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Abstract: The QUEST-DMC experiment, aimed at detecting sub-GeV dark matter, utilizes a unique approach by employing superfluid Helium-3
(He-3) in conjunction with quantum sensors. Superfluid He-3 stands out as an ideal target medium for sub-GeV dark matter searches, especialy in
the context of spin-dependent interactions. This choice aligns seamlessly with a wide array of theoretically motivated dark matter models. The
experiment's projected sensitivity to various dark matter models, as well as its potential to set upper limits on dark matter interactions, will be
presented.
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Quantum FEnhanced Superfluid I'echnologies for Dark
Matter and Cosmology

» WP1: Detection ofysub GeV dark matter with a quantum
amplified 3He calorimeter.
» Using superfluid 3He detector as a quantum calorimeter.
» Reading out energy depositions using quantum sensors.
» Very low threshold allows low mass dark matter searches.

» WP2: Phase transitions in extreme matter.

» Simulating the early universe using 3He superfluid.
» Studying phase transitions between distinct quantum vacua.
» Searching for gravitational wave.
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Outline
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» Dark matter introduction and search strategies

» DM—3He interaction, differential rate and cross-section

» Setting spin-dependent (SD) limit
» Setting spin-independent (SI) limit

» QUEST - new technique for sub GeV dark matter search

» The exclusion limit on SD and SI

» The Earth shadowing effect
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Evidence for Existence of Dark Matter R o
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[Rubin et al '78, Zwicky 93, N. Aghanim et al ’18 |
On a plethora of astrophysical scales:

» Galaxy rotation curves
» Velocity dispersion of galaxies in a cluster
» Gravitational lensing

» X-ray emission from gas in clusters
» CMB power spectra
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Dark Matter Search Strategies rOVAL

» Indirect detection

» Model independent

» DM relic density Qpyph® = 0.120 £ 0.001.
» Many astrophysical backgrounds

» Collider production

» DM production from SM particles
» Search for missing energy/momentum or heavy
mediator

» Model dependent
» Direct detection

» Scattering of DM off nuclei/electron in a
detector
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Recoiling Nucleus:

% Scintillation
s Jonisation
% Phonons

1

DM nucleon scattering gives recoil energy:
2 2
Ky Y

El’(?(:()ﬂ - A/f_?\fx (1 == COS 9)
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Advantages of 3He target:
» Light target
» Low threshold

» Unpaired nucleon — allows
SI and SD searches

» Intrinsically radiopure
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To probe lower DM masses lighter target are
more helpful.
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Models for Sub-GeV dark matter: o
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DM behaves DM behaves
as a asa
classical field particle

_/H

eV electron mass proton mass
T T T v v B o TV B To A T T+ oL LU T4

(axions, %

Al Ps....) Hidden sector Freeze-in le*vI (FIMPS?

Hidden sector Freeze-out D

searches mnass range

Classical We target a unique and Traditional Direct
field very motivated Detection searches

from John March-Russell
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Leading sensitivities in direct detection: o -
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NR EFT of DM direct detection
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e A general formulation for possible DM-nucleus interactions and a better
description of the nuclear response.

e The interaction Hamiltonian:

15
H=) chcf,.E £,

T=0,1 i=1

the isospin operators t° = ¢" and t! = ¢

1 0
0 3
U'—(U 1), o

e Based on three-vectors:
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Non-Relativistic operators
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e Hermitian operators are constructed as:
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O, =11y
OQ = (’U'L)2
O3 =iSy - (7L x )
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Scattering Rate R o

e Differential cross Sl:ICtiOIl per recoil energy:

dEr  2mv? 23x+123N+1

spins

As was first pointed out by Migdal (1986):

1 1
Pt =
ot 2X+123N+1ZJ

spins

k T—Dl'r Ul

k=M, & &M, & X' ¥ A AY.
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operator

T’
Ry

operator

RM(QO)
Ry (q°),Rs(q°)
Ry (q*)
Ra(q%), Rm(¢°)
Ry (q°)
Ry (q*),R3/(q%),Re(¢°), R (q°)
Ry (%)

Ra(qa): RM(QZ)
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Separating and interactions R o
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e SD/SI differential scattering rate per recoil energy:

O, = S .Sy — SD, momentum and velocity independent
d SD

g my .j,'{ J,‘{+1 [I ] r
p— C« 1 d
dEr 02 23w+1z Z afa | Ponz

r=0,1 v'=0,

mpy 3271'G

F
= S3
T 2mu2 25y + 1 7(@)

Ny — SI, momentum and velocity independent:

dﬁR 2 2 ] SH W) = 5P

r=0,1 =01
SmN

G? SSI( )

v?
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The SD structure function in terms of its isoscalar and isovector parts
Sx (g% = (a2 + af, + ayan)S® +2(a2 — a2)S™ + (a2 + a2 — aya,) S
. af, (SC’O + 285" + S”) + a? (SUU SH — 25’01) + apan, (SUO — S”)

— af}Sp(q) + a,iSn( ) + ApQp, np(Q')'

The SI structure function:

SN(@®) = (Zf,+ (A—2)f.)" S(d®).

