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[ 3) Atomic clocks for light new bosons }

[ 4) High-frequency GWs with optical photons ]

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)



Quantum Sensors

Degen, Reinhard, Cappallaro 16

3

[i) Discrete, resolvable energy levels, typically 2-level system }ll)

E:h(l)o

ii) possible to initialize quantum system in known state
& read it out 10)

[iii) quantum system can be coherently manipulated ]
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Quantum Sensors

Degen, Reinhard, Cappallaro ’16|

[i) Discrete, resolvable energy levels, typically 2-level system }ll) :

i) possible to initialize quantum system in known state E = hwg
& read it out 10)
iii) quantum system can be coherently manipulated 1) ——
(. : : : h [
iv) interaction with external field
~> energy shift or transition between levels J10)

I e.g.: atoms, ions, Rydberg states, superconducting circuits, cavities, clocks, interferometers, ... ‘,
| &entanglement/squeezing » well suited for light DM/NP, GWs, also for HEP detectors |
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Squeezing: €.g. in axion searches

axion-photon coupling 107
a Gary v 10_7
1078

]}
1
—_
<

=)

CROWS

ABRA
10 cm

JITS XWav

ALPS-I
OSQAR

e Solar v

Globular clusters

golar basin

=
o
]
+
c
=
b

Ciaran O'Hare

O 9 % 1 6 5 _ PR - Q Zz > o o J
1073073070710 0 107 4010 00 e A8 A0 AF 407 48 48 A8 14O

Light Dark World, 19/09/2023

fiq [eV] https://cajohare.github.io/AxionLimits/

Elina Fuchs (LUHannover | PTB) 6


https://cajohare.github.io/AxionLimits/

Squeezing: €.g. in axion searches

axion-photon coupling 10°° |
I 107 CROWS.  labpsily : Squeezing

__________ 108 ?[_1]353 OSQAR 1 H AY STAC
cast | >olarv ' [Nature]

SHAFT
DSNALP

]}
1
—_
N
=)

Mrkia21

ermi-S
Do -
_ idra s
> 10 11 £ Fermi o
>
it
Chan

uordLIy
> duonesinof

10717
10-18 Ciaran O'Hare

1019
0 .9 % 1 6 .5 & > 1 A 0 o 5 0 Al
10730720707 107107 107074070 40 407 A0 A0 AT A0 40 A8 4d 40

Haystac goes below
Standard Quantum Limit Ma [eV] https://cajohare.github.io/AxionLimits/

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 7


https://cajohare.github.io/AxionLimits/

The virtue of frequency measurements

Arthur Schawlow, 2

Nobel Prize in physics 1981
for the co-development of
the laser

‘Never measur
nything but
equency!”

N

Goal: Turn precise frequency measurements
into a tool for particle physics
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Atomic clocks as Quantum Sensor
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Atomic clocks as Quantum Sensor
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Atomic clocks as Quantum Sensor
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Figure: M. Safronova
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Atomic clocks as Quantum Sensor
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Evolution of clock precision
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Al* clock: S-P with
9.4 x10"® precision
Brewer et al PRL'T9
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https://indico.cern.ch/event/1190278/contributions/5091052/attachments/2539199/4370804/20221101-QT4HEP-Schmidt.pdf
https://indico.cern.ch/event/1190278/timetable/#20221101.detailed
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.033201
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Al* clock: S-P with
9.4 x10"® precision
Brewer et al PRL'T9

Sr lattice clock with
700,000 atoms:

7.6 x10?"precision
Bothwell et al Nature '22
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What does 10-'® mean?

See talk by P. Schmidt at QT4HEP 2022

f .Al+

]( .Yb

= 2.162887127516663703(13) fransitions

~N

Frequency ratio of 2 precisely measured

BACON collaboration, Nature 591, 564 (2021)
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Outline

[ 3) Atomic clocks for light new bosons
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Light scalar in atomic spectrum?

* Motivation: search for light new
boson @ that couples to electrons and

neutrons

* O perturbs electron levels » only tiny
frequency change
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Light scalar in atomic spectrum?

