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PICO: dark matter searches using bubble chambers



Physics with bubble chambers

1970s: Neutrino Beam Physics
e Sensitive to MIPs

e Particle tracks visible

e Threshold << 1 keV

e Multi-ton chambers,
multiple fluids

2000-today: Nuclear Recoil
Detectors

e Dark matter searches with
fluorocarbon bubble chambers

e Electron recoil blind

® Nuclear recoil threshold ~ 3keV

e Scalable at modest cost




e Target material:
superheated CF31,

C3F87 C4F10

PICO bubble

spin-dependent /independent

Could make a

dark matter bubble

chamber with any liquid!

e Particles interacting

evaporate a small
amount of material:
bubble nucleation

e Four Cameras record bubbles

e Eight piezo-electric acoustic
sensors detect sound

e Recompression after

each event
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Bubble chambers: Physics

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

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

e Classical Thermodynamics:
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Bubble nucleation

Dependence of bubble 2

nucleation on the total ol 218Pori '
deposited energy and dE/dx a-recoll 42 il

e Region of bubble nucleation at 15 T __ Aol SRR AL
° [ I
PS1g 10° r:':_'.'.': ________ I
relectron™-..__ _:_
e Backgrounds: | ™. | CFj, T=40C
10 (N AT | [ | %m fiiiily Ll N I
electrons, ?*Po, **2Rn 10° 10' 10° 10° 10*
energy (keV)
e Signal processes of i A PICO-0.1 UdeM Sb124 |
. . = . v PICO-0.1 UdeM Am-241 |
Iodine, Fluorine and Carbon 5 < PICO-01 UM Corto
b » p PICO-0.1 UdeM Cs-137 1
3 -y ——Te = PICO-0.1 FNAL Cs-137 |
nuclear recoils £ < PPN ¢ 11(38} .\11.\1\05 ('sl.;:ﬁ;
2 10 B PICO-2L Run 2 Ba-133 |
= . tiq Gunter (UofC) Ba-133 |
"'f' s Gunter (UofC) Sb-124 |
° ° ° E2 Drexel Cs-137
isensitive to £ 100 |
electrons and gammas g
10" ++\
- 0.8 0.9 1 1.1 1.2 1.3 1.4 1.!

Eipnr; 'p ! [GeV em? g7



Bubble chambers: signal

e Alpha decays:
Nuclear recoil and

40 pum alpha track
1 bubble

e Neutrons:
Nuclear recoils
mean free path ~20 cm
3:1 multiple-single ratio
in PICO-60

e Neutrinos or WIMPs:
Nuclear recoil

mean free path > 10'° cm
1 bubble




Bubble chambers: Acoustics

e Alphas are ~ 4 times louder than nuclear recoil bubbles
Observable Iﬁbble ~mm

e > 99.4% discrimination against alpha events demonstrated
e Discovered by the PICASSO collaboration
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Why bubble chambers?

e Zero background
e Large target mass
e Low energy threshold (a few keV, and down to eV for some fluids)
e Multiple target nuclei
test expected cross section dependences on
atomic number and nuclear spin
(Fluorine, Iodine, Chlorine, Xenon, Argon, Bromine, Hydrogen...)

e Measure nuclear recoil energies (by varying threshold)

e No measure of nuclear recoil direction.
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EFT and SI

Capability to instrument a
wide range of target nuclei
with sensitivity to diverse

WIMP-nucleon couplings.
Unknown how WIMPs

couple to matter

e Fluorine: Best sensitivity to
spin dependent interactions.

e lodine, Bromine, Xenon, Argon:

High A targets to exploit A?
dependence of spin-independent

cross section.
e Hydrogen: Enhanced sensitivity
to low mass particles.

vs SD

Fitzpatrick, Haxton et al. Effective Field Theory Couplings
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11



Meet the family: PICO bubble chambers

e COUPP4: a 21 CF3I chamber run at SNOLAB in 2010 and 2012

e COUPPG60: up to 401 CF3I chamber run at SNOLAB 2013-14

e PICO-2L: a 21 C3F8 chamber run at SNOLAB 2013-14 and 2015-16
e PICO-60: up to 451 C3F8 chamber run at SNOLAB 2016-17

e PICO40L: currently under commissioning (fall 2022)

e PICO-500: future ton-scale experiment 2023-2024
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COUPP60 and PICO-60
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COUPP60 and PICO-60
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PICO latest WIMP SD and SI limits
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1042f  PICO-60 CF,
E Complete Exposure

104
E 1079

10““;r

SI WIMP-nucleon cross section [cm?]

as | il
107 F N
E -38 .
10 E e

10 46 ;

1 10 10°
WIMP mass [GeV/c?]