Defining

12
=8 G
Cic {jx(jx+1)}1
Gt = =8 GL((A— 2Z)fo+ 25,
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SD Helium-3
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SD Helium-3 y = (bg/2)*
Sen(y) = 0.0397887e~%  S(y) = 0.0795775e*¥
Ssn(y) = 0.0397887e¢~%¥  Sii(y) = 0.0795775e=
S19,(4) = —0.0397887e2  S19(y) = —0.0795775¢ 2
S (y) = —0.0397887¢~% S (y) = —0.0795775e %

Sn(0) = aZ (S + S" — 25°) = 0.47746 a?

The mean spin of the neutron and proton in Helium-3

47 IN
2jin + 114(JN +1)

(SN>2 = n(O)

with jy = 1/2 leading to

75,(0)

= 0.5
6

(Sw) =
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SD Helium-3
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32 + 1
Rc%)? — (JN )
IN

=8 G0 ‘ﬁﬂiimﬁ

2
sp __ Mxn pSD
G-xn I T tot

GFan (SN)

S

A differential cross section and event rate for SD:

do® _ 2myogy “**Ns>5(f) myosy Sa(g?)
dEr 3p:xnv2 VS0 2¢2.2 5.(0)°

SD SD 2
dR anxn S (q )/ f(V) d3
dEr ~ 2my2, S,(0)
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SI Helium-3
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SI Helium-3 y = (bg/2)?
Spr(y) = 0.358099¢* Sy (y) = 0.0397887¢™*
Sii(y) = 0.119366e~*  Sp(y) = 0.119366e~2

P = 8GF (Zfp + (A= 2)£u)*S(d%)

Gt =8GH(Zf,+ (A—2)fn)?

S
. g,
— (61)2 — ;n

m lu')(n

A differential cross section and event rate for SI Helium-3:

2
si __ Hyn ps!
tot

an =

S SI
dO'q] _ mNO'an(q2)
dEgr ’

SI
dRSI _ px an

dEr 2m, 2.,

S(¢?) / % F(v) dv.
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The differential rate per recoil energy -
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dR°P _ PxMN
dEr 2mm,,

(;Ptot(’”z,qz)) = ﬂ‘i@;/ 7 f(v) d’v

2 mxﬂin

Umin

v (v )P 1
f(v) x exp (—l vyl ) O(Vese — |V — (Vi)

2
Vdis

» v = (vz,vy,v,) and v = |V|

» The mean DM velocity (v,) = —Viap(t)

B9 Ve = \/mNER/(Q#iN)
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All Operators R o
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All Operators & o
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The differential rate per recoil energy | @& ...,
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QUEST-DMC Detector .

Mixing chamber
at 2mK

Copper
demagnetisation
stage at <100pK ,
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QUEST-DMC

Credit: P. Franchini
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Dilution refrigerator i
2mK » Nuclear demagnetisation

Nuclear stage
80uK

Detector

» 5 x lem? bolometer targets, each

Liquid nitrogen 0.1g *He cooled to <100 pK

e » Cool-down system consists of three

He4 bath stages:

s » Liquid nitrogen and 4He bath.
» 3He/“He dilution refrigerator.

refrigerator.
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QUEST-DMC Detector s o
» In presence of B field, nuclear energy
levels split into four via the Zeeman
effect.

Mixing chamber

at 2mK . : B — 8T B — 8T B — 50mT
e i T >> 2mK T = 2mK T < 100puK

Copper
demagnetisation
stage at <100uK .,
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» Gaining superfluid *He

E : 40 I T
I*-’In:?ir*g clﬂmbr_‘r; 3 ' SOlid
at 2mK : ;

W
o

_Superﬂuids

Pressure (bar)
b2
S

Copper
demagnetisation
stage at <100pK .-

=

- 3He-B

Normal fluid
|

1.0 2.0 3.0
Temperature (mK)
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QUEST-DMC Detector R o

» Dark matter *He scattering energy generates
heat and photons

» Photon detection using Silicon
Photomultiplier (SiPM) technology. Photon
detectors to be located above the *He target.

» Heat (quasiparticles) detects using
bolometer. Bolometer measures temperature
changes. These temperature changes can
hint at dark matter’s presence.
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e *He bolometer instrumented with vibrating
nanowire resonators.

e Nanowire in *He box is subjected to B field
and driven by AC current and oscillates at fre-
quency, w.

e Wire loop is moving with velocity v, and force
and voltage on an element of wire

dF = I|dl x B| dV =v-|dl x B|

e By integrating along the length of wire, the

total force and voltage: _ o
Credit: P. Franchini

F=I1LB V =vLB
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3He Bolometer .

e Nanowire experiences a damping force due to interactions with quasiparticles.
e Observe a pulse that is induced in the voltage V().

e The wire response is measured as a function of frequency.

|

response

~ : —
time([s] frequency
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3He Bolometer
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e The wire response is parametrised by resonance width A f and an amplitude.

