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Why Bother with Quantum Techniques in
Particle Physics?
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Life Beyond The Standard Model of PP
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Life Beyond The Standard Model of PP

A Vs Hard

Energy Frontier

Coupling g

pJeH
-
o
N

2
We can generally parametrize Y Hard
new effects in terms of — _
Coupling (g) and energy [ Precision Frontier ] _

- -1
distance™' scale. Scale M



S TRI U M F Arthur B.McDonald
o I RIOUNVIFEFE ) it

Life Beyond The Standard Model of PP
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This requires new ideas and V
innovative teChnOIOQieS. 4——[ Precision Frontier ]
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[meV-eV Calorimetry Needed??]
Scale M .
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Quantum Technology - $$% Follows Great Ideas

Quantum effort worldwide

Germany
3b € = $3.3b

rthur B.McDonald

Denmark
DKK2.7b = $406m

European Quantum Flagship

L 4

United Kingdom &——
_ £3.5b=54.3b

1b€=%11b
Sweden :
China
SEK1.6b = $160m $15b

Finland
24m € =$27m

L 4

Canada

CA$1.41b = $1.1b ’\

Global
Quantum
Efforts

$38.6b
(estimate)

US National Quantum
Initiative $3.75b

@QURECA Ltd. 2023, all rights reserved

South Korea
W3.05T = $2.35b

- ! Sb
> f/ Japan
“/S?min ¥80b = $700m "
¢ 60m€ = $67m|r Taiwon
rance NT$8b = $282m
_1.8b€=$2.2b $  Philippines -
Switzerland h P860m = $17.2m _
CHF10m = $11m ~ Singapore
N | S$$185m = $138m
s Australia .
e o Bcbor AU$231m = $155m
Hungary $10m et
HUF3.5b = $11m o Thailand ¥
Israel

South Africa
R54m = $3m

 1.2b = $390m

Y

B200m = $6m
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Quantum Technology - Definition

L.

IL.

III.

Use of a quantum object to measure a physical
quantity (classical or quantum). The quantum
object is characterized by quantized energy lev-
els. Specific examples include electronic, magnetic
or vibrational states of superconducting or spin
qubits, neutral atoms, or trapped ions.

Use of quantum coherence (i.e., wave-like spatial or
temporal superposition states) to measure a phys-
ical quantity.

Use of quantum entanglement to improve the sensi-
tivity or precision of a measurement, beyond what
is possible classically.

Degen, Reinhard, Cappellaro, Rev. Mod.
Phys. 89, 035002 (2017)
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Quantum Technology - Definition

I. Use of a quantum object to measure a physical
quantity (classical or quantum). The quantum
object is characterized by quantized energy lev-
els. Specific examples include electronic, magnetic
or vibrational states of superconducting or spin
qubits, neutral atoms, or trapped ions.

EVERYTHING WITH ATOMS /
IS A QUANTUM SENSOR

II. Use of quantum coherence (i.e., wave-like spatial or
temporal superposition states) to measure a phys-
ical quantity.

ITI. Use of quantum entanglement to improve the sensi-
tivity or precision of a measurement, beyond what
is possible classically.

You need the Hamiltonian in
order to “operate” the device.

Degen, Reinhard, Cappellaro, Rev. Mod.
Phys. 89, 035002 (2017) 11
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Quantum Technology - Definition

Quantized angular Quantized energy levels
momentum

Ahd
L1

Frequency shift

N

SCRERN
Energy shift N A

Field of unknown particles

DeMille et al., Science 357, 990 (2017)
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How Does Particle Radiation Impact
Quantum Sensors?
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The Story So Far ...

Nature Physics 18, 107-111

a) ¥ 11> b)  carrier chi
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R Y Josephson W
NNV Junction
NNNVVVVVY PhOﬂOﬂS
Substrate
c) d)
Prepare [1) Idle Measure | 25
J o
(A K g £ oo
0.3us lus lus =
3 15 1
. §H 9 0 Time(s) 30
q 10 1
02
q3: : E >
s-E—a——E—a—m Y
. \J In‘terv-al 8.0 81 8.2 8.3
Time 100us Time (s)

Errors 14
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What About The Rest of the Particle Zoo?

