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Why QS? |



Quantum technologies everywhere...

Quantum effort worldwide

European Quantum Flagship
Denmark 1b € =%1.1b
DKK2.7b = $406m

Germany
3b € = $3.3b

Sweden '
China
SEK1.6b = $1‘60m $15b

. —0
Finland South Korea

United Kingdom

. £35b=843b e 24m € = $27m W3.05T = $2.35b
e 3 -
. . - Russia
Canada an s P100b = $1.45b
CA$1.41b = $1.1b PraN | -

( Japan
t ¥80b = $700m
: Taiwan

’ NT$8b = $282m

*.Spain

40m € = $67m‘?
rance
1.8b € =$2.2b

Switzerland
CHF10m = $11m
[ —

Global
Quantum
Efforts
$38.6b

(estimate) Austria
2107m € = $127m)

% , Philippines

.,__P860m = $17.2m
® Singapore

S$185m = $138m

Australia
AUS$23Tm = $155m

Qatar
$10m

US National Quantum

Hungary
Initiative $3.75b

HUF3.5b = $11m
@

3 Thailand ¥

: Israel B200m = $6m
ggzrtnthégfno | m 1.2b = $390m

@QURECA Ltd. 2023, all rights reserved

https://thequantuminsider.com/ https://www.qureca.com/quantume-initiatives-worldwide/



Quantum technologies everywhere...

—_— N
Denmark

O QURECA i .

WE SPEAK QUANTUM France _ India _ Russia
18 B EUR = USD 207 B 60 B INR = USD 720 M 150 B RUB = USD 183 B

Finland

2742 M El’“i,‘ﬁ?@fﬁ M 3 ‘

EWGWMMT‘ >
- I | :

‘
‘%.;&w
|
.’al%;
ljl
» 67

South Africa N
196 M ZAR = USD 10.7 M

107 M EUR USD 123 M

| Hungary
7B HUF =USD 20 M

South Korea
30579 BKRW =USD 214 B

Philippines
868 M PHP = USD 15.6 M

Global effort 2025
USD 56.7 B
(Estimate)

New Zealand
48.75 M NZD = USD 29 M

https://www.qureca.com/quantume-initiatives-worldwide/



https://quantum.cern/

Q)

Quantum computing
and algorithms

QUANTUM
TECHNOLOGY

INITIATIVE Quantum theory and

simulation

Feebly Interacting Particles Physics Centre
Accelerator Complex Capabilities

Forwar d Physics Facility
Beam Dump Facility

Gamma Factory

"NY\/ BSM Physics Working Group
“Colliders

LHC fixed target

QCD Physics Group Conventional Beams

Technology

https://quantum.fnal.gov/

Quantum computing
applications and simulations

Quantum sensing
Quantum communication

Electronics and controls for
quantum

Quantum Science Center [

® QUANTUM
TECHNOLOGIES

NQTP

pog QSNET S AI@ % QSIMFP

https://www.jpl.nasa.gov/go/funpag

Quantum sensing,
metrology and
materials

Quantum sensing for particle physics

Steven D. Bass (Jagiellonian U.), Michael Doser (CERN)

e-Print: 2305.11518 [quant-ph]
Quantum

communication and
networks

e https://indico.cern.ch/event/999818/

Jal
ECFA e

European Committee for reelerate

s

IE=l Charged particle Electric Dipole Moment (cpEDM) measurement

=
ONVENTIONAL
BEAMS

https://phystev.cnrs.fr/

Quantum Sensing for High Energy Physics
Zeeshan Ahmed (SLAC) ef al.. Mar 29, 2018. 38 pp.
FERMILAB-CONF-18-092-AD-AE-DI-PPD-T-TD
Conference: C17-12-12

e-Print: arXiv:1803.11306 [hep-ex] | PDF




https://quantum.cern/
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~“Colliders

QCD Physics Group
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] Quantum sensing,
Quantum computing metrology and

and algorithms materials

Quantum sensing for particle physics

yteven D. Bass (Jagiellonian U.), Michael Doser (CERN)

e-Print: 2305.11518 [quant-ph]

