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Abstract: SNOLAB is alaboratory two kilometers underground in Sudbury, Ontario, Canada. This laboratory boasts the lowest muon flux on Earth.
Thislow muon flux is utilized for a variety of research on Quantum computing and the nature of dark matter, which are some of the highest priority
research topics in fundamental and applied physics. New sensors are required for light dark matter searches that extend current capabilities by three
orders of magnitude in energy. The required energy scales overlap with the energy scale of environmental disturbances that limit the coherence time
of many candidate qubit systems, like superconducting circuits. | will give a short overview of SNOLAB. | will then focus on the requirements and
alignment of light dark matter searches and cutting-edge qubit performance. Finaly, | will say afew words on how future experiments can leverage
these maturing quantum computing technologies for fundamental physics searches.

Zoom Link: https://pitp.zoom.us/j/95345167872?7pwd=eDhY REd2Q04yV 21DUC84NnVECHRmMUTO09
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The entanglement of
quantum computing and
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A quantum computer entangled with a dark matter detector in

Jete F@S n OIO bCO the style of MC Escher. Generated with the assistance of Al. q ;
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Talk Organization

o SNOLAB, a world-class research infrastructure
e Light dark matter searches

e Quantum science and technology

 Future directions

e Final thoughts
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SNgLAB

We acknowledge that we share the land
with those who came here before us

SNOLAB is located on the traditional territory of the Robinson-Huron Treaty of
1850, shared by the Indigenous people of the surrounding Atikameksheng
Anishnawbek First Nation as part of the larger Anishinabek Nation.

We acknowledge those who came before us and honour those who are the
caretakers of the land and the waters.
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SNOLAB is in Sudbury, Ontario
and operated as a joint trust
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SNOLAB hosts rare event searches and Gl L
3 .ﬂ‘Ig_onq
measurements. It's located 2 km underground in the Mantauln ik
1]

active Vale Creighton nickel mine near Sudbury, Bt P bt
Ontario, Canada.

SNOLAB is operated jointly by University of Alberta,
Carleton University, Laurentian University,

University of Montreal, and Queen’s University “""‘““;‘?‘%’g‘” ,_u
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Perimeter Institute for igkissau o~
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() Hamilton |
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SNOLAB operations are funded by the Province of
Ontario, and the Canada Foundation for Innovation
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SNOLAB has the lowest
muon flux available

Guo et al., arXiv:2007.15925v2
~ I I
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Area Dimensions Area Volume

Canada’s SNOLAB is a I e s | st
Wo rI d e CI a S S re S e q rc h Ladder Labs | 32m(1)x6m(w)x5.Sm(h) 190m? 960 m®
infrastructure

23m(1)x7 .5m(w)x7.6m(h) ‘ 170m? 1,100 m*

Cube Hall 18 3m()x15m(w) x 19.7m(h) | 280m? | 5,600 m?

15m(dia) x 19.7m(h) 180m? | 3,900 m*

5000 m? of class 2000 cleanroom underground.
<2000 particles >0.5 pm in diameter per ft3
"A Day at SNOLAB" on YouTube
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SNOLAB science is focused on
the nature of matter

The science at SNOLAB is currently focused on fundamental particle physics.
Primarily looking at further investigating the nature of matter. Specifically:

« What is the nature of dark matter?

« What are neutrinos? How do neutrinos interact?

SNOLAB is interested in collaborating on any scientific research that

requires deep underground facilities. For example:

» Neutrino observatories (solar, supernovae, geo, reactor, etc.)

« Effects of radiation on biological systems

« Environmental monitoring (nuclear non-proliferation, aquifers, etc.)