* Motivation: search for light new
boson @ that couples to electrons or
the nucleus

* O perturbs electron levels » only tiny
frequency change

Can this change the rate of clocks?
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Variation of fundamental constants

Scalar ultralight DM Qb Antypas et al, Snowmass 2203.14915

i de Fy FH _ dg P3G, G

Eﬂ]nt = KO { [ M4 — drnemewewe} — J 205 + Z mf + ')/m mqwqwq:| }
) q=u,d,s

> induces oscillations of couplings and fermion masses:

o(t) ~ ¢pcos(myt)

(87
a— o ~a(l+gv¢), my — my+ gypd
Y
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https://arxiv.org/pdf/2203.14915.pdf

Ultralight scalar DM-photon coupling

d, f(Hz)  Antypas et al, Snowmass 2203.14915
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Light scalar in atomic spectrum?

* Motivation: search for light new
boson @ that couples to electrons and

neutrons

* O perturbs electron levels » only tiny
frequency change
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Light scalar in atomic spectrum?

* Motivation: search for light new VNP — %fy: e MeT
boson @ that couples to electrons and n
neutrons

* O perturbs electron levels » only tiny
frequency change
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Challenge of theory-exp comparison

* Motivation: search for light new VNP — Yeln e MeT

boson @ that couples to electrons and Amr
neutrons

* O perturbs electron levels » only tiny
frequency change

* Challenge: theory, nuclear
uncertainties >> uncertainties of
frequency measurements

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 24



Data-driven atomic search for light scalar

* Motivation: search for light new
boson @ that couples to electrons and
neutrons

* O perturbs electron levels » only tiny
frequency change

* Challenge: theory, nuclear
uncertainties >> uncertainties of
frequency measurements

* Our method: Measure 2 transitions, 3
isotope pairs very precisely

Berengut, Budker, Delaunay,
Flambaum, Frugiuele, EF, Grojean,
Harnik, Ozeri, Perez, Soreq;

PRL 120 (2018) 091801
e Solaro, Meyer, Fisher, Berengut, EF,
Drewsen; PRL 125, 123003 (2020)
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King plot of Isotope Shifts

------------------------------------------------------------------------

Mass shift (MS)  Field shift (FS)

2
i =y -y = Kipaa + Fio(rt) aa
. electronic Poorly known
! @ @ nuclear nuclear charge
\ radius

-----------------------------------------------------------------------
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King plot of Isotope Shifts

------------------------------------------------------------------------

N

Mass shift (MS)  Field shift (FS) Y  100————p——
AA _ A A 2 § o el
V; =V, —V; —Ki}j,AA!-FF@é(T >AA’ E 5-1975-
A Al electronic Poorly known E i\l 1980} W
@l:{)@ Auclear nuclear charge i . " '
rad|US I;E 19851 19791y | 2088 092 |
,-------------------E.i.1.’.2.)/. _________________________________________ g -1990 o Te
2" transition to eliminate charge radius [King '63] " § e
. . . . 1995 3%0 360 3&0 31:1() 3‘I)0 4(I)0 4i0 420
Linear King relation (at leading order): 397nm 111/ (GHz amu)

[Gebert, Wan, Wolf, Angstmann, Berengut,
Schmidt; PRL 115, 053003 (2015)]

mvy = Foymuy + Ko

cecccccccccaca=

-------------------------------------------------------------------------
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King plot of Isotope Shifts

----------------------------------------------------------------------
L d ~

N
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mvy = Fyymin + Ko [ENBHSRINES

-------------------------------------------------------------------------

cecccccccccaca=
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King plot of Isotope Shifts
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[check if 3 points (= 3 isotope pairs) on straight line ]
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|Ye Ynl/(RC)

Ca* Isotope Shift Bounds on ®

Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq; PRL 2018

Solaro, Meyer, Fisher, Berengut, EF, Drewsen; PRL 2020

< Ca*King plot: D-fine splitting, 4 isotope pairs N

* Improvement of former Ca bound by factor 30

'Ca* P 100 kHz

ICa* 20 Hz

10711} | \

1071 ¢

10_17 [ AT L L Ll Ll Ll L
10 100 1000 10* 10° 10° 10

my [eVic?]
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Ca* Isotope Shift Bounds on ®

|Ye Ynl/(RC)

Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq; PRL 2018

Solaro, Meyer, Fisher, Berengut, EF, Drewsen; PRL 2020

< Ca*King plot: D-fine splitting, 4 isotope pairs N

* Improvement of former Ca bound by factor 30

* Realistic precision: 10 mHz

\_ Ca, Ba, Yb can probe untested parameter space Y,

10_11 I o o e e =2
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|Ye Ynl/(RC)

Ca* Isotope Shift Bounds on ®

Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq; PRL 2018

Solaro, Meyer, Fisher, Berengut, EF, Drewsen; PRL 2020
< Ca*King plot: D-fine splitting, 4 isotope pairs N
* Improvement of former Ca bound by factor 30
* Realistic precision: 10 mHz
Lot | \_ Ca, Ba, Yb can probe untested parameter space Y,
...................... ‘g‘
107 B A Particle model applications: B-L, dark photon, chameleon
Frugiuele, EF, Perez, Schlaffer 116
. ] few-electron systems:
10717 8 e

Delaunay, Frugiuele, EF, Soreq 17
10 100 1000 10* 10° 10°

10’
my [eV/c?]
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Nonlinearity in Yb* isotope shifts

[Counts, Hur, Craik, Jeon, Leung, Berengut, Geddes, Kawasaki, Jhe, Vuleti¢, PRL 125,123003 (2020) | '
+updates MIT 22, Mainz 22, PTB/Heidelberg/Hannover in prep.
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Nonlinearity in Yb*

isotope shifts

Y gi f,uﬂ. (Hz-u)

[Counts, Hur, Craik, Jeon, Leung, Berengut, Geddes, Kawasaki, Jhe, Vuleti¢, PRL 125,123003 (2020) | '

+updates MIT 22, Mainz 22, PTB/Heidelberg/Hannover in prep.
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f o Researchers observe what
L could be the first hints of
Q Share

dark bosons PHYS * .ORG

e Email

BSM or nuclear physics?

Strategy: consider predicted SM NL and constrain residual NL
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Generalized King plot

[Berengut, Delaunay, Geddes, Soreq 20]

Higher-orders included

N
L el

sum of higher-order SM terms
(without calculating them) 10-9

Yb*(Counts et al )

* replace unknowns by additional isotope shifts 012 W

* Number of clock transitions, isotopes and 1o~

higher-order terms has to match
10715

10—16

10—]7 1 I
10-2 107! 1 ot 102 108 104

my [keV]

Ytterbium IS
o[v]l=10mHz

globular cluster
1 |
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Global fit to all atomic data

anp

o [Delaunay, EF, Kirk, Mariotti, Robbiati; in progress]
Goal: For any #ttransitions,

isotope pairs and to
combine elements:
Global fit to all King plots

i‘“"'; Foo "S- Delaunay, Karr,Kitahara, Koelemeij,

6 l l ll L Yb 1Ba 1 1 Sr : " : Soreq, Zupan [PRL 2022]
? l% i L= Lot Lo Bounds from CODATA
10-'*‘—% } Jl H ﬂ- ﬂ- ll
108 4 I U * Different systematics

i l (nuclei...)

10_9_? l l : Overall
107203 l : :ﬁ ioivev * Compatible with same spectroscopy
o : L - LoF ey l* fit New Physics hypothesis? bound

-11—5 mg = e

2,(|3I(F' 3, hiMK

Light Dark World, 19/09/2023
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Highly Charged lons (HCI)

* Electrons removed » less multi-body effects
* QED effects amplified ~7*

‘ & * Systematic shifts reduced, Stark shifts ~7-¢
- high accuracy in traps

Figure: P. Schmidt * electrons more closely bound

- test shorter interaction range?

©@  Verysensitive to time-variation of fundamental constants  test ultralight DM
(V] Precise optical clock, e.g. Ar** (2 x10") [PTB&MPIK, King et al Nature 22|

o Precise isotope shift measurements possible  test light mediators

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 37



https://www.nature.com/articles/s41586-022-05245-4

HCI clock: New Physics bound

. 14+ PRELIMINARY
* PTR: Ca Po = P @1HZ [Berengut, Blaum, EF, Door,
Mariotti, Richter, Schmidt, vyp+ Daj» Ds,

Surzhykov, Viatkina, Wilzewski,
e Combined with Ca* S = Dsp @10 /20Hz 108

- Wehrheim et al, in preparation]