Quantum theory and Quantum
simulation communication and

networks

e https://indico.cern.ch/event/999818/

Accelerator Complex Capabilities
5 - S TEERY '
Beam Dump Facilit — -
P ~ ECFA ilun

_ : =
- turopean Committee for FCRIeTa Lo

=
Conventional Beams ONVENTIONAL
BEAMS

BSM Physics Working Group

ii=3 Charged particle Electric Dipole Moment (cpEDM) measurement
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Quantum computing
opplicationcandoimulations o antum Sensing for High Energy Physics
Quantum sensing eshan Ahmed (SLAC) et al.. Mar 29, 2018. 38 pp.
=ZRMILAB-CONF-18-092-AD-AE-DI-PPD-T-TD
| Conference: C17-12-12
It  c-Print: arXiv:1803.11306 [hep-ex] | PDF

quantum

Quantum communication

Quantum Science Center [

https://www.jpl.nasa.gov/go/funpag



Why Quantum Sensing for HEP: Il

. System — H,

- Noise — H_




Why Quantum Sensing for HEP: Il

"7+, In the real world there are also
+- . fundamental backgrounds - Noise — 11,

[dtHsig ~ ﬂU.X . Signal — H_.

There are no thresholds: the larger the flux the better!



Why Quantum Sensing for HEP: Il

%L In the real world there are also
- fundamental backgrounds - Noise — /1,

dtHsig ~ ﬂUX . Signal — H._.

Several other techniques have a
minimum momentum transfer

Ill 1 1 ll]llll 1 | 1] llllll 1 T FEI R AA
1 10 100 1000
WIMP mass (GeV/c?)

)

tion (pb

o =) )
WIMP-nucleon cross-sec



Measuring at g = O: phase shifts in atomic systems

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

Ramsey sequence

=) {H = as) R =[AasT) IR

W W
@ e—ideH(T) P2

Du et al. 2205.13546

Py = cos[AwT/2]° with Aw=w— (Ey— E})

EE\ OPy =0 " wnax = AE

Aw

We want : long coherence, small noise.



Measuring at g = 0: phase shifts in atomic systems

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

Ramsey sequence
Du et al. 2205.13546

=) I Eas) R =[AasT) A
W W
@ e—ideH(T) P
@ Py
tl € T ¢ tl T

Py = cos[AwT/2]° with Aw=w— (Ey— E})

\ 8P2 = * Wmax — AFE

Aw

Standard quantum limit may be important
[, N] = i APAN > 1/2

We want : long coherence, small noise.*
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Quantum noise vs classical measurements

To understand sensitivity, need to know about noise

Consider a simple harmonic oscillator:

() = x(0)cos @) + P2 sin@n)

mgl

Autocorrelation

G (1) = (x(O)x(0))cos(@r) + OO G an

mg2
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Quantum noise vs classical measurements

To understand sensitivity, need to know about noise

Consider a simple harmonic oscillator:

() = x(0)cos @) + P2 sin@n)

mgl

Autocorrelation
Classically zero

G, (1) = (x(0)x(0))cos(L2r) M sin(€27)

mg2
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Quantum noise vs classical measurements

To understand sensitivity, need to know about noise

Consider a simple harmonic oscillator:

() = x(0)cos @) + P2 sin@n)

mgl

Autocorrelation

G (1) = (x(O)x(0))cos(@r) + OO G an

mgl

OM [X,p] = ih AxAp > h/2
Independently of the state
This source of noise is called back-action



Quantum noise is already around

Even in a measurement with zero inserted photons, QM imposes a minimal noise level

Measured reference total noise
] = = Model of reference quantum noise
’\ Inferred classical noise
2x10723 - *\ Measured squeezed total noise

‘1_: ) ¢ | Inferred squeezed quantum nois.e
Standard Quantum Limit (SQL) ?, & '\S/Itaidlar:i (guantuncwi EimittthL(Q)
. . S 10 3 dB below hsql ()
usually defined as regime where QM : % ] MM//)
shot noise and back-action noise are g - ‘ BB il
. c e 2 5x107% 1 - 4
simultaneously minimised VS T e S T e ’ e
£ : i .’,,«"“
.g . seo®
Z 2x107%4 1 '\,:— ,-Q'M'Sha't‘nd ig
‘N,
~.
~.
1024 L N, | ' | | | 1
20 100 200 500 1000
Frequency [Hz]