10 ; 5

SILICON
10° i i
. — IONIZATION L |
Heavy Charged Particles £| 1o0xs RECOILS | oRangeinsi |
il svevans “ 0’ O20um)@5MeV |
) evai 25 E £ I
> S10°F 1
Quantum Sensor 2 * i [
2 15 10 1 i
i 10 E I
:P -6 | 1 l |
i

10> 10 103
Energy (MeV)
- Target Depth - ——
SILICON
(I) Alphas - Mostly from either radioactivity within IONIZATION ) e

. ) ION ECOIL 19 [
the device materials, or plated onto the surface of ONS RECOILS

|
the device during fabrication/installation. Dust is 50 keV 7Liin Si| 10°f 1
the enemy generally, but there can also be alpha 10 P 10°§— :
activity residue from hatching and other surface 8 ?‘; I
treatments. s10°f |

__________ Li Range in Si ;
‘ T 0(0.5 um) @ 50 keV

-6E 1 ll\lllll I |

-2 0 2
10 10 10 10
Energy (MeV)

0

(I Low-Energy lon Recoil. Compared to alpha it
generates a very faint signal, but it’s still
accessible with meV-eV sensitivity.

Energy Loss (eV/Angstrom)

4
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What About The Rest of the Particle Zoo?

Photons

Weather it is IR emission from detector materials, or simple gamma
emission from radioactivity in the experiment/surroundings. keV-MeV.
Depending on the energy / interaction this could lead to either a faint
or shock-wave to the Quantum Sensor.

(I) Absorption / Photoelectric Effect
o(E) ~Z"5/E"3.5

(1) Compton Scattering
Electrons o(E) ~ ZIE * Log(E)

bl Qs . :
(II1) Cooper Pair Breaking

Absorption length 4 (g/ cm2)

a ol PRI RRIETTIT R
10eV 100 eV 1keV 10keV 100keV ~ 1MeV ~ 10MeV 100 MeV  1GeV 10GeV 100 GeV/

Photon energy 1 6
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What About The Rest of the Particle Zoo?

PhOtOnS Photon-ion scattering cross section in Si Phys. Rev. D 106, 023026

Si** Total

1078 Expected phonon spectrum from
_ high-energy background photon scattering
T
> T
y 10 ___---‘:::_\\ 1 10! T T T
g ______________ \ — GaAs — Ge
I N — Si - §j
g 107? Si SiC
E /’/ _ o Al203
= e T 10° *
10715} // ___________ —
// ___________ I3
Electrons I~ R) =
1075 : =
. 1 10 100 1000 ~ 107!
r q [keV]

0 20 40 60 80 100
w [meV] 17
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What About The Rest of the Particle Zoo?

Neutrinos
2E — 'Cs CEVNS —v, "?1CC — Pb v, NIN total
Quantum Sensor ’* 19 E v 127) CEVNS —IBD ===- Pbv,NIN 1n
- .-. "Ge CEVNS evee e Pb v, NIN 2n
10 “Ar CEVNS
_ F ----®NaCEWS e m————wr
§ 'F
qu-’, 107" i
5
§ 102
el VHASVHA g s
Neutrinos can interact
o2\ nuctear coherently with the 10
il
re°°" nucleus as a whole. o
a [-III|IIII|IIII[IIII|IIIIIIIIIlIIl!lIIIII]III]IIII
/ 5 10 15 20 25 30 35 40 45 50 55
/? O;» Not a concerned at the hlstHio/EreE(ME)
secondary .
deintilation ol current scales as noise. 18
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Background Modeling = New Physics

Physics Results

c“q? &
(e ®
S %
o< &
£ 5%
'S 2
SORS %@
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Q¥ 22
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Oh Lord What Is

Construction That?

Commissioning
Operation

19
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Background Modeling = New Physics

Example: LXe Time-Projection-Chambers: | |

e Early 2000s identified as a great technique to
measure nuclear recoils with thresholds of the
order of few 10s of keV. I

o 8 [

XENON10 XENON100 XENONI1T

e Today, “Low-Background” LXe TPC are

multi-tonne in size and operate with energy 2005 2008 2016
thresholds of of a few keV. 15k 62kg 2000kg
600 (keV t d) 5.3 (keV t d) 0.2 (keV t d)

XENONnNT
2020
5900 kg
%0.04 (keV t d)*

20
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Background Modeling = New Physics

04> k.

