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Outline

e Dark Matter: a (very) brief introduction

e Neutrino Physics: CEvNS in reactors (even briefer intro)

e Dark matter search using Fluorine with PICO

e BULLKID: Kinetic Inductance Detectors for dark matter

e Searching for dark matter with Argon in DEAP-3600

e SBC: A Scintillating Bubble Chamber with Argon for CEvrNS and DM

e F'inal remarks
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Dark Matter Direct Detection and Reactor Neutrinos



Pie chart of the Universe

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

Leptons

Our Universe today: ACDM

from an impressive number of observations
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An impressive and overwhelming number of observations on

Rotation curves of galaxies

Scale ~ 102'=22m

From Newtonian dynamics:

Cosmic Microwave Background

CMB angular power spectrum
depends on several parameters,

all scales!
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Fritz Zwicky (1933)

Galaxy clusters: x rays

Scale ~ 102*m
X rays radiated by the

intracluster medium (hot gas)

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

mass

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

including Qp, Q, Q4
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Precision cosmology

Abundance of primordial elements
combined with predictions
from Big Bang Nucleosynthesis
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Structure formation

Galaxy clusters: gravitational lensing

Simulations of All viable models are

Scale ~ 10%2m dominated by cold dark matter

. . structure formation
Image distortion by

gravitational potential

Structure growth depends
on the amount and type of
dark matter

strong/weak

sensitive to total mass

Rotational curves and
X-ray measurements
agree with gravitational
lensing




What do we know about dark matter?
e Gravitationally interacting Stable or long-lived
e Cold or warm, not hot (relativistic) Non-baryonic

e Electrically neutral No Color Feebly interacting
Physics beyond the Standard Model

Types of lab experiments
Astrophysical and cosmological

* Semiconductors observations

* Narrow-gap materials

» Organic crystals * Primordial black hole mergers
« Polar materials * Gamma rays from annihilation
» Superconductors * Radio and X-ray signals from
* Dirac materials neutron stars
* 2D targets * CMB polarization rotation
» Single-molecule magnets * Exploding white dwarfs
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Wave-like dark matter | Particle-like dark matter Black holes
Types of experiments Types of experiments
* Conversion in magnetic field * Multi-tonne liquid noble elements
* Light shining through walls * Bubble chambers
* Nuclear spin precession * Cryogenic calorimeters
* Resonant cavities * Directional time projection
» Lumped-element circuits chambers
* Oscillating fundamental constants * CCDs

* Mechanical sensors



Direct detection

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

Direct
X i X

Production Indirect
(collider)

SM SM

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

e Historically two interactions are considered (by DM experimentalists)

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

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

Spin-independent Spin-dependent




Rate calculation

The differential cross section (evts/kg/keV mass per unit recoil energy):

v)dv
v

dQ My 2;1,229

e Dark matter density component
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e The unknown particle physics component

e The velocity distribution of dark matter in the galaxy
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Neutrinos: they are

Within each person:
Roughly 30 million Big Bang
neutrinos
We emit neutrinos:
4000/second from potassium
4000/second from carbon

Passing through each person on
earth every second:
One hundred trillion neutrinos
from the sun:100,000,000,000,000
The earth receives more than:

40 billions neutrinos / sec - cm?

everywhere
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What we know and don’t know about Neutrinos

What we know: What we don’t know:
-Neutrinos have mass -Absolute mass scale
-Squared mass differences -Mass hierarchy

-Dirac vs Majorana
-New Physics?

e Dirac neutrino
(AL=0, v # anti v)

e Majorana neutrino
(AL=2, v = anti v)

Library of Congress
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Neutrinos from nuclear reactors

e Beta decays of fission daughters Y

e Low energy: < 10 MeV > Y

e 6 anti-neutrinos / fission
o 2 X 10%° s! per GW

free for physicists

Antineutrinos / MeV / Fission

e Commercial reactors
(Nuclear Power plants)

