exposures is not inconsistent with the expected singles-
to-multiples ratio of 1:4 for a neutron dominated back-
ground, albeit at somewhat higher rate than predicted
by our simulations.

A Profile Likelihood Ratio (PLR) test [35] is used to
sett WIMP exclusion limits on the combination of 2.45
and 3.29 keV datasets. A test statistic is formed from
the ratio of the likelihood for a specific WIMP cross-
section to the maximum likelihood over all WIMP cross-
sections. The background rate and WIMP detection effi-
ciency in each dataset are treated as nuisance parameters,
marginalized over by finding the conditional maximum
likelihood for each specific WIMP cross-section.

Given the apparent discrepancy between our predicted
and observed neutron background, the background rates
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Dataset Efficiency (%) Fiducial Mass (kg) Exposure (kg-days) No. of events
Singles 95.9 19 48.8 0.8 1404 *+48 3
Multiples 99.9 190 52.0 £ 0.1 1556 +3 2

TABLE III. Summary of the final number of events and exposure determination for singles and multiples in the 30.0 live-day
WIMP search dataset of PICO-60 C3Fg at 2.45 keV thermodynamic threshold.

are unconstrained in the PLR, with flat likelihood func-
tions for all non-negative values.

For the efficiencies, a likelihood surface is created as
a function of WIMP detection efficiency at 2.45 and
3.29 keV. WIMP detection efficiencies, ®, in units of de-
tected WIMPs per kg-day of exposure per picobarn of
WIMP-nucleon scattering cross-section, are derived from
the calibration MCMC output by integrating the effi-
ciency curves over the nuclear recoil spectrum from an
astrophysical WIMP flux for an array of potential WIMP
masses. The two-dimensional WIMP detection efficiency
space is divided into bins and within each bin the max-
imum likelihood set of efficiency curves that fall within
that bin is found. The likelihood surface thus created
retains any covariance between the efficiency at the two
thresholds from the neutron calibration.

The standard halo parametrization [27] is used, with
the following parameters: pp=0.3 GeVc 2cm 3, Vese =
544 km /s, vgarth = 232 km/s, and v, = 220 km/s. The ef-
fective field theory treatment and nuclear form factors de-
scribed in Refs.[28-31] are used to determine sensitivity
to both spin-dependent and spin-independent dark mat-
ter interactions. The M response of Table 1 in Ref. [28]
is used for SI interactions, and the sum of the > and %"
terms from the same table is used for SD interactions. To
implement these interactions and form factors, the pub-
licly available dmdd code package [31, 32] is used. Fig-
ure 6 shows exanmples of the WIMP detection efficiency
likelihood surfaces used for 5 GeV WIMPs with SI cou-
pling and 19 GeV WIMPs with SD-proton coupling. The
likelihood surfaces are marginalized over as nuisance pa-
rameters within the PLR, after being convolved with a
two-dimensional Gaussian function reflecting experimen-
tal uncertainty in the PICO-60 thermodynamic thresh-
olds.

To develop a frequentist WIMP exclusion curve, toy
datasets are generated at each point in a grid of WIMP
masses and cross-sections. A grid point is then excluded
if the observed PLR test statistic for that point is larger
than >90% of toy dataset test statistics at that point. A
conservative choice is made to generate the toy datasets
with no background contribution, but the 90% exclu-3*
sion curve is subsequently confirmed to be valid over3®
the range of background rates consistent with the data.
The calculated exclusion curves at 90% C.L. for spin-
dependent WIMP-proton and spin-independent WIMP-3¥
nucleon eleastic scattering cross-sections, as a function of
WIMP mass, are shown in Figures 7 and 8. The alreadysss
world-leading limits in the spin-dependent WIMP-protonsss
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FIG. 6. Contour plot of integrated efficiency ® at 2.45keV
and 3.29keV with red dot representing best-fit result. Con-
tour layers have been color-coded to represent the difference
in x? with respect to the minimum. Details in the outer
boundary of the plot are subject to statistical fluctuations.

g

®(Ew = 2.45keV) (events/kg/day/pb)

9

©
o

©
[

@©
o

M =19 GeV SDp

®(E;, = 3.29keV) (events/kg/day/pb)

~
L4

60 65 70 75 80 85 90 95 10
®(Ey, = 2.45keV) (events/kg/day/pb)

sector are improved, particularly for WIMP-masses in the
3-5 GeV range.
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