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Quantum technologies everywhere...

Quantum effort worldwide
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@ Quantum sensing/devices

» Detection of ultra-low threshold events = weakly-coupled signals

» Coherent effects = enhance detection sensitivity

» Current technology barely scratching the Standard Quantum Limit*

» Tabletop(-ish) experiments

Quantum Sensing for Fundamental Physics
A. Chou et al, hep-ex/2311.01930



Quantum sensing (metrology) for HEP/Grav/Cosmo

already used In many measurements.
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E.g. Improvement in atomic clocks
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Mapping TH to Quantum Sensing

Open Questions
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Mapping TH to Quantum Sensing
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Mapping TH to Quantum Sensing
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A possibility: looking for backgrounds
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Machine-made backgrounds
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Partcle Target
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Bridging QSens-HEP/Grav/Cosmo

How do these backgrounds affect precision measurements

As a theorist:



Bridging QSens- HEP/Grav/Cnsmo

How do these backgrounds affect premsmn measufé‘ments

As a theorist:



Bridging QSens- HEP/Grav/CQsmo

How do these backgrounds aftect preC|S|on measur’ﬂé“mems

|
AS a th eo r I St : Viapping TH to Quantum Sensing
Open Questions Juantu

- ¥ \
\‘ i
) , A
Cosmic Evolution 1y, Matter
SQU Cavity
-y PG £ V
v ~ B , . H
Lrie - 8 z
. L ' C - -
- % ‘J;}' Time ) —
""_", Higgs Physics Atom Interf,
Baryogenesis + Hierarchy - N
thy ~ 10-"% ¢ cm V.
P <107 e em




Bridging QSens- HEP/Grav/CQsmo
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How do these backgrounds aftect preC|S|on meaSleEQMEﬂtS

As a theorist:

» Map theory-space onto detector-space

» Extend theory-space & detector-space
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‘ Nuclear clock @ CERN?
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Bridging QSens- HEP/Grav/Cnsmo

How do these backgrounds affect preC|S|on measufé‘ments
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g . Bridging QSens- HEP/Grav/Cnsmo

X X How do these backgrounds affect premsmn measu é‘ments
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Bridging QSens- HEP/Grav/Cpsmo

How do these backgrounds aftect premsmn m@aé‘,l:if&m"ems

Part ll: three (biased) examples as apetizer

i) DM & cosmic neutrinos w/ atomic clocks and co-magnetometers
i1) Large atomic interferometers

iii) GWs & axions in (superconducting radio-frequency) cavities



Dark Matter: where to look?
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Problems to detect DM at low masses

spin-independent WIMP-nucleon interactions
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dramatic loss of sensitivity at low mass
when the momentum transfer is too small to generate a ‘recoil’
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Measuring at g = O: phase shifts in atomic systems

R.Alonso, DB and P. Wolf
1810.00889 & 1810.01632

Ramsey sequence
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Aw 8P2:O *wmaX:AE

Du et al. 2205.13546




Measuring at g = O: phase shifts in atomic systems

R.Alonso, DB and P. Wolf
1810.00889 & 1810.01632

Ramsey sequence in the presence of DM
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Dark Matter: which state?
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ULDM case

b=y A =ad) 2 =]anTh AR
W W
Zos ;
ek
tq tq

The atoms live in a background with some coherent features and
for certain dark matter models
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One example: complex scalar DM
Alonso, DB,Wolf 1810.00889
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One example: complex scalar DM
Alonso, DB,Wolf 1810.00889

nucleons DM
5 4 | ]y
Ling = —G,, | d°z (ny"y5n) (ZX 0, X + h.c.) - 57’ 7
c\f\ _________________________________ .
dark matter halo % 1 0_7 \ |
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clocks 10-13 |
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for cosmic neutrinos see Alonso, DB, Wolf 1810.00889
Bauer & Shergold 2207.12413



May also be relevant for machine made backgrounds

advantage of being table top

Beam Dump Shielding Detector

‘'no” energy-threshold:
sensitive to whole flux

Production Detection

fig. adapted from 1712.01518
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Connection to quantum sensmg