A. Wilzewski, M. Wehrheim, P. Schmidt et al [preliminary]

Knollmann et al PRA 19, Solaro, EF et al PRL 20

Ca" P 100 kHz

GCa*D 20 Hz

10 10

Ye¥nl/lic)

10 14

1 Lol 1 L1l 1 L1 1 I 1 RN 1 L1 1 1
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my IeV.-'c:EI
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HCI clock: New Physics bound

° PTB Ca'l4+ PO S P'I @1HZ PRELIMINARY

A. Wilzewski, M. Wehrheim, P. Schmidt et al [preliminary]

* Combined with Ca* S » Dsj, @10 /20Hz 105

Knollmann et al PRA 19, Solaro, EF et al PRL 20

Ca* P 100 kHz

NP sensitivity limited by isotope masses

c)

~:_ 1010 _Ca*DE(}Hz
> MPIK Heidelberg improving the precision :
~>trade isotope masses 3" frequency
- "no-mass King plot” oo
[ Isotope shifts about to test new parameter space ] 1000 000 ot e e
my |eV.-'c:2|
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Outline

Domcke, Kopp, EF, Bringmann 2304.10579, to appear (PRD Letter)

[ 4) High-frequency GWs with optical photons }

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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https://arxiv.org/pdf/2304.10579.pdf

GW sources and detectors

Quantum fluctuations in early universe

Y

A

Binary Supermassive Black
Holes in galactic nuclei

>

+

wn)
g Compact Binaries in our
= Galaxy & beyond
2 i >
A Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes P —
wave period 3¢ of
ve peri years hours sec ms

universe
e
| [ | .

log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 0 +2

Al P b
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers  interferometers
polarization

Detectors

Image: NASA
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https://science.gsfc.nasa.gov/663/research/index.html

Sensitivity to GW sources

Characteristic Strain
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Stochastic IPTA
background Image: gwplotter.com
SKA Moore, Cole, Berry '"14+updates
Massive binaries
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Sensitivity to GW sources

Characteristic Strain
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Atom Interferometers sensitive
to mid-frequency GWs

Image:
H. Banks

@ Ground
©® Exited

Beamsplitter Mirror

Recombination

Measure phase difference
between matter waves

GW modifies distance between 2 atom
interferometers > phase shift
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Pushing towards high frequencies

Characteristic Strain
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GW sources and detectors

Quantum fluctuations in early universe

Y

A

Binary Supermassive Black
Holes in galactic nuclei

wn
8 Compact Binaries in our f h h f
5 Galaxy & beyond sourcesitor |g - requency
(o) < >
wv Compact objects GWS eXpeCted?
captured by Rotating N,
Supermassive Black Supernovae
Holes . i
wave period 98¢ of
veger years hours  sec ms

universe
e
| [ | .

log(frequency) -16 -14 -12 -10 -8 -6 -4 -2 O +2
— s ) 3 : If yes, how can one detect them?
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers  interferometers
il Searches and proposals:

* Interferometers
* |evitated sensors
* Radio cavities

Detectors

Image: NASA
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Photon in gravitational field

f": Goal: compare frequency of photon
measured by Sand D
Free-falling observer moving with 4-
Xz .
21 velocity q,H measures at D
- K,V
Wy = —GuvpP U
propagation length L
< >
sowice S /,/ oletecker T
7 """""""""""""""""""" T >
Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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Photon in gravitational field

<> Goal: compare frequency of photon
measured by Sand D

>N
[4

Gravitational Wave: perturbs metric

p" = (wp,wo, 0,0) @ ~h (GW strain)

u = (1,0,0,0) +(6u” , )

Geodesic equation »...> master
formula for frequency change at O(h):

AD
—— d\ 0y [h{m +2h 1{}+h11] ot

2 Jo TE=T5r 0

- [511,D - 511,1} (Ap) — {Juﬂ — Jul} (As).
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Free-falling detectors —TT frame

* Sand D in free fall (move freely at least in direction of photon propagation)
> most convenient in transverse traceless (TT) gauge hiy =0, O'hiT =0, nIhET =0
where observers at rest remain at rest | |

,‘s
Vol

hTIT("EH) = h—l-s’tg? COS [wﬂ(:I:U — {'719331 — 319;'5'3) + {150:|

X2

. = Plane wave
.
Frequency shift by GW (in + polarization)
souce S|\ 17—) ‘dﬂ'ﬁﬂdoo‘j?