Example: LXe Time-Projection-Chambers:

=4
N

o
TTT[TTT]TT

e Early 2000s identified as a great technique to
measure nuclear recoils with thresholds of the

ALog,,(S2/S1)
15}
N

-0.4F

order of few 10s of keV. o
-0.8| ™
e Today, “Low-Background" LXe TPC are s e
multi-tonne in size and operate with energy
N ER I Wall Neutron EEEAC W WIMP
thresholds of of a few keV. 104 F

5.7 Tonne LXe

Achieved By Backgrounds Modeling / - '1 '

= =
Surface alphas, general surface effects, PMT flasher, S o0

Radon pollution, Tritium pollution, unexpected }
fluorescences, unexplained nuclear mechanisms,
quenching ....

1
0 20 40 60 80 100 21
¢S1 [PE]
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Background Modeling = New Physics

SNeLAB  Low Background Counting Facility

https://www.snolab.ca/users/services/gamma-assay/index.html

Pacific
Northwest

NATIONAL LABORATORY

name: Canadian Coatings
EP100 Epoxy

name: epoxy Hysol RE2039

name: Two component epoxy,
Epoxies Etc.

name: Silver epoxy, Emerson-
Cumings

name: Resin epoxy, RE4210

Hysol

name: Resin epoxy, RE2039
Hysol

radloBu rity

grouping: LRT 2010

grouping: TREX-DM (2019)

grouping: EXO (2008)

grouping: Majorana (2016)

grouping: ILIAS ROSEBUD

grouping: ILIAS ROSEBUD

published

published

published

published

published

published

Arthur B.McDonald

SNgLAB

Ra-226: 324.48 mBq/kg Pa-234m: 305.45 mBq/kg Th-232: 231.78 mBg/kg
K-40: 77440.76 mBq/kg Co-60: 5.33 mBg/kg Cs-137: 4.66 mBqg/kg

U-238: 273.0 mBg/kg Ra-226: 16.0 mBq/kg Th-232: 20.0 mBq/kg Th-228:
16.0 mBg/kg K-40: 83.0 mBg/kg Co-60: 4.2 mBg/kg Cs-137: 4.5 mBg/kg

K: 20ppb Th: 23 ppt U: 44 ppt

K: 2000 ppb Th-232: 3000 ppt U-238: 1000 ppt

Th-234: 50 mBq/kg Pb-214: 5mBq/kg Bi-214: 6 mBg/kg Ac-228:
10 mBg/kg Pb-212: 4 mBg/kg TI-208: 6 mBq/kg U-235: 5mBqg/kg Cs-137:

1mBg/kg K-40: 40 mBg/kg Co-60: 0.6 mBg/kg

Th-234: 50 mBg/kg Pb-214: 8 mBq/kg Bi-214: 6 mBg/kg Ac-228: 4 mBq/kg
Pb-212: 3mBg/kg TI-208: 6 mBg/kg U-235: 5mBg/kg Cs-137: 2 mBa/kg

K-40: 100 mBg/kg Co-60: 1 mBg/kg

Example: quick search for epoxy

22

Canadian Astroparticle Physics Research Institute



What Possible Applications Would
Quantum Sensors Have in PP?
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Q uest F or D a rk M atter https://arxiv.org/abs/2203.07984

Stellar evolution (2.4) A A
: B Gamma-rays from
-

BNS mergers (3.2)

X-rays from

NS collapse (3.6 + 4.4)

-+ . . DM and binary
) ] ~ mergers (4.3)

Stellar overheating, gamma ray/neutrino emission (34)

z-dependent cosmic distance (2.3.2) NS heating due to DM coupling (4.1)

Radio lines DM decay by
SN remnants (2.3.2)

. Radio lines from

neutron stars (2.1.1)

i i

105 100 10°
24

DM mass (eV)
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Quest For Dark Matter

Wave-like Particle-like
oV keV MeV GeV Tev Gradient of Xe discovery limit, n = —(dIn¢/dIn MT) ™!
‘ | | | | 1.5 2.0 2.5 3.0
< T . >
| ! ! | | 104! Py — — —— ——107°
-Absorplion ) DM~_clcﬂrnl? scntl?ring DM-Nucleus scattering \ \\
Electronic recoil Electronic recoil Nuclear recoil ! \ SNOWMASS Report
Hidden sector Dark Matter and others Standard WIMP 1042 3 10-6
‘ 107
108
SuperConductors Superfluid He  Semiconductors Noble Liquids
Edelweiss, SupetCDMS, DAMIC, XENON10/100/nT,LUX, LZ,

Dark matter-nucleon cross section [cm?]