LIGO coll. (Science, 2024)
How to beat it? Squeezing or phase-space displacement

Coherent vacuum Squeezed vacuum Vacuum state Coherent state
(6X, = 6X3) (6X5q < 1/2) A X X
X2 4 XZ A
x

. . .
X, #v - -




Measuring at g = O: phase shifts in atomic systems

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

Ramsey sequence

n=lad) ] W=lad) 2 =[agt) AR
4 s |

tl T tl
Py = cos[AwT/2]° with Aw=w— (Ey— E})

\ 8P2 = * Wmax = AFE

Aw




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
Du et al. 2205.13546

1) = ‘At§> ‘

N\
N\

X s X

a
& & @
At At




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

\ 1) = |At) ) /\/\/L

Du et al. 2205.13546

X N ,/'/X
Xa &R -
At At f _ A T . 2
MM << Matom scatter% amplitude at g = 0
TNV 1 ~ = .
Py = cos|AwT/2]* + —2——Re[f1(0) — f2(0)] sin[AwT]
Px QM allows us to measure g = 0

|
oOP, = () * Winax = AE 4 6pum and move to low DM masses!



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
Du et al. 2205.13546

| | ALF _ | AL FH1 '
y=(ad) [ W=l p=(adT) R
X \\\ ,'/X Py G B AR ()
Xa &R .
04
QA@ PO A s OB T P,
At At tl , , tl
MM <€ Masorm scatter%amphtude atg=0 ~«
TN U 1 _ = .
Py = cos|Aw T /2]* + —2"—Re[f1(0) — f2(0)] sin[AwT]
Px QM allows us to measure g = 0
|
P, = ( * Wine = AE + 6 and move to low DM masses!
Scalability is an issue: Also extra source of decoherence. Better use density matrices
APAN > 1/2 [Riedel, Yavin, 2016] [Du, Murgui, Pardo, Wang, Zurek, 20: .

1 i - 2
] [Badurina, Murgui, Plestid, 2024] p=1( i ye y~Qa
N ~ 10 1



One example: complex scalar DM
Alonso, DB,Wolf 1810.00889

nucleons DM
Lint = —G /de (fw*”%n) (ix‘y@ X + h.c ) 5 -
1n n Iy e | S "3
n - vx

dark matter halo

previous bounds
(astrophysics)

bulge
Sun disk

—————— O 10-10
Milky Way atomic :

AN

co-magnetometers

10~21 10-18 10~ 19 10~ 12 10~9 10~6
m, (eV)



One example: complex scalar DM
Alonso, DB,Wolf 1810.00889

nucleons DM
3 *u T*
. — — ) Y _}
Ling = —G,, | d°z (ny"y5n) (ZX O, X + h.c.) _ <
T X
CT‘ _________________________________ —
dark matter halo % : 0_7 \
. &) | previous bounds
Sun S : ~ L .
— — ik 5 4-10 (astrophysics)
Milky Way tomic | \
ocks 10-13
| cOo-magnetometers
10—16
10—19
1021 o 1018 o 1015 o 1012 o 1079 o 10~
m, (eV)

for cosmic neutrinos see Alonso, DB, Wolf 1810.00889
Bauer & Shergold 2207.12413



Fundamental signals of ‘high’ flux

_a< Neutrinos (Standard Model + new physics portal) TN

_—
e s WP
~ O % : :
Ry / Produced In nuclear reactions
" *  (inside stars/ early Universe)

Gravitational waves (SM + new physics portal)

,} 2. 208 Distortions of gravitational field
Universally produced by all energetic events

F

Dark matter & Dark Energy(BSM)

7
/

N

e
- o

o i
Tece
¢
/
g

Permeates the Universe, in particular the laboratory.
Doesn't emit light, but interacts with matter

{

N
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Dark matter candidates beyond WIMP

Mass and particle vs macroscopic nature

are the most universal ones

10~%%eV eV GeV  101ev Mpr 10M
“Ultralight” DM “Light”’ DM WIMPs Composite DM PBH, MACHOs
e.g. Axions Sterile Neutrinos A