Inverse Beta Decay Cross Section (cm?) B

Pl B = sl .
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Neutrino Physics: CEvNS
Spallation Neutron Source in Oak Ridge
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First observation

mw-decay-at-rest neutrino source
Science, Sep 15, 2017
DOI: 10.1126/science.aao0990
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Backgrounds, Backgrounds and Backgrounds
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Cosmic rays and natural radioactivity

F ! Fast jiyons
Slow muons
Electrons ! :
Gammas

Neutrons

courtesy of S. Kamat
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Backgrounds in our detectors

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

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

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

Backgrounds: > 10''17!? events/ton/year
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How to catch a WIMP

e We live in a
Dark Matter halo!

e Look for coherent elastic
scattering off nuclei

18

e Neutrons
e Muons
e Gammas, beta decays

e alpha decays

e Neutrinos



How to catch a WIMP

e Go underground

e Shielding

e Material selection

WIMP scatters:
(<1 event/ton/year)

19



SNOLAB (Sudbury Neutrino Observatory Laboratory): Canada
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Gran Sasso (Laboratorio Nazionale del Gran Sasso): Italia

La struttura

Situati tra le citta di LAquila
e Teramo, a circa 120 km
da Roma, i Laboratori sono
utilizzati come struttura
alivello mondiale

da scienziati provenienti
da 29 Paesi diversi

1.100

impiegati

circa

15

esperimenti
in diverse fasi

direalizzazione &

Parco nazionale
del Gran Sasso

Ginger
° - tunnel
/ diservizio
18m |
di altezza
-

Xenon 1T

SalaC
Cupid R&D
Dark Side 50

A causa delle grandi quantita d'acqua presenti Y
all'interno del Gran Sasso, la temperatura naturale = BOI’EXI,I,’O
écirca 6-7 °C e l'umidita quasi del 100% durante - ’
tutto I'anno. Per ottenere una climatizzazione . Teramo
ottimale per le attivita che vi si svolgono, le sale . /
sperimentali sono impermeabilizzate e coibentate. .
La ventilazione, assicurata da una lunga tubazione
che corre lungo la galleria autostradale, convoglia
dall'esterno circa 35.000 m2 di aria all'ora - -
. Corriere della Sera

21



PICO: dark matter searches using bubble chambers
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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

24



e Target material:
superheated CF31,

C3F87 C4F10

PICO bubble chambers

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

25
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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

26



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 |
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nuclear recoils £ < PPN ¢ 11(38} .\11.\1\05 ('sl.;:ﬁ;
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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
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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

0 1 2 3 4

I Meutron
s \WIMP search |

ETTLE TR T T

DR I i
Tima{z) Tirmis)

neutrons alphas
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COUPP60 and PICO-60

30



COUPP60 and PICO-60
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PICO-40L:“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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o o o
| | |

e Ry s

w [ -

=
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B

B

SD WIMP-proton/neutron cross section [cmz]

[
o
|

N

v

10—46
10! 10° 103

WIMP mass [GeWcz]

/ P CsFg/freon
| (target)
Bellow:
Ca .
meri - Hydraulicfluid @ SClence:
Water (Buffer) A I::::i)':s nsoi 2 (mineral oil)

{ memaseaen acquire one-year background-free

(no water buffer) eXp Osure
- Order of magnitude improvement
on PICO-60 limits

Heating
element

C3F8 (Target)

Thermal

Propylene Glycol
insulation

(hydraulic fluid)
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PICO-40L and PICO-500

Commissioning and data taking PICO-500 coming soon

3

-

A

1!

-
-
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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

34



NREFT operators

O, =1xly
O3 =18N - (mi XUJ‘) 1x
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On = iSx - 1y

O12 = Sx - (Sy x vt)

O13 =i (Sx - v*) (Sn-:% )
O =i(Sx ;L) (Sn-vb)

O15 = = (Sx - 7% ) | (Sw x vb) -

017=iq S-UJ‘]IN
(918—@— S Sy

_q .
O =rs"S o

()20_(5 mN)'S'i

mnN
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Absorption of fermionic dark matter

Study of fermionic dark matter
absorption via x + N — v + N

(neutral current interactions).

m2

MmNy + 5
q = ,
my + m,

e Absorption converts fermionic DM

into a relativistic neutrino-like,
mediated by neutral currents
leaving a nuclear recoil.

e Low-mass DM (~MzeV)
producing nuclear recoils
with fixed energy.