.....
....
e
aet”

109k

PICO-2L (thick purple), DarkSide-50 low-mass
(gray), XENONIT (green), LUX (yellow), PandaX-ll
(cyan), CDMSlite (black), and CRESST-1I (magenta)

SD WIMP-proton cross section [cn?]

1074E

- PICO-60 CF,
LComplete Exposure ~ ~ .
—

" 1 " n el " " PR
10 102 10°
WIMP mass [GeV/c?]

10"

Phys. Rev. Lett. 114, 231302 (2015)

PICO-60 CF:l (thick red), PICO-2L (thick purple),
Phys. Rev. D 93, 061101 (R) {2016) PICASSO (green band), SIMPLE (orange), XENON1T

(Editor’s choice) (gray), PandaX-Il (cyan), IceCube (dashed and

Phys. Rev. D 93, 052014 (2016) dotted pink), and SuperK (dashed and dotted black)
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PICO Collaboration

| NORTHWESTERN f:g PennState =
oy UNIVERSITY by UEENI
. TECHNICKE
‘ | L C.E. Dahl, M. Jin, J. Zhang S. Priya, Y. Yan Ll
{ R. Filgas, |. Stekl
UNIVERSITAT
POLITECNICA ﬁgDI‘exel
DE VALENCIA UNIVERSITY
S M. Ardid, M. Bou-Cabo, I. Felis M. Bressler, R. Neilson ;
F. Flores, A. Gonzalez,

E. Noriega-Benitez,

I. Lawson # Fe r m i I a b m Northeastern E. Vazquez-Jauregui

P.S. Cooper, M. Crisler, ILLINOIE UNWIVEREITY
W.H. Lippincott, A. Sonnenschein O. Harris

B. Broerman,

G. Cao, K. Clark,
G. Giroux, C. Hardy,
H. Herrera, C. Moore,
A. Noble, T. Sullivan

S. Ali, M. Das,
S. Sahoo

Kavli Institute
for Cosmological Physics
at The University of Chicago

D. Baxter, J.l. Collar,
J. Fuentes

O] UNIVERSITY OF m Université I'H\ ﬂ LaurentianUniversity

@ ALBERTA  |npianauNiversiy — de Montréal — Pacific Northwest niversit
C. Coutu, N.A. Cruz-Venegas, B D S. Chen, M. Laurin, I. Arnquist, T. Grimes, J. Farine, A. Le Blanc, T. Hillier,
S. Fallows, T. Kozynets, K. Allen, E. Behnke,  J.-P. Martin, A.E. Robinson, B. Hackett, A. Hagen, C. Licciardi, O. Scallon,
C. Krauss, S. Pal, M.-C. Piro, l. Levine, N. Starinski, D. Tiwari, C.M. Jackson, K. Kadooka, B. Loer U. Wichoski
W. Woodley N. Walkowski, A. Weesner V. Zacek, C. Wen Chao,

17



PICO Collaboration 2022
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NREFT approach in PICO

® In the NREFT, the differential cross section is presented as the product of the WIMP response function and the
Nuclear response function.

dor(v,E;) 2mr 1 1

® In NREFT, the nucleus is not treated dE . " 4mv2 [(ZjX +1)2J+1)
as a point particle, but its composite
nature is reflected

|IMr]?]

probability of dispersion

t 1 5 IJVITTIZEZ S 3 R -L (crety Wi (@b?)
jy+1)2J +1)gpms k 1=0,17'=0,1 ‘m%," Y

k=M,3",3,0", &"M, A, AY

@ With this theory, 6 new nuclear response
functions have been identified in addition
to the classical SI/SD

Particle physics Nuclear physics

® In this theory we have 11 operatos

Ling = Z ZCEN)OiX+X_N+N_

N=n,p 1

WIMP response functions Nuclear response functions
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Anapole moment

® The anapole moment is the lowest electromagnetic moment allowed for a Majorana particle

[Cﬁ =CaXV'X0"Fy, Oa—cCa NZ (QnOs + gNOQ)}
=n,p
C 4 anapole coupling constant [GeV ~?] Og = §'x o Ut momentum independent
Q' is the nucleon charge (Q, = 1, Q, = 0)
gN: is the nucleon g-factor (g, = 5.59, g, =— 3.83) Og = ig'x . (§N x mi) momentum dependent
N

2 2
_C AR N
O'ﬂ——ﬂ

® Due to the interesting nature of this coupling, limits using the PICO-60 data were studied
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Anapole moment in PICO: results