1078

Dark matter mass [GeV/c?]

25
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Quest For Dark Matter

Wave-like Particle-like
eV keV MeV GeV TeV
Absorption DM-electron scattering DM-Nucleus scattering
Electronic recoil Electronic recoil Nuclear recoil
Hidden sector Dark Matter and others Standard WIMP
—
SuperConductors Superfluid He Semiconductors Noble Liquids
Edelweiss, SupestCDMS, DAMIC, XENON10/100/nT,LUX, LZ,

Dark matter-nucleon cross section [cm?

S. Heeba (LINK)

v‘a Arthur B, McDoﬁnaId

Gradient of Xe discovery limit, n = —(dIn¢/dIn MT) ™!

15 20 25 3.0
< T  »
10~4 T — —— — ——107°
Ly SNOWMASS Report
10-2]5 4 1076

Juy
(=}
|

~

5}

_
=
|

'S

=

1074

:::> -<::: “:“., . 2808 "= ; e 10-12
K{ et

10~7

108
o B S
= 10~? =
10—10

10772

10?
Dark matter mass [GeV/c?]

Physic

esearch Institute
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https://meetings.triumf.ca/event/303/contributions/4017/attachments/2993/3795/heeba.pdf
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Quest For Dark Matter

Absorption / Cooper-pair breaking Electron scattering ) Mech anism :
A+N->N SN+Y X+e —-H+e Absorption, or e-scattering
A+N—->NorH+e - H+e

A’ o
Energy Depositions:
O(10s meV)
Backgrounds:
Can it break cooper pairs?
Challenges:
h ¢ LD gmm (Oua)Ey"y e Y x LS dc.v,”\/ﬂ;\r;" oée e Mltlgate IR ||ght
e N Modeling gp formation
e Fermionic interaction + Operation T:

Kinetic mixing P

kinetic mixing mK

Pseudoscalar

Scalar -
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https://arxiv.org/pdf/1604.06800.pdf

Examples Of Possible Dark Matter Detector

https://arxiv.org/pdf/1902.08623.pdf

Absorber + Type | QS -> Dark Matter Scattering (eV) | qubit relaxation

no

Energy [>

b) \ Energy Barrier
= _O C_) _O_O_: 77777 >0
i l

b))
A\Y

Dark Matter-Electron Cross Section [cm?]

<D

=

<)

> Josephson
Island QP Trap  yoobie

e =

7

’P/JJJ

3
8

3
8

Eq > 2A11ana Absorber Sample holder

3
8

3
&

Crystal/SC kg*y target, sensitive to O(0.5 eV) e/phonon interactions

Dark Matter-Electron Cross Section [cm?]
3
8

o
A
&

3
<
S
5
<

GeV
DM mass © 28
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Examples Of Possible Dark Matter Detector

Type | QS Only -> Dark Matter Absorption (meV-eV) | SCNW

DM scattering Nature Physics 18, 107-111 https://doi.org/10.1002/adm

(a)

_,ibias or absorption i)
a.202101989
Light Mediator Heavy Mediator
out ] a
1 Bound WSi | £
| Bound WSi -
Hot- " -28 S i = o]
ot-spot (i 10 . chus 107 ’ i
Q & o

e
‘: event 1073}

t

Super—
CDMS

~ SENSEI0.177g=day-

WSi08eV,

0.177g—day Xenon10

— 10732

& o
g =]
9 NbN 248 meV ; A=A
€ 10- Tiug-yr & © SENSEL 0.177g=d,
{ 124 meV (N 124 meV. WSi08eV.,
NbN ”l:4rmL\/. NbN 1"_4\:”&\ N 17‘7g7((a,v
€ ‘ Xenonl0
10737
10-4 N
1048 10742
0.01 0.10 1 10 100 001 0.10 1 10 100

mpym [MeV] mpym [MeV]



https://doi.org/10.1002/adma.202101989
https://doi.org/10.1002/adma.202101989

X TRIUMF Arthur B.McDonald
o I RIOUNVIFEFE ) it

BeEST - Beryllium Electron-capture with Superconducting
Tunnel junctions

The BeEST experiment searches for sterile
neutrinos in the keV mass range using the
nuclear electron capture decay of ‘Be implanted
into superconducting tunnel junction (STJ)