1 .
Ling x5 (XTiv)(NT; ),

A i

Dark Matter Neutrino

NR

(https://doi.org/10.1103 /PhysRevLett.124.181301)
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Absorption of fermionic DM in PICO

W Absorption of Fermionic Dark Matter
i in the PICO-60 C3Fg Bubble Chamber
Lﬁlﬁﬁg‘ Phys. Rev. Lett. 135, 011001 (2025)

§ ] Editor’s suggestion
g 1042 4 2z 0y E
—— PICO-60 (1) o
10730y — MJD ) i
— CDEX e %
—— PANDAX | | . ; PICO_GO

Mass (Mev/c?)

e LZ (O4)
—— PICO-60 ((9a)

10-43 4

T T T
10 20 30 40 45
Mass (MeV/c?)

Leading constraints on absorption
for DM masses below 23 MeV /c?
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Anapole moment
® The anapole moment is the lowest electromagnetic moment allowed for a Majorana particle

Car=CaXy*x0"Fy On—cy N=2r':,p (QnOg + gnOo)

C 4: anapole coupling constant [GeV ~2] Og = §x Ut momentum independent

Qn: is the nucleon charge (Q, = 1, Q, = 0)

-

g N is the nucleon g-factor (g, = 5.59, g, =— 3.83) Og = ig'x . (.§'N x mi) momentum dependent
N

_ciapty
O = —H

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

limits using the PICO-60 data were studied

101 E Anapole - = =« DEAP-3600
E m= s« XENON-1T
=== P|CO-60 C3Fg

1072 3 .
T _
-3
G 1977
S ]
1074 3
1075 3

10! 10? 10°
my [GeV/c?]
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Hy [Gev_l]

Electric and magnetic moments

® Long-range interactions (|g| > mg), 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

Cop =Z yomw yF Omp=2epy 3 [QnmyO:+4Qy TZIN G 4 2gymy (0 — — 0]
MD—ZXU X uv MD XN—np NNV N q2 5 Nty q2 6
dX C V4,0 2ed L
Cep =~ 10"y X Fpy Oep = 2€ X?O“

My is the magnetic moment coupling in units of up -
OmpED) = R . - S
.2 q = q . 2 q
: : — ; : 611=IS C @6=(Sx' )(SN' )
Assuming DM is a fermion with electromagnetic moments, the lowest order electromagnetic X m N m N m N
interaction is through the magnetic or electric dipole moments
Magnetic dipole Electric dipole
IMagnetic momenf « + DEAP-3600 107¢ 3 Electric moment- =+ DEAP-3600
1 ==+ XENON-1T ] ==+ XENON-1T
107° 3 = PICO-60 C3Fs ] . = PICO-60 C3Fs
E 10 3 ",
T: 10-8=;
= 10-9 _; -----------
1079_; \\ ———” :|.0‘10_§ \\ ”‘
T e e R A PR 5
my [GeV/c?] my [GeV/c?]
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Millicharged DM

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

gy [e]

1
— N7 == 2 Y
[ Cm=ee, A xy*x Oy=e exqzol
€ y: is the millicharge fraction of the electron charge 0:=1,1x
Millicharged
107% 3——
§ Mllllcharged =+ DEAP-3600
] w= s XENON-1T
107 - 5 s P|CO-60 C3Fg
] ; €2
h ‘- — x —
1078 5 . Om= 2 eps—ex
§ t‘ u NH
107° -
1010 -; N\ - - -
e a0
my [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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Inelastic dark matter

If dark matter can’t scatter Omax = = My N (Ve + UESE)E
elastically, kinematical effects 2
distinguish experiments v (E) = 1 (MN Ep 4+ A)
V2MNER \ BixN

e Expected in varied dark matter

models O .

e Possible explanation for 511 keV

~v-ray excess in galactic center
and DAMA-LIBRA annual
modulation

e kinetic energy must overcome mass
splitting ~.

e only scatter with heavier nuclei >
NE (

(https://doi.org/10.1103 /PhysRevD.104.103032)
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Inelastic DM in PICO

Oy

DM mass
— my =10 GeV

op [cm?]