The only possible electromagnetic moment for a Majorana fermion is the anapole moment
since the magnetic and electric dipole moments vanish
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Electric and magnetic moments

® Long-range interactions (|g| > mgy), where my is the mass of the mediator, are enhanced at small
momentum transfer

® Examples of long-range interactions are DM with magnetic/electric dipole moments and millicharged DM

Hy _ _ m,mpy 1
Cyo == XM X Fyy Omp = 2ep, NZ [QnmNO1 +4QnN o Os +2gnymy ( —?@5)]
=n,P
dx‘ o — 1
CE'D =71x0'l“’y51'1-7'pv ng=2€dx?611
Uy is the magnetic moment coupling in units of up . . N p .
5 =SX.SN G5=isx'( XUJ')
u
O mpEDp) = ?X . g 4
.2 q - -
— - Or=(S., o Sa e
dxt is the electric dipole moment coupling in units of e e cm i ISX mpy 6= £ mN) (Sn m )
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My [GeV‘ll

Electric and magnetic moments in PICO: results

Assuming DM is a fermion with electromagnetic moments, the lowest order electromagnetic
interaction is through the magnetic or electric dipole moments

Magnetic dipole
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Millicharged DM

® Millicharged particles have attracted interest since they represent elegant extensions to the SM

_ 1
[ CM=eexAuxy”x 0M=9261F61 J
€ »: is the millicharge fraction of the electron charge O;=1,1xn
€2,
om=— eps = €,
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Millicharged DM in PICO: results

Millicharged
1076 3— 7
Millicharged : =« =« DEAP-3600
. wes » XENON-1T
10-7 - . mes P|CO-60 C3Fg
-.

&x [e]

101 10? 10°
m, [GeV/c?]
Results on photon-mediated dark-matter—nucleus

interactions from the PICO-60 C3F8 bubble chamber
Phys. Rev. D 106, 042004 (2022)
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PICO40L:“Right side up” (RSU)

10—3?

e Engineering:
demonstrate background reduction 1028
and technology improvements for

PICO-500
- Focus on (neutron) background

reduction
- Confirm “RSU” design used in
prototype chambers
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PICO-40L and PICO-500

Commissioning new detector PICO-500 coming soon
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Warm

PICO-40L
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PICO-40L
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SBC: a 10 kg LAr bubble chamber for dark matter and CEvNS
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First demonstration of SBC

Phys Rev Lett 118, 231301

A nuclear recoil: e Demonstrated (NU):

' ' - Xenon at 500 eV threshold

- 30-gram target

- 0.3% photon-detection efficiency

e Argon down to 40 eV threshold
(1 bubble/ton-year from thermal

fluctuations)
- 10-kg target

i o Agtlc Si e ]
i _ - 5% photon-detection efficiency
i (1 phd @ 2 keVr)

05 0 0.5 : 15 Events with zero photons

\Iime from acoustic nnset [ms]

are signal

hoN AL

' "' | I,Ilh

AL [T

-50 0 50 1m 150 EEIU
Time from PMT trigger [ns]

31



Xenon bubble chamber

e Xenon measured to have outstanding ER discrimination
e Thresholds explored down to 500 eV
e No gamma induced ER observed

e Xe bubble chambers don’t work for tracks (J.L. Brown, D.A. Glaser
and M.L. Perl, Phys Rev 102, 1956), “solved” by adding 2% ethylene.

30g of LXe, 30% Overall Light Collection Efficiency

L --- Average sensitivity for Y data
10-2 \\\ -== Sensitivity for 207Bi 1.14 keV point
\ —— PICO CsFg Model, 25 psia, 100 keV energy depositions

4.2 keV *’Co limit from 2017 PRL
102 4 \ 57Co limits, background subtraction unavailable

L]
O\ L
® Y limits, background subtraction unavailable
10-4 B %8Y limits, with background subtraction
® 2°7Bi limit, background subtraction unavailable
B

207gj limit, with background subtraction

: \
O — e —
? o Peod e N :

107 1 z

] N\
I X2 T R ———
107 1 \

0.4 0.5 0.6 0.7 0.8 0.9 1_|00 2.0 3.0 4.0

Seitz Threshold [keV]