= h,Jrcfw{cos Yo — COS [wqu(l—cf)) + i,ou} };

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 48



Detection: 1) Sidebands

intensity

* tiny sidebands

 scale ° separated from carrier (original photon
wgy ~ GHz frequency) by GW frequency Wy
: = suppressed by the GW amplitude A2 ~10-4
> Advantage for high-frequency GWs
Still: tails from intense carrier line can
hide the sidebands
. sideband
{~(h ~ 10720)2
"IJ\(/) ~ THz frequency
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Detection: 1) Sidebands

intensity

* tiny sidebands

 scale » separated from carrier (original photon
wgy ~ GHz frequency) by GW frequency Wy
: = suppressed by the GW amplitude A2 ~10-4
> Advantage for high-frequency GWs
Still: tails from intense carrier line can
hide the sidebands
E sideband
! {~{h~10720) C—>| How to make the sidebands detectable?
‘*’3 ~ THz frequency

- Cavities, fiber Bragg grating, optical rectifier,...?
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Detection: 2) Optical clocks

Original setup:

M

\ me= = GW amplitude

Yy pFTy v

photon amplitude [a.u.]

1 | f 1l
B
IR
TR photon signal W/O GW signal

l

photon signal with GW signal

LI B . B e

|

|

_——
—

FFT [a.u.]

GW amplitude [a.u.]

o
-

no rectifier A "‘deb“"d =Wy -

(: .

25 50 ™

100

12

5

‘ time [a.u.] ‘

Phase modulation is averaged —
out during GW period

Light Dark World, 19/09/2023

150 175 200

wy = 0.09
wyl = 5.72958m
wy =1
Al =01
1
0.90 0.95 1.00 1.05 1.10

angular frequency w [A.U.]

Parameters chosen forillustration purposes only

Only sidebands, no net frequency shift of 7Y

Elina Fuchs (LUHannover | PTB)
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Detection: 2) Optical rectifier

|dea: block the photon propagation —> Shift does not average out
during half of the GW period

[
B

j shutter ‘

Photon net frequency shift detectable by Ramsey spectroscopy

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 52



Rectifier: small wL

photon amplitude [a.u.]

Passif gIn Yo = Siﬂwgt > () <5w’y> — hng/(zﬂ-) (@ — 7'(‘/2)

/Mi ll q:i m ‘F:’i ,mwli' ﬁ'l!i ‘Nil |n|ﬁ!l E @ptimal rectifier, wl < 1) i
iR i (1 | | |l s
’ “ 'l l‘!i ‘! | ‘!" L”:I |i!‘ II i I||lm'!l l!.‘ : li / = = wy = 0.09
i :Mi‘[ 5|}H' i l"‘!‘l i S B P-RCS P
|'!.;|Ii‘!|l i 1 :'||I|I“! A A= = R
| W |i| Il: qu wl .’I l v:! I ‘ﬁ! | /7 |= e - = L@ﬂ_)
0 25 50 75 100 125 150 175 200 0.90 0.95 1.00 1.05 1.10
time [a.u.] angular frequency w [A.U.]

Orange sideband: effect of shutter

Not only sideband, but also frequency shift of photon carrier line
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Sensitivity

Assumptions in the limits: ‘ Bringmann Domcke Fchs Kopp 2023

7T = 1s, L = 1m, w:?/?w = 2 x 10" Hz
Integration time optical

P = mW Laser power: need high #photons

transmission  Thermal noise

quzfiﬂn)__l5 conservative
— {(]_0 ].0 ),r —————— -

"

O "~ ,
S@O DMR L”".llll*lllllll |a|t|(:)|rT]!9|CIOCkS

S LLo/ holometer ,:
bulk accoustlc ‘wave dev

SQMS

gravitational wave amplitude h

10 104 103 1072 107 100 101 102

Promising approach over broad frequency range gravitational wave frequency f [GHz]
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Particle questions ~ Quantum sensing

N N

Baryon Dark Strong CP
Asymmetry Matter problem

PN

Electroweak
phase

@
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Particle questions ~ Quantum sensing

N

Baryon Dark Strong CP
Asymmetry Matter problem
/\Atomlc/ nuclear clocks]
EDM Reon T

[ Atomic clocks | [lnterferometers]

| Nuclear clock |
Hierarchy
problem

Electroweak
phase Neutrino

transition masses
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Summary: powerful atomic sensors

Well-motivated scenarios with light, feeble NP require novel searches

— Quantum sensors e.g. clocks can enable measurement & enhance the sensitivity

Time variation, isotope shifts, highly charged ions, Rydberg states, nuclear clock,...