Experiments
H PICO-60 CFsl
BN XENON-1T
W PANDAX-AT
B PICO-60 C3Fg

35 40 45
Oy
g DM mass
b — m=1Tev
&

Experiments
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Oy
10—29
10—31
—33
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10-3°

Experiments
Il PICO-60 CFsl
BN XENON-1T
W PANDAX-4T
BN PICO-60 CsFg

200 250
O4
DM mass
—_— M= 10 TeV

Experiments
I PICO-60 CF3l
B XENON-1T
N PANDAX-4T
BN PICO-60 CsFg

300 400 500

0 [keV]

200
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Search for inelastic dark matter-nucleus scattering

with the PICO-60 CF3I and C3F8 bubble chambers
Phys. Rev. D 108, 062003 (2023)
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BULLKID: BULky and Low-threshold Kinetic Inductance Detectors
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BULLKID Collaboration

NACIONAL AUTONOMA 5
VEIN L)
<0 T
QN b n

Wiy

25 pObl B
INFN 6institutions

4 countries

Istituto Nazionale di Fisica Nucleare
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Physics with kinetic inductance detectors

AC superconductivity
superconductor under AC field E, -

e Electrons bound into Cooper pairs
GO+ ~CO—
GO0 S 0

e Kinetic inductance from physical
O'9 ©

inertia of mass pairs

dependent on Cooper pair density m
L, -

e High quality factors T 22 Moairs
(Q ~ 10* — 109)

Kinetic Inductance Detectors
LC resonator frequency response
e Superconductor at T < 200 mK < 1
(Aluminium) Z Z 3 LT w
=
e Resonant circuit i %4
& !
e Energy deposition breaks _ Afo
0 s >
Jo f

Cooper pairs
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A scalable detector for rare event searches

e Detection of phonons created by nuclear recoils in a silicon dice (0.3 g)

e Multiplexed readout: several KIDs coupled to the same feedline at
different frequencies

e KID: ~ 2 X 2 mm? X 50 nm, 0.5 ug
® Dices carved in a thick silicon wafer: 60 detectors in 1

e Calibration using optical photons of known energy

Silicon dice (0.3 g)
at 10 mK

DM /v DM /v
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First demonstration of BULLKID-DM

Eur. Phys. J. C (2024) 84:353

1010 . * Reverse trigger
10° * Background

== Below analisys threshold
108 H —(1.99 +/- 0.10) x 10°

-
[ 3

107 1
I b it f

| 1 I |

4x10°

4 b e

Counts / (keV kg d)

Residuals
[en]

-2x10°

. 1i2
Energy [keV]

e Exposure of 39 hrs.
(environmental backgrounds)

e Flat spectrum observed:
(2.0 £ 0.1 stat. £ 0.2 syst.) x 10°
counts/keV kg days

e Energy threshold of 160 4= 13 eV
e Energy resolution: 27 4+ 2 eV
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Experiment at Sapienza:

e Array of 60 cubic silicon particle
absorbers (0.3 g each)

e Analysis on one of the central
elements of the array using
surrounding elements as veto




Shielding on surface

e Moderate v-rays with Pb to reduce backgrounds
by at least a factor of two

e Continue validating the GEANT4 model on surface
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Underground experiment at Gran Sasso

e Active silicon target: ~ 600 gr.

e 16 waffers each 5 cm radius s0f
and 5 mm thick 2

Initial simulation of most relevant
backgrounds underground to define -20f
shielding configuration:

e b b b e b b by

e Gamma-rays: 0.729 v/cm?/sec S R

e Neutrons in several energy ranges:
thermal, radiogenic, cosmogenic

e Muon flux: 3.2 X 107% u/cm?/sec
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Model for underground experiment

e Installation planned in the cryo facility at Gran Sasso (Hall B) in 2026

e Large volume available inside cryostat for additional shielding and veto

50



BULLKID

e BULLKID-DM proved as a promising technology for
low-mass dark matter searches

10736 |~ __ - BULLKID-DM 200 eV 10 d.r.u
e Possible to reduce backgrounds on | = T ol - - ST DG s
. 10738 N3
surface by two orders of magnitude |
\
to explore background excess in 1o~ \
phonon experiments 10-42 1
e Underground detector has the 10-44
potential to be a leading experiment )
101 10° 101!