‘< > Freeze-in

4

oS g © Clara Murgui



Mass and particle

—22
107 *%eV eV GeV  10Tev M
i+
“Ultralight” DM “Light”’DM  WIMPs  Comp

Most relevant different for laboratory searches: high occupancy per state

100 kpc M,, eV

1/3
- . - ~1/3 ~1/3 ~19 'gal 10°Mg m
o typical distance between particles d~n="" ~ (Mg /(mVyg,))~" ~ 107 pc
g

: . : : =22
o typical size of particle wavepacket in the halo L2 1 ppax ~ 1/ (myeg.) = 190 Y eV pc
| p(x)) = ﬁﬂv $(p) | p) C o~ n "

particles overlap for  d S L



Mass and particle

107%%eV eV GeV  10Tev M

e “Ultralight” DM “Light”’ DM WIMPs Comp
For minimum

mass, see extra slide
Most relevant different for laboratory seatches: high occupancy per state

1/3
O t pca‘ d.St b t I l t ‘e d = n_1/3 ~/ /(m‘/ ))_1/3 ~ 10_19 pC rgal 1 7 O

: . : : —22
o typical size of particle wavepacket in the halo L2 Nppax ~ 1/ (mve.) = 190 ( 5 eV)pC
. ~Y max cSC m
| p(x)) = Jdpcﬁ(p)lp)

For the Milky Way thisism ~ 1 eV

particles overlap for dS L .
(necessarily boson)




Mass and particle

GeV  10T1ev M

“Ultralight” DM ‘“ ” DM WIMPs Comp

. igl
For minimum

mass, see exire
Most relevan

slide
laboratory seatches: high occupancy per state

100 kpc M,,, eV

1/3
: . , B N B Foal 109M m
o typical distance between particles d ~ n~ NM .y /(mVy )™ ~ 1071 pe—— ( © )
g

: . : : —22
o typical size of particle wavepacket in the halo L2 Nppax ~ 1/ (mve.) = 190 ( 5 eV)pC
- . ~Y max cSC m
| p(x)) = Jdpcﬁ(p)lp)

For the Milky Way thisism ~ 1 eV

particles overlap for dS L .
(necessarily boson)




When particles overlap in phase space, they start behaving collectively.

* https://arxiv.org/abs/2408.04696
(¢DM) = @\ Starts behaving as classical field satisfying classical equations of motion

-8l (as happens for quantum optics)

* ¢k ~ e 1(wt—kx)

& =11087 - m@| = (O+m )y =0

(with suppressed fluctuations) Non-relativistic
wy ~ m(1 +v?/2)
Vinax - -
» o J dvf(V) e e el + ¢ . c. k, = my
0

: : : . . 3/2 3
distribution of waves interacting F(v) = L (27}02) / e 2% 0% < Ugse
gravitationally in a virtualized halo :




(t)/Ppm

2.5F
2.0F
15
1.0

0.5
0.0
0.5

Detecting ultralight dark matter

Vimax _ 32

Vinax 32
2 . 2 o —>.—> ._) . _2 . 2 o —>.—> ._)
¢ X J' d3V€ 203 elm(1+v /2)te imv-x ,if; +c.C. X elmtj d3V€ 203 oMy /2te lmvxezfv +c.c.

0 0
VI\VI\VI\VI\VI\VI\VI\VI\VI\V el common part of oscillation
o~ Um~—2 €Y adds dispersion after

| m 10° (107 . [ 107%%V
0 T. ~— Nl()yl‘ > 1.
SEITR. A m o4 m
1 2 3 4 5 6

. space independent at
‘ . ‘ . 10=%%eV 1073
So, at ‘short’ times and ‘small’ distances d S Ay ~ ——————kpe

¢ = ¢pycos(mt + my - X + @)

For this field, its energy density is

L Y 2 42 2 412 Y m’ y
()= 5(( 8>+ @ + m*p? )), = m* @i (cos(mt + @), = =45



GWs (essentials)

Perturbations of space-time
travelling as waves of frequency f

Characterised by 2 polarizations h, , (dimensionless)

c=1

hy x ~ hgcos (2mf(t — 2)

‘?-..-—-?’