—> High-frequency GWs: proposal to look for sidebands and enable frequency shift
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Summary: powerful atomic sensors

Well-motivated scenarios with light, feeble NP require novel searches

— Quantum sensors e.g. clocks can enable measurement & enhance the sensitivity

Time variation, isotope shifts, highly charged ions, Rydberg states, nuclear clock,...

—> High-frequency GWs: proposal to look for sidebands and enable frequency shift

across frontiers over past

. lopments
Exciting deve 5P d in the very near future

few years and expecte
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Summary: powerful atomic sensors

Well-motivated scenarios with light, feeble NP require novel searches

— Quantum sensors e.g. clocks can enable measurement & enhance the sensitivity

Time variation, isotope shifts, highly charged ions, Rydberg states, nuclear clock,...

—> High-frequency GWs: proposal to look for sidebands and enable frequency shift

frontiers over past
ure

Man q
Y regional/ natio
na i ts
Now also gt CERN ’ Clusters, Exciting developmen

te
IQ) 333:;3[10“ few years and expec

INITIATIVE
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Summary: powerful atomic sensors,

Well-motivated scenarios with light, feeble NP require novel searches

— Quantum sensors e.g. clocks can enable measurement & enhance the sensitivity

Time variation, isotope shifts, highly charged ions, Rydberg states, nuclear clock,...

—> High-frequency GWs: proposal to look for sidebands and enable frequency shift

frontiers over past
ure

Man q
Y regional/ natio
na i ts
Now also gt CERN ’ Clusters, Exciting developmen

te
IQ) 333:;3[10“ few years and expec

INITIATIVE
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APPENDIX



NP shifts of atomic spectra

Energy shift due to new long-range interaction NG
— YelYn ,—meyr !

"— ---------------------------------------------------------------------------------------------------------------------

l/ —_— / \\
imuo = Formuy + Kot — Yelyn AAY (X2 — X1F5) ;
i NP ¢ coupling to electrons and neutrons theory input: NP electronic coefficients i
E overlap of wavefunctions with NP potential i
i X; = Xi(mg) 5

~ ’
———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

----------------------------------------------------------------------------------

------------------------------------------------------------------------------------
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Nonlinearity as data-driven NP measure

* Deviations from straight line - triangle
* Area = measure of NL

muvs
3
1 —
— |(my x mis) - mp|
2
/
AAL AA-)
””jé B .
. !
AA; INL d4y
mus Al koo .
AA!
oaaf 2 ”
”3-1/2 :
1%
AA] AA, AN, 1
H?.If’l H”/I - '-'PH'/I )
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Nonlinearity as data-driven NP measure

* Deviations from straight line > triangle * Linearity plane: linear combinations of
* Area = measure of NL FS+MS
e * Volume of parallelepiped = measure of NL

-yl

1 P
2 ,
: AA,
””j;u:"‘z ............................... , = /
AA

AAg|..o
myy : ®

AA'
muy e @

— 57
the plane spanned by my and md(r?)

AA AA! >muy
my, 2 my, ?
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Nonlinearity as data-driven NP measure

* Deviations from straight line > triangle * Linearity plane: linear combinations of
* Area = measure of NL FS+MS
2 * Volume of parallelepiped = measure of NL

.

1 A
5 _
‘ AAL
?W;.Ag ............................... .’ /
AA!

AAL e N
muy 3 : ’

AA"
iy @

—y ol
the plane spanned by my and mé(r?)

1%
AA, AA, 1
my, ? myy
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Nonlinearity as data-driven NP measure

* Deviations from straight line > triangle * Linearity plane: linear combinations of
* Area = measure of NL FS+MS
2 * Volume of parallelepiped = measure of NL

1 Al
¥ -
A EE— .’
AA!

A
mrsy

AA"
muy e @

—
the plane spanned by m/i and mé(r?)