P [bubbles per gamma interaction]
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10 kg liquid Argon bubble chamber: 100 eV threshold

e Ar + 10-100 ppm Xe target, 178 nm scintillation

e SiPMs immersed in hydraulic fluid (CF4 at 130K)

e 20-360 psia (~1-25 bar) cycles

e Single-fluid, “right-side-up” geometry used by PICO-40L
er—————

= mm Piezo
° IRLED
N I VUV SiPM
— 130 K
— 90 K
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Calibration

e Different nuclear recoil calibration techniques

O
Photoneutron \

[ e VaN - . — > @ \
Gamma source 9Be 10-100 keV

(e.g. 124Sb) neutron 0O(1keV) %0Ar recoil

Thomson scattering

[ AV aVaVaw . NVaVaVvavaVw
Gamma source

(e.g. 124Sb) 0(100eV) “Ar recoil
40Ar neutron capture ‘LL&

I — ®
Neutron source thermal
(e.2. 252Cf) Moderator heutron . ~300eV “!Ar recoil
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10 kg liquid Argon bubble chamber

35



SBC-10kg: Readout systems

e 3 Raspberry-Pi controlled cameras and LED rings for illumination:
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SBC: possible strategy

e SBC-Fermilab:
Build and commission detector
Calibrate NR and ER

e SBC-SNOLAB:
Build and install 2nd detector
Low mass dark matter searches

United States

MMMMMM

e SBC-CEvNS:
Upgrade SBC-Fermilab detector
Install at a reactor site for CEvINS

37
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SBC CEvNS: physics reach

ININ 1MW Triga Mark-IIl reactor in Mexico

REACTOR
BRIDGE
rd

Borated concrete |3 m

Water pool

| 3 U
R

ININ exposure
room

Experimental
hall

=
[o))
3
Pb (30 cm)
Water (25 cm)
cm)

<« ' o

Reactor core 3m

HDPE Base =

e Two sites explored: ININ and Laguna Verde

LAr Threshold
mass Power Distance Anti-v flux uncertainty
Setup (kgg (MW,) (m) uncertainty (%) (%)

A 10 1 3 24 5
B 100 2000 30 2.4 5
B(1.5) 100 2000 30 1.5 2
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SBC Physics: CEvNS reach

—_

e Setup A:
~8 CEvINS/day at 100 eV
0.25 evts/day - reactor backgrounds
0.85 evts/day — cosmogenic
Shielding = 0.3m Pb, 0.25m H-O,
0.5m Polyethene, 0.2m Pb

107

Rate above threshold [events/kg/day]

1072

e Setup B:
~1570 CEvNS/day at 100 eV
negligible reactor backgrounds
(30m + shielding)
180 evts/day - cosmogenic
Shielding = 3m H50, 0.5m Polyethen

-
o

Rate above threshold [events/kg/day]

-
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Neutrino spectrum, (ININ: 1 MWm at 3 m)

-- Cosmogenic Neutrons
— — —  Reactor Neutrons
Nucleation efficiency function (Pr(T))
5% systematic uncertainty

------------- Cosmogenic Neutrons
Nucleation efficiency function (Pr(T))
5% systematic uncertainty
2% systematic uncertainty

Neutrino spectrum, (LV: 2000 I\.‘1W[h at 30 m) !
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SBC CEvNS Physics: weak mixing angle

0.245 T \||\|||| T ||\||H‘ T T TTTT T TTTTIT T TTTTIT T TTTTI0 T T TTTTT T T TTTTI
B Setup AT
0.240 | %LAC E158 %UT"V |
=T | T Q
E APV
‘D 0.235+ -
(o]
i
i
0.230 I te
0.225 i Cvnl vl vl vl e vl vl vl
10" 10° 10 100 10" 100 10°0 10° 10

1(GeV)

e Precision as good as 1% in the weak mixing angle, similar to APV.

e Conservative: one year exposure, 2.4% flux uncertainty, 5% threshold
uncertainty (A: ININ 10 kg, B: Laguna Verde 100 kg)

e Aggresive 1.5% flux, 2% threshold (B(1.5): Laguna Verde 100 kg)

do G2 MyT
dT 2;MNQ2( E%)Fz(qz)
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SBC CEvNS Physics: Z’ boson

1 L 2 R AN TTTTTTE

= BaBar & 7

C N

0.1 3 < E
0.01 = :
_107¢ |
S v ]
0™ 3 E
SETT ——  Setup A i

10 Setup B E
Setup B(1.5) ]

10° £ CONNIE (Lindhard)-

i Beam dump ]

10_7 11 |||||\| 11 II\I\I‘ 11 II\II\‘ | 1 \|||\|| 11 \I\IH‘ 11 ||||||| L1 1ril
10° 107 10" 10" 100 100 10° 10°

sz (GBV)

e Most stringent bounds for new gauge vector bosons
(20 MeV -1 GeV and 70 - 230 GeV).