How do these backgrounds affect premsmn measuré‘ments

Part ll: three (biased) examples



Dimopoulos et al 0712.1250
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Dimopoulos et al 0712.1250
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eg.Arduini et al 2304.006 |4

C Lurrent status Buchmuller et al 2306.17726

Site location: Status
M. Abe et al., Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100), 100 m
arXiv:2104.02835.
B. Canuel et al., Exploring gravity with the MIGA large scale atom interferometer, Sci. Rep. 8 ~ 200 m?”?
(2018), no. 1 14064, [arxXiv:1703.02490].
B. Canuel et al., ELGAR—a European Laboratory for Gravitation and Atom-interferometric ?

Research, Class. Quant. Grav. 37 (2020), no. 22 225017, [arXiv:1911.03701].

M.-S. Zhan et al., ZAIGA: Zhaoshan Long-baseline Atom Interferometer Gravitation Antenna, Int. 300 m?
J. Mod. Phys. D28 (2019) 1940005, [arXiv:1903.09288]. '
L. Badurina et al.,, AION: An Atom Interferometer Observatory and Network, [CAP 05 (2020) 10 m
011, [arXiv:1911.11755].

AEDGE Collaboration, Y. A. El-Neaj et al., AEDGE: Atomic Experiment for Dark Matter and

Gravity Exploration in Space, EP] Quant. Technol. 7 (2020) 6, [arXiv:1908.00802]. 40 km??
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L BRI ﬁ
Connection to quantum sensmg
How do these backgrounds affect preC|S|On m@asur’é‘mems;

Part ll: three (biased) examples

iii) GWs & axions in (superconducting radio-frequency) cavities



Detection of high frequency gravitational waves”?

Characteristic Strain

1u -12

1p **

1n -l1&

10 *©

10 =20

10 22

1u -24

1n -2

Stochastic
background

IFTA

eLISA

Massive binaries

Supermassive
binaries Resolvable galactic
binaries

Extreme mass
ratio inspirals

2015

10 -10

10 *©

10° 10+ 10 10"
Frequency / Hz

10° 10 10°

https://www.ctc.cam.ac.uk/activities/UHF-GW.php



High frequency implies small wavelength

—
GWs interact with everything

In the laboratory!

Cavities (cm -> GHz)

coherent measures
are also possible




Interaction of GWs & axions wit_h cavities: 2 cases

axion Ha 2
QWS How D

EM coupling

Spin coupling

1

A", ( SHEM 4 W POt hﬁiFO‘”> +B;hi; (tw)ETme hij(ty) Ty,

Mechanical coupling



Interaction of GWs & axions wit_h cavities: 2 cases

axion Ha 2
QWS How D

EM coupling

h+EM field = current!

axion+B = current

Raffelt Stodolsky 87

Spin coupling

anomalous B

NMR

1

A%, ( ShE 4 R P tho‘”> +B;h;; (tw)E"Ierw hij (tw)xfﬂi

Mechanical coupling

0L, ~ hL
(shaking the walls)

NMR, storage rings

L
-

mode mixing when boundaries move

: . ' ' Spor L‘x' Iy
. *axions may modify amplitude o,
: , Y

Murgui, Y. Wang, K. M. Zurek. 2022] a4 aom




EM coupling

Jeft ~ wohBo | jeft ¥wabaBo\ A Berlin, DB, R.T. D’Agnolo, S. Ellis
iy w _ﬁ R. Harnik,Y. Kahn, J. Schiitte-Engel
N ™ w‘: B, 2112.11465 (PRD)
QW axion