GWs carry energy. They have energy density
GWs couple to ANYTHING in your lab!




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



Searching for fundamental backgrounds W|th QS

_l \v't

How do these backgrounds aftect preC|S|on measur‘e;;{};'}eﬂts

Hamiltonian

DM, GW, neutrino + lab dofs

Theory-space

1 ~
—— oyl T

4 1
DI\/I/ Iigght §€F//WF”V

.System — H|,

gjitA, /matter

hhu,/T‘“/ c e .
GWs—

e.g. light coupled to eIec%
ZEeVMIDeA” 7-A,S. B state of the background?

p

*Response — A, ~ Tyet - Hpsm




Searching for fundamental backgrounds Wlth QT

%?gf;jeﬂts

How do these backgrounds aftect preC|S|0n mea»su:,;f

Part ll: three (biased) examples

i) DM & cosmic neutrinos w/ atomic clocks and co-magnetometers
(see before)




Searching for fundamental backgrounds Wlth QT

.......

How do these backgrounds aftect premsmn measur‘e};{?;';eﬂts

Part ll: three (biased) examples

_‘€>

g)



Long-baseline atomic interferometers

3asic concept:
atoms In free ta

with two possible s

ates

Height

[¥(2)) ~ lg)

(A)

() ~ L (lg) + e~ [e))

[0(1) ~ L5 (le) + e |g))

/’—

Dimopoulos et al 0712.1250
0806.2125
Arvanitaki et al 1606.04541

he phase difference

of the two states
arranged to be

¢ xwal/c



Laser ~

Vacuum
tube

Magnetic
sheild

Atom
source

Atom
source

Optimized with more than one Al

LTV CLR TR TERAYERTERNT
.l.' 'Iul.lv":l.].' llnl.l.' ninl.‘ | nl.l.‘ llul.l ! :I.l.

GWs (h) change distances

oL ~ hL

|

¢ xwal/c

\4

DM (¢pj3) May change
the “energy” levels

é’Wa ™ gcwa¢DM

Dimopoulos et al 0712.1250
0806.2125
e.g. Badurina et al 2108.02468

10-150
10-16
10-17L
10-18
10~19
1020
1021
1022 |
10-23

107
10°° 10° 104103102 01 1 10 102 10® 10*

fIHz] Abe et al 2104.02835

Characteristic Strain

MICROSCOPE

\/47TGN Ody, Meee
18 16 | 14 | 212 | 210
logqo[my/eV]




Current status

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, J[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*?

Current search for vertical shatts with right conditions (Canfranc (Spain)?) talk to me!

M G Beker et al 2012 J. Phys Conf. Ser. 363 012004

e iAn & - b [ Raly-VirgoOm ~— | .| ARSTRRR R L 1 L1t e
Q¢%nfranc Estacion ( 1070 | Netherlands 10 M — ===t R 4N
, P . - Sardinia 185/m — [+ ACNEE A

- , " o1 | Hungary 400 m — a1/ oy

Spaln 80[0 m — _ -
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Join us!

https://indico.cern.ch/event/1599454/

lerrestrial Very-Long-Baseline Atom Interferometry

February 2-4, 2026 > Canfranc

—

Local Organisation Committee:

Diego Blas, Institut de Fisica de Altes Energies (IFAE), Spain

David Cerdefio, Instituto de Fisica Teorica (IFT), Spain

David Keitel, Universitat de les llles Balears (UIB), Spain
Yolanda Labarta, Laboratorio Subterraneo de Canfranc (LSC), Spain

Elias Lopez Asamar, Universidad Autonoma de Madrid (UAM), Spain

Maria Moreno Llacer, Instituto de Fisica Corpuscular (IFIC), Spain
Carlos Pefa Garay, Laboratorio Subterraneo de Canfranc (LSC), Spain




A more recent proposal: Trapped ions

States evolving in the presence of a vector potential pick up a phase
P = J)dl - A

Counter-propagation of entangled spin & position state
means relative phase of ¢, — ¢, measurable