« Effects of radiation on quantum technologies

-]
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Dark Matter may interact with
baryonic matter in the laboratory

« WIMP dark matter searches have focused on ~100 GeV/c? particle
interacting at the weak scale “the weak miracle”

« Neutral particles greater than proton mass give keV nuclear recoils l o D &v

« SNOLAB hosts many dark matter experiments A -
@ X (1 20 MeV)
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. v,
Dark matter searches require SNaLAB

Brodzinski, Reeves, Avignone, Miley, "The impact of natural radioactivity in

rq re eve n t d ete ct i o n tec h n i q u es solder on low background experiements” NIM A254 (1987)

3 Typical Cryostat Assembly
in 10 em Thick Lead Shield

7.3 em Thick Copper

« Background rate is a primary driver of sensitivity to dark matter “s|. DX fomer Shisid Added

_Cryostat Assambly Rebullt with
" Radiopurs Materials in an
Elsctronic Scintillator Anticosmic
Shield Above Ground

parameter space

« Most projects target background rates of <~ 1/ year / experiment

Counts/keV/Minute

« The projects have been successful in continuously reducing

1438 m Underground Inside
@ Modern Laad Shisld

backgrounds for new experiments, based on identifying

Copper Shiald Raplaced with
10 em Thick Shield of

backgrounds in completed experiments Tl 48 Yow Ola Lond
Solder Electrical |
Connection Removed

S A S Wy S L0 e
1200 2400 3600 4noo
Energy. keV

Fig. 1. Background spectra of the PNL/USC, 133 cm’ proto- 10
type Ge spectromeler.
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Dark matter searches SNgLAB
successfully utilized rare event

detection techniques over the

past two decades

= XENON1T
! . . - CDMSLite
» The projects have been successful in continuously —— DAMA

==+ DAMAD

reducing backgrounds for new experiments, based on el E%ZZ(C i
i . 1Fe

identifying backgrounds in completed experiments e
« This has led to 10 orders of magnitude sensitivity ~ e e ik
= — L At KIMS

improvement over the past two decades z \ : —— CRESST-I
; PICOG0(CF4/)

« Underground infrastructure (atmospheric muon DS50

shielding) was required to make this scientific

achievement possible

S. Kang, S. Scopel, G. Tomar, J-H Yoon,
arXiv:1805.06113
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Dark Matter Mass

The mass space targeted
by the community has
grown

classlo
thermal DM~ WIMP

“Interaction Strength”

g Evolution of the dark matter discovery potential
« WIMP dark matter searches have not found a hypothesized of the CF program envisioned by Snowmass 21

~100 GeV/c? particle interacting at the weak scale

« Discussions have resulted in broad interest across many

classie

orders of magnitude in dark matter mass thermal DM WIMP

« ‘Light’ dark matter, for this talk, is from ~MeV to ~GeV
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Internal CDMS-II note
A Low lonization Threshold Experiment with the CDMS Detectors

Jeter Hall bosons

iy i 3

20080808 fermions
wave-like DM particle-like DM

RN S. Kang, S. Scopel, G. Tomar, |-H Yoon,

We describe the possibility of using voltage-assisted calorimetric ionization detection with the CDMS detectors i
This method could allow an unprecedented low threshold WIMP search with very little disruption to the quIV' 1805061 13
main CDMS WIMP search. Thresholds as low as, or lower than, a single electron-hole pair could be achicved,
which would enable a sensitive search for WIMPs with masses of ~1 GeV.
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Light dark matter produces much lower
energy signals than 100 GeV WIMPs

« WIMP dark matter searches have traditionally focused on
~100 GeV/c? particle interacting at the weak scale

« Particles greater than proton mass give keV nuclear recoils
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lonizing radiation detectors
are fundamentally limited by
the energy required to ionize
the detector

« For example, many technologies are based on the ionization gap in
materials

« Nuclear and particle physics were spawned (largely) from efforts to
understand non-thermal ionization processes

« Physicists have split the radiation in nature into “ionizing” and “non-
ionizing” radiation at the eV scale

« Fundamental energy threshold limitation for light dark matter searches

-- you must have at least one to say you have more than zero...
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Prototype dark matter detectors

have achieved single quanta
detection for ionization

« Similar results from other prototype technologies (e.g. skipper
CCDs, proportional counters, liquid noble TPCs, scintillators)

« Searches have such sensitivity that unshielded surface detectors
have sensitivity to unexplored parameter space