Projected Sensitivities of Axion Experiments

(wy /27 € [0.65,1.02] GHz

4|lQ~8x10% Bp=75T
ADMX Veav = 136 L, Tsys ~ 0.6 K

(g/27 € [5.6,5.8] GHz
HAYSTAC -{|Q~3x10% Bo=9T

V{;av =2 L, Ts}rs ~ 0.13 K

rwg/’?ﬂ' € [1.6,1.65] GHz

11Q~4x10% Bp=73T
CAPP Veav = 347 L, Tgys ~ 1.2 K

(wy/2m = 26.531 GHz
JQ~13%x10% By=7T
ORGAN Veav ~ 0.0078 L, Tsys ~4 K

wg/2m € [1,2] GHz
y oL s V
SQMS params. //Agt 131068 L _Tf: ~1K //
0/ wE A wn "i'o"—w

Strain Sensitivity hg

AMDI fthe GW
mplitude of the G (same as in LVK)



A. Berlin, DB, R.T. D’Agnolo, S. Ellis, R. Harnik,

Mechanical coupling Y. Kahn, J. Schiitte-Engel, M.Wentze 2303.01518

MAGO design from
CERN (gr-qc/0502054)

readout




A. Berlin, DB, R.T. D’Agnolo, S. Ellis, R. Harnik,

Mechanical coupling Y. Kahn, J. Schiitte-Engel, M.Wentze 2303.01518
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o<k 10 e L’:‘(/ H MAGO design from
T MiniGRAIL & ool s 2 = CERN (gr-qc/0502054)
1018 1 et A o 3
~—_ - D X ”,\, 2 —
—, = xo%&r’ %, T
: e : D2
Q 10_19 | :':Q {:’é” : ”*,Zjoz,
— "..z ! "
N == . ! : PRD 108 8, 084058
> 1020 hep-ph/2303.01518
3 AURIGA . BAW A. Berlin, D. Blas, R. T.
O - D’Agnolo, SARE, R. Harnik,
. 21 : Y. Kahn, J. Schitte-Engel, M.
8@ 10 | scanning (thermal) Wentzel J
N
— 10—22
10—23
LIGO-Virgo . . . . N
10—24 Only showing vibration-driven transition
10° 10* 10° 109 107 108 10”

1 yr Integration In band!



A. Berlin, DB, R.T. D’Agnolo, S. Ellis, R. Harnik,

Mechanical coupling Y. Kahn, J. Schiitte-Engel, M.Wentze 2303.01518
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> 10~20 hep-ph/2303.01518
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10—24 Only showing vibration-driven transition
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1 yr Integration In band!



A. Berlin, DB, R.T. D’Agnolo, S. Ellis, R. Harnik,

Mechanical coupling Y. Kahn, J. Schiitte-Engel, M.Wentze 2303.01518
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Continuation of R&D efforts

DESY/UHH - FNAL - INFN collaboration

D ESY June Cavity at DESY
2023  Mechanical characterisation and RF measurements at

room temperature (done)

Today

Cavity at FNAL
F NAL « Treatment of cavity, construction of a support structure

and RF antennas, first cryogenic characterisation

D E SY Mid. Cavity back at DESY
2024
* Cryogenic test with (initial) LLRF system

©

>

o

End Cavity back at FNAL G

FNAL B2 | - | G
« First GW search in existing cryostats at Fermilab >

5

In parallel, work started on an LLRF system to drive and E

read-out the cavity =

DESY. | The MAGO cavity and prospects for HFGW searches | Krisztian Peters, 4 December 2023 4

Living Reviews in Relativity manuscript No.
(will be inserted by the editor)

Challenges and opportunities of gravitational-wave
searches at MHz to GHz frequencies



Quantum sensing/devices

B Provide new ways to detect backgrounds
B Low thresholds ideally for “substantial’” fluxes with tiny cross-sections.
Tasks for HEP/Grav/Cosmo practicioners

B Going from HEP/Grav/Cosmo dofs to QSen dofs

® Evaluate them to provide H = Hg + Hiu¢
Some examples: dark matter, neutrino and GVW searches in

B Co-magnetometers (maybe also for beam-dumped?! neutrino searches?)