" ds dS  y,NAk

A¢:2J——an
0 dt dt Mion

Morally equivalent to a motional magnetic moment

m,
po~ pgyyNAKk
M;ion




A more recent proposal: Trapped ions

hep-ph/2507.17825
L. Badurina, DB, J. Ellis, S. Ellis

|| ——  Benchmark 5 2 | —— Benchmark Astrophysics

F| —— Future - ey || —— Future

Entangling multiple ions increases sensitivity* linearly in V;



Searching for fundamental backgrounds Wlth QT

How do these backgrounds aftect premsmn mea,sur‘e}}_’f;‘tieﬂts

Part ll: three (biased) examples

|TE/I\/Imnp>

=



GWs soundscape today
PTA

LVK BAW
Holom

Chou et al.
Phys. Rev. D 95,

Clarke et al. JCAP 10 (2020) 002 | . ?263?70)2

10—17

2 2
e T
A e L e \ & = ‘
= Y i e Z
N . S 473) )9 wpcee
\ 7.:)\:» — 5 8 i /l'l"w o
SR —t 1 4 \ nseee
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1 O 27 LVK PRD 104, 022004 (202

Goryachey, et al
PRL 127,071102

N
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GWs soundscape ca. 2040

CMB "N\ FIRAS = PTA LVK

MIND THE GAP

1 O Merging stellar-mass black holes

in other galaxies

10—27
-20 -15 -10 -5 o
1072 107" 10 10 1 10° f1Hz



Carney et al. 2308.12988

Where are gravitons hiding”?

1071 = ) NN
| |:
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10=1 3 N8
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h.

Inflation model full spectrum

Ringwald Tamarit 22

1'!1 IIIIII1 Illllll1 IIIIII1 l"q lllllll1 Illlll1 |mq—v|||m1 llllll:

10—14

10" 19F.

10724

10_29 ultimate DECIG

1 0—34

10739

109 10'" 10" 10" 10'7 10'°

102 107" 10" 10° 10° 10/

f [Hz]

Sources of UHFGW: where to aim °

GWs from PBHs of DM

Franciolini et al 2205.02153
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h.

Inflation model full spectrum

Ringwald Tamarit 22
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All transient sources

from Tsukada et al,20 Fa = EZ Ba = Eqt)
(M, Jfl
Superradiance Instablhty Phase Gravitational Wa:/; Emission Phase
o (Ba (Thpe) (My ) oyt (/M) (10
- 0.1 D 1M, (07) t ~ 10°yrs x (MHz/w,)”

_ Ipc My, /3 wg \?/3
- BBH merger ho ~ 10 29 (3) (10—11]\4@) (1GHZ)

Franciolini et al 2205.02153 _a 10° 10_11M@ 5/3 1GHz 8/3
Ty 10 S|| ——
Q Mb wg

100Mpc>

~ NS/NS mergers

Casalderrey et al. 2210.03171

MHz

d

hePs ~ 2.1 x 107 f(
At~L~17x10"% ms

b 0.01 | 31n 2
108AU) (T) (e=1) e+ 35(1 +e)e

- Hyperbolic encounters of PBH .

Garcia Bellido & S. Nesseris 1706.0211 1




Energy spectrum of grav. waves h*Qgw
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Energy spectrum of grav. waves h*Qgw
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Compare with LISA
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mode mixing when boundaries move
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modify clocks at different locations




Ex1. GWs interact with light

I
Ho o A”[é)y (§hFW + hYFOH — thWI

4

N\
.. .. :

High Q cavities seem in strong B, seem a good ideal

Y LU Berlin, DB et al 21 12.11465
0,F"" =jiao=(-V-P, VxM+ 9,P)

Power < 1.9 X 107%° W



—22 . e . . . .
Pixion = 1.9 x 10 W Projected Sensitivities of Axion Experiments Berlin, DB et al arXiv:2112.11465

wg/2m € [0.65,1.02] GHz

Q~8x10% Byp=75T
ADMX cav = 136 L, Tuys ~ 0.6 K

wg/2m € [5.6,5.8] GHz

HAYSTAC |Q~3x10% Bo=9T

Veav = 2 L, Tsys ~ 0.13 K

wg/2m € [1.6,1.65] GHz

Q~4x10% Byp=73T
CAPP Veav = 3.47 L, Tsys ~ 1.2 K

wg/2m = 26.531 GHz
Q~13x10% Bo=7T

narrow band!