« This is the lower limit on detectable energy in ionization detectors

« Light-er dark matter searches require dramatically lower

bandgaps
Internal CDMS-II note
A Low lonization Threshold Experiment with the CDMS Detectors

leter Hall
2008/08/08

ABSTRACT
We describe the possibility of using voltage-assisted calorimetric ionization detection with the CDMS detectors
This method could allow an unprecedented low threshold WIMP search with very litile disruption to the
main CDMS WIMP search. Thresholds as low as, or lower than, a single ¢lectron-hole pair could be achieved
which would enable a sensitive search for WIMPs with masses of ~1 GeV
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SNaLAB

SuperCDMS Collaboration, PRL 121 (2018) 051301, arXiv:1804.10697
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Superconductors are a compelling
detector system because of the
smaller fundamental quanta

« Counting quasiparticles in superconducting films offers interesting
advantages due to the lower energy gap
« Ngp ~ 1000 Ne, so
« Better energy resolution ~sqrt(N) (~30X better)
« Lower energy threshold ~N (~1000X lower)
« Allows exploration of a new radiation regime
« Spectrometers with range [1 meV, 1000s meV]
« Ideal for light dark matter searches

«» Threshold potentially below the neutrino mass scale!
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meV backgrounds include known
and unknown sources

Blackbody Spectra for Various Temperatures

« lonizing radiation
» Non-ionizing radiation

[—— 300.0K
60.0 K
40K

« Everything... w1 0.5 K

. B .1 eV, 1.2um
« Neutrino annihilation? ;) 1 meV, 1.2 mm

10 10°

Am,,~9 meV'

Am3,~50 meV 17

« Stray fields

« Vibrations

Photon Flux [photons/second s’ cm® Hz')

5 6
Phoio:"loFreq uency [G Hg]0
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Low threshold dark matter searches all SNaLAB
observe low energy excesses

EDELWEISS Low Energy Excess (FID 824)

From E. Queguiner
The.
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e | "1 [Run 11 [run 12]

some non-ionizing components in CPD/HVeV

-

« Prediction: The low mass dark matter C Stranchagen

EXCESS

searches will be grappling with new low

countEkgiday)
@

energy backgrounds for the next decade

rate

Warning: x2
uncartainty factor
in energy scale

60
fime [days]

M. Pyle @EXCESS2022
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meV backgrounds now entangles with
quantum computing

e Quantum computers are based on qubits
e Qubits are made from low energy systems
e Environmental backgrounds are a source of decoherence in qubits

e There are no radiation-hard design rules for quantum technologies
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Quantum device developers have SNaLAB
spent decades struggling with
enVI ron m entq I bq Ckg rou n d S Serniak et al., PRL 121 (2018) 157701, arXiv:1803.00476
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« Non-thermal quasiparticles seem to be a limitation at low temperature F SBao0deoSeaebnis®

(]

+ “In conclusion, ... QP-induced loss can be responsible for a significant [ 9800g%088082358

fraction of dissipation in state-of-the-art superconducting qubits. L T gf,‘f}{)

(©

Additionally, we confirm that hot QPs with a highly-excited energy
distribution are responsible for the residual excited-state population at

low temperature in our samples.” S =zl /zq
[ [0 /pe0 —thermal eq.

« Similar discussions in the literature back to (at least) 2002

L e % i % ( 50 100 I;(J E]MI ® SI(J 100 I‘;[) 200
« lonizing radiation is a piece of this puzzle T (mK) T (mK)

» Will solving this puzzle yield a new component of nature (e.g. dark matter)?
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Experimentalists have shown that ionizing
radiation degrades qubit performance

Radioactivity as Source of Decoherence

When we proposed the DEMETRA project (2018, starting grant of INFN), this was
just a hypothesis. Today we have many papers stating that:

1. Radioactivity will be (or already is) the ultimate limit for the coherence of qubits
[Vepsélainen, Nature 2020]

2. Radioactivity limits quantum error correction in a matrix of qubits
[Wilen, Nature 2021] and [McEwen, arXiv:2104.05219]