e Monte Carlo simulations are in WIMP mass [GeV]

good shape with excellent agreement and validation

i — NUCLEUS 1g prototype SuperCDMS CPD

9
1071 — CRESST-II DetA — BULLKID surface
1081 — EDELWEISS RED20  — MINER Sapphire

Counts / [keV kg days]
f
.

ol I}

0 0.2

—

WHHFILHH[_! -

Total Energy Deposition [keV]

1.2
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DEAP-3600: a single phase LAr detector
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DEAP Collaboration

UNIVERSITY OF \lp  ConodunNocier eAEny NATIONAL
LEEES ALBERTA T gg Carletonc'emot ’N N I"I RESEARCH CENTER

e UNIVERSITY ( . WY ,,{,‘;’,'.‘,%‘T‘E?"

LaurentianUnive[sity UMASS iF) M VPRINCETON

Queens
=Nl = | TUM R
s UI\IVCI‘Q][) ()f Sussex [ w

1 'Q\':.t [ )"

80+ researchers in
Canada, Germany, Italy,
México, Russia, Spain,
UK and USA

93



DEAP

Dark Matter Experiment with Argon and Pulse-shape Discrimination:
e scattered nucleus detected via scintillation

e pulse shape discrimination for suppression of 3/~ events
(Ar singlet and triplet states have different lifetimes, 7Tns vs 1.6us)

e LAr advantages:
—is easily purified and high light yield, well understood, has an easily

accessible temperature (85K), allows a very large detector mass with
uniform response

e Detectors:

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

T, (keV ee)

E W f 20 40 60 80 100 120 140 160
.o:u"_u | . <« PMT signals 09 n_ . ! x . A d
. i e i .

T; Backgrounds (y’s) 0.8 : . '_ "
e - _ PromptPE (150n5) g'; = "
el o P TotalPE (9us) B
01800 2000 3000 4000 5000 §000 7000 sonc:n:‘;nro E& 0 S ;t
— = 04
oaf JOR T | R 0. 3
i 3 0.2
S.9E- Signal (nuclear recoil) 0.15

L Eve_ .. sven eI TR PO PRV TR DT T
an 00 50 100 150 200 250 300 350 400 450 500
el W e Number of photoelectrons
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DEAP-3600

e Single phase liquid argon:
simple, scalable, inexpensive

e Capacity of up to 3600 kg argon
(1000 kg fiducial)
in ultra-clean AV

® Vessel 1s “resurfaced” in-situ
to remove Rn daughters

e TPB wavelength shifter
deposition: in-situ vacuum
evaporation

e 255 Hamamatsu R5912
HQE 8 PMTs
(32% QE, 75% coverage)

e 50 cm light guides and
PE shielding for neutron
moderation

e Detector immersed in 8 m water
shield tank in Cube Hall

95

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
{Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Neck _ o _
veto (NV) Cooling coil
Claseous Acrylic flow guides (FGs)

argon
48 Muon
veto (MV) PMTs

255 PMTs
& light guides

Acrylic vessel (AV)
& TPB layer
Steel shell
3279 kg
liquid argon
Filler blocks

Foam blocks behind
PMTs and filler blocks

Bottom spring support



DEAP-3600: NatGeo

el NATIONAL
X " GEOGRAPHIC :

HOME FEATURES PHOTOGRAPHY [IMSTAGRAM PROOF FOUND PHEMWOMEMA YOURSHOT PUZZLES VIDEQ  ARCHIVES
SUBSCRIBE

Feature Article | Photo Gallery | Video: Space Odyssey | Graphic: A History Shaped by Dark Forces | Graphicz A Dark Matier Lens

A First Glimpse of the Hidden Cosmos

Az sclentists map the universa, what they can't sea—dark energy and dark matter—ia Key.