)

radiation detectors. o - ‘oo =
w
2
. Implant into Superconducting Tunnel
UCx production target Junction (STJ) Sensors at TRIUMF-ISAC

Be (T112 =53 d)
Laser ionization

20 - 30 kV acceleration

480 MeV p+ beam
produced in cyclotron

30
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BeEST - Beryllium Electron-capture with Superconducting
Tunnel junctions

28 Days Dataset Phys. Rev. Lett. 126, 021803 (2021)
T T T T K_\GS T 10_2 _
s 149]
10°, LGS 90% C.L
% ; s [50]
b e = 90% C.L.
[e) =] [}
2 g E N
g B 2
S : £
: 3 3 (51]
£ H o, g
i = E [This work] 0% C.I
= 95% C.L.
z
100/ i : o
£0% H = 1
i 8
- i A
Z 4
: RessT
2 : 10427 ‘ ( N
w 20 40 60 80 100 120 140 10 100 1000
Energy [eV] Energy [keV]

31
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Other Sources of Backgrounds

Cosmogenic Activities
Intrinsic Radioactivity
IR Emission

7k .
y=ax% b.t“t%#}

(x,x)==b /.
20

nadian Astroparticle Physics Research Institute

32
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Other Sources of Backgrounds

« A Stress Induced Source oS =
of Phonon Bursts and lfj @ a5 oVEin
Quasiparticle Poisoning e
8 @
e Cosmoaenic Activities " R. Anthony-Petersen et al., SIS Bt
L 9 _ o arXiv:2208.02790 (2022)
IntrInSIC RadloaCtIVIty Al Fins Cooper Pairs Quasiparticles 1075 0 20 i 30 00
IR Emission WTES Energy absorbed in TES (eV)

Athermal
Phonons

Si Crystal
o ... ,
Microfractures Glue

e [nduced Stress
e Production defects

High Stress, 3 eV to 38 eV rate |
Low Stress, 3 eV to 38 eV rate

10°

Rate in Bin (Hz)
=
o

-
=)

10

60 80 100 120 140 160:
Low stress (wire bonds) High stress (glue) Time After Cooldown (Hours)

Orrell. GUINEAPIG 2022 %



https://indico.triumf.ca/event/303/contributions/4039/attachments/3006/3815/orrell.pdf
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What About Readout & DAQ?

A
g
a
<
o
o |
g.
7|
o
0
a

QICK = “Quantum Instrumentation Control Kit”

Fully integrated readout & control system for QIS. No extra room

temperature hardware needed.
A factor of ~20 cheaper compared to off-the-shelf equipment.

* Arthur BnMCDonaId "

. MIDAS Website

Rt
p— . —— - ——

. ———

B e R R

S—es o [ —— -

-

-

—~——t———

DAQ: Lots of expertise in the MIDAS data acquisition system.

Currently being used from R&D to large scale detectors

(DEAP-3600, UCN, P-ONE, Alpha-g, more ...).
34


https://daq00.triumf.ca/MidasWiki/index.php/Main_Page

Conclusions
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Conclusions

e The ongoing effort to study and characterize the impact of particle
radiation in quantum sensors has already benefited the QIS
community and it's showing signs of very promising prospects for
a meV-eV calorimetry.

e Understand “backgrounds” down to meV is key, but we have the
combined expertise to fully characterize this in the coming years
(Solid State + Condensed Matter + Particle Physics + Low
Background Techniques) Not much different than the DM problem
that requires PP,NP,Chem,Astro

e \We are just starting to see some real particle physics applications
for Quantum Technologies ... Most interesting time.

36



Thank You
Merci