3. Suppressing radioactivity improves the performance of quantum circuits

[Cardani, Nat. Comm. 2021]

Future Project Workshop 2021 L. Cardani

SNOLAB Future Projects Workshop, talk by L. Cardani (INFN), May 11, 2021
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SuperCDMS detectors are an experimental  SNetAs
demonstration of superconducting circuits
exhibiting correlated errors from ionizing radiation

quasiparticle

trap

Al Collector W

quasiparticle :
diffusion Transition-Edge

Al e e Sensor
D i

« Error correction schemes require uncorrelated errors

« A single ionizing radiation event can simultaneously affect every hg A

superconducting transition edge sensor on the surface of a 100 \\ — ;
<>, prompt phonons E field

mm diameter SuperCDMS detector 2 l“\\
« A single ionizing radiation event can cause errors in every qubit L 7l ﬂ

on the same substrate (or even in substrates up to 100 m apart) Charge/Phonon sensors A anderson

A

« Background rate translates into a fundamental limit on quantum In SuperCDMS, particle interactions generate
phonons, which generate quasipartifcles in

computation time o -
B superconducting films, which can be counted
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Low threshold dark matter searches all SNLAB
observe low energy excesses
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Experiments with cutting edge quantum
processors reproduces SuperCDMS with
demonstrations of correlated errors

« Search for simultaneous errors with a google quantum processor

« Clear evidence of particle interactions

« Watched evolution of errors start locally, but spread across all

qubits

« This represents a fundamental limit on the time for any quantum

Pirsa: 23050016

calculation
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M. McEwan, et al., Nat. Phys. 18, 107 (2022)
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SNOLAB hosts the lowest background
millikelvin test facility

CUTE Facility Overview

« X10000 reduction from surface
background rates
) ) £ Dilution
« X108 reduction in muons T P refrigerator
« Allows controlled radiation on/off !

tests of device performance

Drywell with low activity Pb shield

SNOLAB Future Projects Workshop, talk by W. Rau (UBC/TRIUMF), May 11, 2021 24
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Facility Overview S

Main system components:
Payload
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FACILITY

Main system components:
Payload

Cryostat

Magnetic shielding

Water tank
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FACILITY

ca . Facility Overview S

Main system components:
Payload

Cryostat

Magnetic shielding

Water tank

Drywell
Deck
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FACILITY

Main system components:
Payload

Cryostat

Magnetic shielding

Water tank

Drywell

Deck

Low activity lead
Very low activity lead
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FACILITY

Main system components:
Payload

Cryostat

Magnetic shielding

Water tank

Drywell
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(e . Facility Overview S

FACILITY

Main system components:
Payload
Cryostat
Magnetic shielding
Water tank
Drywell
Deck
Low activity lead
Very low activity lead
Internal lead
Polyethylene
Suspension system
Extra frame for

Pulse Tube (PT)/turbo
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(e . Facility Overview S

FACILITY

Main system components:
Payload
Cryostat
Magnetic shielding
Water tank
Drywell
Deck
Low activity lead
Very low activity lead
Internal lead
Polyethylene
Suspension system
Extra frame for

Pulse Tube (PT)/turbo
Gamma source
Neutron source
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SNaLAB
The Institute for Quantum Computing is leading on
a project to characterize qubits in the CUTE facility

« ‘Characterization of qubits in a deep underground environment’ chosen for funding by the US Army Research Office
« Prof. Chris Wilson at the IQC is the project leader

« Chalmer’s University will produce cutting-edge superconducting qubit arrays

« Arrays will be tested in Sweden, Waterloo, then SNOLAB

« Project is newly selected, contracting has just started
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SN AB

meV backgrounds now entangles with
quantum computing

e Quantum systems are sensitive to radiation from the environment
« Particle physics researchers are gaining an understanding of modern quantum systems
by collaborating on background reduction

e New detector concepts are coming based on these collaborations
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New collaborations between fields are
resulting in new dark matter detector
understanding and ideas

arXiv:2108.03239

T Searches for light dark matter using condensed matter systems
PHYSICAL REVIEW LETTERS 125, 181102 (2020) 3
Yonatan Kahn
Department of Physics, University aof [llineis at Urbana-Champaign, Urbana, IL 61801, USA and
Hllinois Center for Advanced Studics of the Universe,
Search for Composite Dark Matter with Optically Levitated Sensors University of Nlinois al Urbana-Champaign, Urbana, IL 61801, USA