=y SOPHEY A1E =k CAH

FIRST TO CAPTURE DARK MATTER ON EARTH?T DEAR-3G00, maybe the mos: sensitive dark matter detector yet, was installed last year
meore than a mile underground in a nickel mine in Ontaric. Its spherical aray of light sensors points inward, toward a core full of liquid argon.
The hope is that dark matter paricles striking argon atoms will trigger tiny flashes of light.

|
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DEAP-3600
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DEAP and EFT

Effective operators for 40 Ar Non-Relativistic Effective Field Theory (NREFT): provides a general
formulation for possible dark matter-nucleus interactions and a better
description of the nuclear response.

O| — IXIN‘

JCAP 11 (2010) 042, JCAP 02 (2013) 004, Phys. Rev. C 89, 065501 (2014)

Interaction Lagrangian (L,,): a sum over i effective operators, where ¢, is the
coupling constant associated with the O, operator.

Eint — Zz C’ioi

Photon-mediated interactions can also be parametrized as linear combination of

NREFT operators:
Anapole Millicharge Electric dipole
— . ) ) , O _ 0
Oa=ca Y (QnOs+ gnOo) Om =€ e, —5 Oep = 2ed, —-
N=n.p q q
Magnetic dipole
Building block: y My M N . 1
SJ)E: DM spin, Sy : nucleon spin, q : momentum transfer and Omp =2ep X Z |:QN myO1 +4QnN : 5 Os+2gnm X (0-1 R Os
v— : component of the velocity perpendicular to q. N=n.p q q

Constraints on dark matter-nucleon effective couplings in the presence
of kinematically distinct halo substructures using the DEAP-3600 detector
Phys. Rev. D 102, 082001 (2020)
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f(v) (kmy/s] !

Motions of 7,000,000 Gaia stars

DEAP and Halo Substructures

s S1 Koppelman

H Galactic disc T 600
EW 100 - .« b u -:
- r ] Esoo»
o 2
g8 200 E 400! "
= —
<] (%) ~G
E° k3 =300
[ =y +
& 3 N
55 1 ~200}
§ § -200 = . =
© The Sausage r 1 100+ g

100 veassy L&
200 0 200 5 =400 =200 0 200
radial motion, km/s —500 0 500 Vv, [km/s]
vy [km/s|

MNRAS 478:1(2018), p.611-619

Phys. Rev. D 98, 103006 (2018)

Nat. Astron. Vol. 4, p.1078-1083 (2020)

Astrophys. 625, A5 (2019)

Astrophys. J. 860, L11 (2018)

Gaia Sausage: Debris flow with
high radial velocity, likely caused
by a merger event with a dwarf
galaxy.

S1: Retrograde stellar stream;
member stars impact almost head-
on the Solar System (v ~ 500 km/s).
a.k.a. DM hurricane.

Nyx: Prograde stellar stream;
evidence suggests stream
intersects solar neighbourhood

Helmi: stellar stream in the solar
neighbourhood in several galactic
surveys; could indicate similar
substructure in the local DM halo

Koppelman 1 & 2: pair of
stellar streams in solar
neighbourhood; appear to be
recently accreted
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f(v) [km/s]~t
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DEAP, EFT and Halo Substructures

dR(t)
dFE,

Lo

My

3

= Nt

v> Umin

Velocity Distribution Function
(astrophysics model)

Maxwell-Boltzmann distribution
1 [v]?
/ eXpl| ——=—=
P\ 722

i) =
DM velocity distribution with the substructure

2o

fom(?) = (1 —ny) fR(7) + 0y fsun(?)

fr: velocity distribution of a nearly round dark halo - SHM
(Maxwell-Boltzmann distribution).

fsup: velocity distribution of the substructure
(3D Gaussian distribution).

n,: relative DM density in substructure
(0-30% for streams and ICs, 0-70% for Gaia Sausage).