J9%Q0,0,
ff qz-l-M%;[Ea: Ve ][Eq:QYpQI
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SBC CEvNS Physics: ¥ magnetic moment

10 TTTT]

| — Setup A
gk Setup B
| Setup B(1.5)

COHERENT-TAr
COHERENT. (g
|

4_

- 90%C.L. ]
2+ _
7||ul I T 1l | L] | Ll ]

o (1B)

o, =54 x 107 up (90% C.L.), similar to GEMMA and Borexino.

do apnZ?uZ (11 T
R vl - _ - F2 2 |
v~ " 2 \7 g taz)F )

Physics reach of a low threshold scintillating argon bubble chamber

in coherent elastic neutrino-nucleus scattering reactor experiments
Phys. Rev. D 103, L091301 (2021)
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SBC CEvNS: New Physics

—— Setup A

—— Setup B

' coHeRenT csi
I comerenT LAr

1073

102 10" 1 10 10? 10°
M, (GeV)

Light scalar mediators

10*
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SBC CEvNS: New Physics

0.8
0.6
0.4
0.2
>0
o
-0.2F
-0.4=
1 cHarm g
—0.6[| [ COHERENT LAr | ININ: 1 MW:ih at3m, Sétup A
I LV: 2 GW, at 30 m, Setup B
_o.gll CoERENTCS LV: 2 GW, at 30 m, Setup B(1.5)|
[0 NN, Setup A 0 7 “ Oscillation experiments I
T ‘ ‘ ) ) | . AR FEERTE CREETE CRLRAR BRARER FRAR RERARR R T I T T T I | 1 |
-1_1 205 0 05 1 0 0.02 0.04 I02.06 0.08 0.1
=N 1-la,
Non-standard interactions Unitarity violation

New Physics searches in a low threshold scintillating argon bubble chamber

measuring coherent elastic neutrino-nucleus scattering in reactors
Phys. Rev. D 105, 113005 (2022)
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Lab DM-v and spectroscopy at IFUNAM
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Spectroscopy and low background counting at IFUNAM

e Germanium detectors:
Gamma assay

e Alpha counters:
alpha spectroscopy

e Assay programme at IFUNAM

e Applications to
environmental radioactivity
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Detector characterization and Monte Carlo simulations

e Four (Germanium detectors:
two undergrad thesis

e Three laboratory courses:
environmental radioactivity

e Several projects:
prototype bubble chamber
scintillator detector

Scene tree : viewer-0 (OpenGLStoredQt)
~ @ [ ] Touchables
v [ world_phys [1]
~ @ [ lab_phys [1]
~ @ [ covercylinderphys [1]
+ @ [] vacuumtube phys [1]
B cupphys [1]
Bl ger_phys [1]
] gerdead phys [1]
] gerdeadbphys [1]
B mylarphys [1]
B windowalphys [1]
[ covertube_out_phys [1]
[] cylinder_downphys [1]
B source phys [1]

Counts

[ T TTTTT7 I T TTTTTI]
35
=
3

10°

10?

L L e e b e e |
500 1000 1500 2000 2500 3000
Energy (keV)
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Scintillator detector at ININ

e Liquid scintillator detector:
Two modules,
60cm x 60cm x 30cm,

100 Its per module,
0.25% Gd loaded scintillator

e Measure IBD:
Tagging coincidence,
v+p—n-+et

e Background characterization:
Cosmic: neutrons, muons, ~’s
Reactor: neutrons and ~’s
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Scintillator detector at ININ

e Cast acrylic:
Gamma and alpha assay

e Light detection:
8 SiPMs, CAEN digitizer, MIDAS
Considering to install 8 extra SiPMs
Gamma and alpha assay
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Detector design and modelling

GEANT4 simulations underway to estimate backgrounds
from cosmogenics and reactor

52



Expected signal
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Still like Cowan and Reines, but 66 years later!
This could represent the first observation of neutrinos in Mexico
Background assessment in the vicinity of the reactor for SBC
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Final remarks

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

— Best limits for spin-dependent WIMP-proton constraints
— Leading results on photon-mediated DM—nucleus interactions

e SBC is a 10 kg LAr bubble chamber:
potential for background-free DM and reactor CErNS measurements

— Rich CEvNS physics programme: weak mixing angle, Z’ boson,
neutrino magnetic moment, oscillations, Unitarity violation, NSI

e Infrastructure and instrumentation in Mexico:

— Lab DM-v: spectroscopy and applications to environmental radiation
— A liquid scintillator detector in Mexico
— Detector prototypes
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