Femando Monteiro®,"” Gadi Afek,' Daniel Carney,™ Gordan Kmjaic®, Tiaxiang Wang®,' and David C. Moore®' Tongy Lin?
\Department of Physics, Wright Laboratory, Yals University, New Haven, Connecticut 06520, USA AYRD
Joins Center for Quantum Informarion and Computer Science, and Joint Quanmam Institate, University af Maryland-NIST, Department of Physics, University of California, San Diego, CA 92098, USA
College Park, Maryland 20742, USA (Dated: May 31, 2022)
‘Fermi National Aceelerator Laborat ory, Batavia, Mineis 60510, USA
“Kavli Instinate for Cosmelogical Physics, University of Chivago, Chicago, Iineis 60637, US/

2 - - I -} 2 e > % ;] - A - -
®) (Received 24 July 2020; socepted 2 October 2020; published 28 October 2020) Detection of Light Dark Matter With Optical Phonons in Polar Materials

Simon Knapen,! Tongyan Lin,"* Matt Pyle,* and Kathryn M. Zurek'

Detecting Dark Matter with Superconducting Nanowires ! Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720
Bevkeley Center for Theoretical Physics, University of California, Herkeley, CA 94720

e 2 Department of Physies, University of California, San Diego, CA 92098, USA

Yonit Hochbarg',* Tlya Charaev?,! Sae-Weo Nam®,! Varun Verma®,% Mareo Colangelo®, and Karl K. Berggren®* 4
Department of Physics, University of California, Derkeley, CA 94740

' Nacah Institute of Physics, Habrew Univers Jerusalem, Jerusalem 91904, lsrael
* Massachusetis Institue of Technology, Depariment of Electrical Enginesring and Compuler Science, Cambridge, MA, USA and
* National Institute of Standards and Teohnology, Doulder, €0, USA

Al IR0V « meV energy detection is a theoretical and experimental challenge that people are tackling

» Quantum 2.0 technologies are enabling new detection concepts

» This is *not* an exhaustive list
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Qubits are meV-threshold dark matter
detectors

« If particle interactions cause qubit errors, then qubit errors measure particle interactions

« Old quasiparticle measurements for quantum computing have leading sensitivity to light dark matter

Serniak et al., PRL 121 (2018) 107% 3
157701, arXiv:1803.00476 10-27f
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irg ¥

o000 ag%p09%09%%"
3 0000009000000

e This measurement of quasiparticle
. T i density for better quantum devices
1(‘:_;““" can be reinterpreted as a dark matter
limit

F =zl jen F X data el [ -
l—uiu ,-]Irln.- : thermal eq. 77‘_“5:“; i 107 107! 100
L -Lm / lm 5 J U'—__[_i'_L o . q _f”“ [G{.\,"l
0 50 100 150 2 50 100 150 200 A. Das, N. Kurinsky, R.K. Leane,
T (mK) T (mK)

arXiv:2210.09313
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Qubits are meV-threshold dark matter

detectors

« Threshold detectors retain no event information about energy

« Statistical energy spectra can be obtained by varying the threshold

(e.g. use different superconductors)

« This would lead to orders of magnitude improvement because

higher energy backgrounds can be subtracted (and the

backgrounds are high)
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In conclusion, light dark matter and quantum sNetAB
computing researchers are in a correlated
superposition of research outcomes

« After we perform the research, we will be in one of two states:
« Dark matter has been detected, but it is a fundamental limit to
quantum device performance, OR

« We have improved the performance of quantum devices, but

we haven’t discovered the nature of dark matter

- and SNOLAB is the best place to perform this measurement
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