10.4
Tp =0.85s
Ty = 0.24 5 [038
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Af(t) = A foase + A(Af) (Tth;l)T‘”(Tb_TW)_ITb(Tb _ ,rw)—l (e——t/'rb _ e—t/-rw)
Egep = KTA(Af)
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3He Bolometer -,
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e Nanowire experiences a damping force due to interactions with quasiparticles.
e Observe a pulse that is induced in the voltage V().

e The wire response is measured as a function of frequency.

o

response

20

» : [
time[s] frequency
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3He Bolometer
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e The wire response is parametrised by resonance width A f and an amplitude.
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Niobium-titanium
180 nm wire

Bolometer cells

-

-

Credit: D. Zmeev, R. Smith
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Energy Deposition in Superfluid *He

Quasiparticles (heat)

e Fraction of energy deposited: | r}“-:' AV747
Rk

Nuclear Recoil lonization Excitation

. e- .

~100% recombination

Electron Recoil | — singlet
| =—— triplet

Fraction

— ‘-\}El

— R

o e i —— — ———
i

10~ 104
Energy [eV]

.,q
L

Credit: A. Kemp, E. Leason : S T T

Energy [eV]
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Singlet UV
Photons (16 eV)

Triplet
Molecules

IR photons
(1eV)
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Nanowire Readout Techniques
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Vibrating nanowire can be read out via Lock-in amplifier and SQUID:

Magnetic field

wire's signal ——*
amplitude

nr (o=
phase current

resonating frequency

* reference signal V, (t Zurich Instruments —T
[Josephson,/ |
{ junction

Credit: P. Franchini

One period of ~ §
woltage variation g _©
cormesponds lo _F

an increase of

o Tlux quantsm e

Lock-in amplifier compares input
signal V,(t) (amplitude, phase) to a
reference signal V,.(¢) and extract sig-
nal from noisy background.

tum Interference Device is a mag-
netometer sensitive to ~ 1071 T and
converts magnetic flux into voltage.
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Detector Response Model

eUncertainties on the en-
ergy measurement has a di-
rect impact on the thresh-
old scale.

e SQUID could reduge
readout noise, reducing the
energy threshold and en-
hancing the DM sensitiv-

1ty.
Credit: E. Leason, R. Smith
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Conventional readout E,

="39¢V
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Background Model
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The 3He itself is super pure. But the materials that make up the detector, or
even particles from outer space, might interfere. A

Backgrounds:
» Cosmic rays
» Radiogenics

» Neutrinos
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Background Model o TR

e Cosmic rays estimated using
CRY and Geant4, assuming 90%
veto efficiency and no shielding.

= COSMIC ray
= radiogenic
neutrino NR
— neutring ER
== SDWIMP

e Radiogenics estimated us-
ing material screening results
and Geant4.

-
o
2
[= ]
e
A
3
>
L
@
2
I
=

e

Credit: R. Smith, E. Leason
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The exclusion limit on SD .
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SD sensitivity projection for: 6 months run; 5 x 1 cm? He cells (0.1 g/cm?).
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The exclusion limit on SI
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SI sensitivity projection for: 6 months run; 5 x 1 cm® 3He cells (0.1 g/cm3).
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The Earth shadowing R o

Each DM particle is propa-  soof
gated through three regions: 700

600F

» Atmosphere - stopping
by Oxygen and Nitrogen. <

g
3 400

» Earth - stopping by = 200 Atmosphere

different Earth eldments -
In our case detector is in 10
the surface. of -

300 400 500 600 700 800

Shielding - the particles v; [km/s]
propagate through any ;
. . . d
shielding which " / v
0

e dD
surrounds the detector. dD (v,7)

Pirsa: 23100114 Page 47/54



The Earth shadowing B o
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Atmosphere

> |v — (vy)|? = v* — 20vpap cOS 6 + V3,

» cosd = sin-ysinfcos¢ + cosycosl
>y = cos™ ((¥y) - Fue)
» The detector radius: |rqe;| = Rp — d = Earth Radius - Depth
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GED =1x10"25 above (y=180")

b IR | e

below (y =£‘ )

200 300 400 500 600 700 800
v¢ [km/s]
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The Earth shadowing: Rate o
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The Earth shadowing: Rate e s o
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Summary .
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» QUEST-DMC is a superflui® ®He bolometer instrumented with vibrating
nanowire detectors that aims to set world-leading sensitivity to GeV and
sub-GeV mass dark matter with eV scale energy threshold.

» We have set limit of SD and SI cross section and event rate. Our score

on SD sensitivity 7 x 10737 cm? at ~ 500 MeV /c2 with a 0.71 eV
threshold (SQUID readout).

The Earth shadowing effect has been shown.

"QUEST-DMC superfluid 3He detector for sub-GeV dark matter"
arXiv:2310.11304v1
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