vlf (v + vi(t))

dor(v, E,)

3
d’v

dE,

Differential cross-section
(particle/nuclear physics model)

Spin-independent cross-section

. 2 =S
e, ) Wy oy
dFE, 2 Mf) b2

v

NREFT cross-section

dO'T ('U, ET)
dE,

- > Y

7=0,1 v/=0,1

2
o2 T
T =5

4
2J +1 ZA:

R: DM response function (contains the couplings strength)
W: nuclear response function (depends on the target used)
k-index: represents 6 interactions (M, ®”, ®"M are the non-zero for 40Ar).

v M = describes the nucleon density inside the nucleus.
v @" = related to the angular momentum and spin of nuclei. It favors heavier elements with

large, not fully occupied, orbitals.
v" ®"M = interference term, product of ®” and M.
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DEAP: impact on operators and substructures

« Strongest effects at lower m, where the experiment probe the high-velocity tail of the distributions.

» Limits behave quite different at high-masses for O5 due to its dependence with v, (enhancement/reduction in sensitivity).
Non-linear effect not reported before, a result of merging the astrophysical and particle physics uncertainties.

Phys.Rev.D 102 (2020) 8, 082001

10_41: ---- Gl ---- G4 —— GS (Necib) = Gl o= Gk | — A Nedb)
3 G2 ---- G5 —— GS (O'Hare) G2 ~---- G5 —— GS (O'Hare)
i --=- G3 ---- G6 = SHM 10733} -==- G3 ---- G6 =—— SHM
10-4%
~
£ [
=1 a-43
bqlo
10744}
10—45 " PR S S S 1 | s I R £ el | s " PR S W |
10! 102 103 10% 10!
m, [GeV/c?] my [GeV/c?]
@ (a) O, interactions A. Zufiiga-Reyes (b) Op interactions 13
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DEAP: specific interactions

Limits on specific interactions Limits on Xenonphobic Dark Matter

Phys.Rev.D 102 (2020) 8, 082001

101 —— ¢4 [GeV2]: anapole moment | == XENONI1T: xenonphobic‘(RescaIe)
11, [GeV-1]: magnetic dipole moment 10_40_ | == DEAP-3600: xenonphob!c (Rescale)
102} X g | —— DEAP-3600: xenonphobic (NREFT)
—— d, [GeV~1]: electric dipole moment ‘|
< 1073t —— &y [el: fractional electric charge 1
'.c_'» \
c -4 -
o 1 -
42 E 10~
1073 R
c o
= 10-S -
3
-7
o 1077 10—42-
1078
1079 | | |
: . . : ‘ 1 2 3 4

my [GGV/CZ] my [GeV/cz]

Full set of exclusion curves for all model combinations available online:
Zenodo: (DOI: 10.5281/zenodo.3998892)

https://zenodo.org/record /3998892
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Update from DEAP-3600:

e 39Ar Half-life

e arXiv:2501.13196 submitted to
Eur. Phys. J. C in Jan. 2025

e In tension with Nuclear
Data Sheets (NDS) value at
the 2.50 level

Neck
Cooling Coil
Acrylic Vessel

Inner PMTs

Outer PMTs i
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Results from DEAP-3600: neutrino absorption search

T E 1
S JlTZ (MeV) (ns)
®B solar =438 ——— cascade of prompt Vs
neutrinos can
drive this
transition NN  S—
e 3 1t
Q (MeV) 2 22 —
5.89 0+—1‘95 65% of de-excitations
1 1.64 480 through this metastable
state (2.74 MeV of
~ 0.80
rom follow
/7003 61 prompt Ys followed by
| . 1.64 MeV of delayed Ys )
40K
19221
0*2 | AM=1.5 MeV
?gArzz
(99.64%)

ve + NV Ar — VK* 4 e
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Results from DEAP-3600: neutrino absorption search

Evidence for electron neutrino
charged-current interactions
(neutrino absorption, CC v,)