B [ arge baseline interferometers

B SRF Cavities

¥ Many more to come: we are not fully exploiting the quantum world! +
machine-made!



neutrino physics dark matter

[] llhllfnnl] | B-t‘;S ﬂ“[ﬂIL Magnelis
Cavites U DLOTTECT ]”l[ d "'}E nsors
H|a[:IrI|”m|n IHIIH IEI;Ul[fh I{HH al l enSOPS |

Transter s

it {'“*‘rlt.‘:l..lnter erometerstio

Heat L)LI|][ I||l|l[|"}‘ A0PET HHHH Te I\lfllf Ilfll‘a Calorimet [} (_,.[111 i ]H I
Nﬂlﬂ[l"(" lelﬁllt‘lhlll
Different S lesonalors
B aterial Mdﬂnm]bl
i e e B n[ulklnf‘-'
+Decoherency

Spin

esuperconductors
PalPS Heat
I Pairs yLynamon ucleare

I lmljlm_mI _
ptomechanic

Duantum tigh (uuper ]_B\ I[a[mg t[]m Alom

|||q|[ ‘—”'Lllm I]I \.)
]Uﬂ[]n‘j pin
lIIH []lmlum
]]HII l{il t
\mh.:n

Molgeule, Superradiance Precise Vater

Interfernmeters

Orawtanona\ waves new DNhVSICS



Back-up slides



Constraints: three examples

Alonso, DB,Wolf |8

fermionic DM with light mediator

1
3 _
Ling = _gAgx/d L (n’ymﬁn) mi’i n

.‘_

(>_< VM%X)

§n-§x/m%

on [cm

P = 0.00ppM, Mz = 10~ eV

1 0—63 [

fermionic DM
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~
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Fountain distance

1) Accessing DM of higher mass

AION measures acceleration (gravimeter)

Given the DM wind, If it scatters with an atom it will also

Ny transfer momentum (accelerate)
J’@(t) Pendulum
O\ 1
DM wind
> AVA
: B _* Y

d https://arxiv.org/pdf/1703.08629.pdf



gz, R 10718 cm/sz, mx =10 GeV, ox_ny =3-107°* cm?,

age, R 10~%Y cm/sz, mx = 0.1 GeV, ox_ny=3-107°° cm?,

2

04 cm/sz, mx =1MeV, ox_ny=1-10"* cm?.

ﬂgi‘ml

Can we reach these numbers!?



Measuring at g = O: phase shifts in atomic systems

(also atomic clocks)

E.e. Atomic co-magnetometers 181000869 & 181001632
N.. ~ 1022 . _ B Y (E>Cu(zizl.2zos.|3546
o Hing = =75 - A Dror et 221006481

Terrano et al 2106.09210

U(t)) = e[ (0))




Measuring at g = O: phase shifts in atomic systems

(also atomic clocks)
R.Alonso, DB and P. Wolf

AtOmiC C()-magl"let()metel"s>x< 1810.00889 & 1810.01632

N .. ~ 1022 - - Du et al. 2205.13546
at H. i = —y B -\ Block et al 1907.03767
Dror et al 2210.0648|

Terrano et al 2106.09210

172 = Hing + Vi /0

mMpM < M atom

A

eipx-x | fi(pXX7 pX)ye,ij‘x‘

|X| .‘/—:1/2




Measuring at g = O: phase shifts in atomic systems

(also atomic clocks)
R.Alonso, DB and P. Wolf

AtOmiC (:O-I"I"\agnet()meteI"S>X< 1810.00889 & 1810.01632

N .. ~ 1022 - - Du et al. 2205.13546
at H. i = —y B -\ Block et al 1907.03767
Dror et al 2210.0648|

Terrano et al 2106.09210

P(t)) = e [1(0)) 1/2 = Hing + V112

mMpM < M atom

ot X Vii)o
B o scattering amplitudes at g = 0
27N~ [ =, =
w5v5=v<3 I : (f(O)l—f(0)2)>
My 7Y

* axions are other DM candidates generating anomalous B. Also extra source of decoherence.Ask me!
[Du, Murgui, Pardo, Wang, Zurek, 2023]