g wg/2m € [1,2] GHz
~YJ 6 —_
SQMS pazams T/
1074 1073 10722 10~ 10~ 1074
. y Strain Sensitivity hg

ho = 3 X 10_22 X (1 GHZ>3/2 (E> (g 0.1 m? °/8 10° 1/2 Tsys 1/2 Av 1/4 1 min 1/4
0% Wy /2m M ) \ Bo )\ Veav Q 1 K 10 kHz Lint



Ex2. GWs exciting solids

a solid affected by a external source (e.qg. x direction)
0“u ., 0%u
o <5’t2 g 8x2> — )
1

dm(z + u(z, 1) AF; = - hy; x’dm

searched for many years (Weber bars)

One can use any
mechanical resonator
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LIGO lesson for prospects

A very exploratory field...
we still need to deeply think what’s better for the future

Rainer Weiss, ca. 1972 LIGO concept
Weiss 1972

(V. GRAVITATION RESEARCH)

Rainer Weiss &

{/’_—j\ \‘\ HORIZONTAL
N LIGO,2017
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GravNet A Global Network for the Searchior \' _. Claudio Gatti (INFN

High Frequency Gravitational WWaves |
New eyes to explore ' e 1o (FAC
Matthias Schott (Bonn

the dark universe

)
)
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Dmitry Budker (Mainz




GravNet project (ERC funded)

Further enhance sensitivity by combining
HFGW detectors

Initial sites: Bonn, Mainz, Frascati, PSI

GravNet



Further enhance sensitivity by combining
HFGW detectors

Initial sites: Bonn, Mainz, Frascati, PSI

GPS based data-acquisition scheme
Experience from GNOME Network

Nine small resonant cavities (5-9 GHz)
operation of three cavities in one magnet

One large resonant cavity (100 MHz)

GravNet




GravNet
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E M CO u pl i n g — ‘ | Direct Limits ~ GravNet Sensitivity
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(GravNet collaboration

Since March 2025:

We extend the project to a global collaboration

GWSs generate peculiar signals in all detectors

» (Generate a global network of detectors getting as many sites/expertise/
techniques as possible

Challenges to combine data

Common data taking campaigns to start in 2026

MoU ready, first global activities happening, first formalities about to happen

» Talk to us! (There are not entry requirements beyond having a device/

theoretical expertise/sensing/network... etc expertise)
GravNet



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 = Hy + Hiut
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!
* Playing with entanglement, squeezing, g network, etc still at its infancy.



Quantum Device

NMR sensors

ADP, MKIDs
SNSPDs

Atom interferometers

*a

Atomic clocks Squeezing
X,

Mird, 1937. “Help Spain”
poster calling for
iInternational help to support
the democratic republic

in the Spanish Civil war.




Quantum Device

NMR sensors

ADP, MKIDs
SNSPDs

Atom interferometers

And more...

Atomic clocks Squeezing
X,

 Mir6, 1937. “Help Spain”

poster calling for
iInternational help to support
the democratic republic

in the Spanish Civil war.



Very recent references!

Challenges and Opportunities of Gravitational Wave Searches above 10 kHz #1

Nancy Aggarwal (Northwestern U.), Odylio D. Aguiar (Sao Jose, INPE), Diego Blas (Barcelona, IFAE and
ICREA, Barcelona), Andreas Bauswein (Darmstadt, GSl), Giancarlo Cella (INFN, Pisa) et al. (Jan 20, 2025)

e-Print: 2501.11723 [gr-qc]

Terrestrial Very-Long-Baseline Atom Interferometry: Summary of the Second #2
Workshop

Adam Abdalla (Darmstadt, Tech. Hochsch.), Mahiro Abe (Stanford U., Phys. Dept.), Sven Abend (Leibniz U.,
Hannover), Mouine Abidi (Leibniz U., Hannover), Monika Aidelsburger (Munich, Max Planck Inst.
Quantenopt. and Munich U. and Munich U., ASC and MCQST, Munich) et al. (Dec 19, 2024)

Proceedings of: TVLBAI 2024 - e-Print: 2412.14960 [hep-ex]