R |||||||||||||||||||||||||||||
from 8B solar neutrinos on 40Ar
DEAP-3600 (2026) °
0 10 o — < DEAP-3600 Data_ 1.3 8
a & —. - ata —
g | Total Background ER Bhattacharya et al. (2009) o)
o 10 E N Radiogenic Background [ 7 £
S C ! - - - - Cosmogenic Background =10 g
o> 102 D ——— Scaled Total v, Signal e S ]
::! : - -- - Scaled v, Signal - B —= 10 %
N L. o= N A LR Scaled v, Signal — hep o = i
> 10 Predicted v, Signal B 12 Liuetal. (1998) ®
2 -
L = 2 |
S — 10t °
g 1102 Bhattacharya et al. (1998) )
8 RS Sy Sty — M e
E o T ]
0% e T e 520
Reconstructed Energy [MeV] Ormand et al. (1995) o
& 0 @ DEAP-3600 (2026) ' ! ! ! e _
o I ——— Bhattacharya et al. (2009) 2
¥ o Ei# et alh(1998) - (1998)
t — Bhattacharya et al.
= 50 - —— Ormand etyal. (1995) Raghavan (1986) ®
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Results from DEAP-3600

Profile-Likelihood WIMP Search

e Updated background model inclusive of:

— data-driven surface alpha model

— degraded-energy alphas from dust
—shadowed alphas from neck region
—radiogenic neutrons

— cosmogenic neutrons

— Cherenkovs
—39Ar

e 813 days of detector exposure

e Extended fiducial volume and relaxed cuts
for increased WIMP acceptance

e Detector cool down in process for third fill
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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]
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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.

100
S
S é >’Co, no bkgd. subtraction
g' 5 é Y, no bkgd. subtraction
a 10774 # 8y, bkgd. subtracted
g é 2%7Bj, no bkgd. subtraction
| ®  2%Bj, bkgd. subtracted
g_ 10—4_ § 57CO, 2017
— - P|CO Auger Cascade Model
2
< o "
c 107 4 33 ? e ) ; 4 ® ? )
o ° %
= ¢ :
g "itd 7
Q 108
O
>
o]
o
10—10 !
0.5 1 2 3 4 5

Qseitz [keV]
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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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10 kg liquid Argon bubble chamber
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SBC-10kg: Readout systems

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




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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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

75
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SBC underground at SNOLAB: dark matter

10796

N'_| L
£ 108 |

S| WIMP-nucleon cross section [c

10740

WIMP Mass [GeV/c?]

Projected sensitivity to WIMP-like Dark Matter
with an energy threshold set at 100 eV,
and a background budget target of 1 event/year
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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 CEvNS Physics: weak mixing angle and Z’ boson

0.245 T T TTTT T IHIH\‘ T T TTTTIT T T TTTT T TTTTIT

| SEtupA“ | 1§ L 1 IIBI‘Ialll?L[arl TTTTII T T TTTTm] LIHICII;HHI :gfl()ié’\llu\ |C|O|||§
L 4 C 5 ]
[ | 0.1 ¥ 3
0.240 b +SLAC-E158 NuTeV | ; ;
Py 3 - 4>—}m\ 7 0.01¢ E
1 |- we: n E E
= i APV < 1 107 E
‘D 02351 1 > g .
Ng L i L i
.5 [ - b 10_4 § %
1 pae Sk ——  Setu ]
pA -
0.230 B RO | 10 Setup B E
r 1 : Setup B(1.5) ]
I | 10°E CONNIE (Lindhard)
0'225; AR NET| S S AR 171 R A N ATT1 R SN R UAT| B RN A TT| BRI W A1 1] B B SR AR 11| B JHIIg _7: Ll Peuaurur\luﬁlunlupuuuml Ll Ll L ‘ ||||||\i

4 3 ) -1 0 1 2 3 4 10

u(GeV) Mz/(GeV)

e Precision as good as 1%

e Most stringent bounds for
in the weak mixing angle,

- new gauge vector bosons
similar to APV. (0.02 - 1 GeV and 70 - 230 GeV).

do G% MyT
- ngQqu - -
Legr = — m ZVQ}’”PLVa Z qYud
z' a q

— =L My0%|(2- F?(q?
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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
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