AA, AA, Al
mr ?NI/I - ?PH/] )

>quant|fy NI>>|1c within uncerta|n>>bound NP >
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NP King linearity violation (KLV)

» NP isotope dependence: h ~ —AA’ amu (for linear ¢ — N coupling)

new term in King relation

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq, PRL 2018]

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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NP King linearity violation (KLV)

» NP isotope dependence: h ~ —AA’ amu (for linear ¢ — N coupling)

new term in King relation

Developed isotope vector space
V

NP can break linearity: non-linearity measure NLyp

NLxp = [mfi x (Xo — Fo1 X1) min] - h

NLyp = 0 if

- —

() X; « F; (heavy my) (ii) hl|mfi or md(r?)
MS FS

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik, Ozeri, Perez, Soreq, PRL 2018]

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)



Constraint on mass and couplings

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik
Ozeri, Perez, Soreq] PRL 120 (2018) 091801

o S

5\
=

(mry x msz) m,&

YelUn = (mpix h)-(X1 mPa— X miy)

RN

Theory input

Mild NP
assumption: ¢
couples linearly to
nucleus
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Constraint on mass and couplings

[Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik
Ozeri, Perez, Soreq] PRL 120 (2018) 091801

o S

5\
=

(MmD1 X ms)-myfi

YelUn = (mpix h)-(X1 mPa— X miy)

RN

Theory input

Mild NP
assumption: ¢
couples linearly to
nucleus

+ uncertainty propagation of frequencies and masses
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Constraint on mass and couplings

, [Berengut, Budker, Delaunay, Flambaum, Frugiuele, EF, Grojean, Harnik
1 Ozeri, Perez, Soreq] PRL 120 (2018) 091807
< 1075}
3
e
e .
E 10 Data-driven fati‘
o
5 bound:
© Ca* 0.1 MHz - - -
5 . (ml’qurﬁz) m
;:aj 107" Yeln (? nfx h ) (X4 mbs—Xo ﬁl)
9 /
[42)
£ Mild NP ™
= n-14 | i
510 . Theory input
8 assumption: ¢
couples linearly to
10717 IR e e i o ) niUcleus
10 100 1000 10° 10° 10° 10
mediator mass s [eV] + uncertainty propagation of frequencies and masses

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 7



Implications for NP models

Ye

3x107*

2x1074

11074

7%107°

5x107°

Beam dump

5x107% 1x1073 5x107% 1x1072

¥n

I
[Frugiuele, EF,

Perez, Schlaffer "17]

ds-L

Yb+ THz potential to rule out

protophobic explanation of Atomki °Be

anomaly

U(T)g.,
New 7' boson

Light Dark World, 19/09/2023

Elina Fuchs (LUHannover | PTB)
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Caveat: Linearity breaking in SM

* SM nonlinearity \ Samarium (Sm)
Mixing of degenerate energy levels N by
|Griffith, Isaak, New, Rall ‘81] 5 N\ gﬁgfj‘ g i
NLO fiel.d Shift [palmer' Stacey 181] ‘;ima \ﬁm'"ﬂ 1921008 3 47
. . [Seltzer '69] & \\.\ wia ¢ 83 |
Nuclear po[ar|zat|on [Blundell, Baird, Palmer, . _‘*’g\fz 1832861 % as—w-f&-—ar—
Stacey, Woodgate ‘87] e e e 1820906 3 az*f N
NUC[ear deformation [F[ambaumlgamsonov’

Tan, Viatkina 21]

* Standard Model contribution to King nonlinearity calculated: for some transitions [Flambaum, Geddes, Viatkina "18]
in Ca*, Srf, Ba*, Yb', Hg*

* SM nonlinearities: dependence on nuclear radii  [Mdller, Yerokhin, Artemyev, Surzhykov 21]

e Few-electronions [Debierre, Oreshkina, Valuev, Harman, Keitel "22]
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Caveat: Linearity breaking in SM

* SM nonlinearity \ Samarium (Sm)
Mixing of degenerate energy levels N by
|Griffith, Isaak, New, Rall ‘81] 5 N\ gﬁ;fj‘ § e
NLO field shift [Palmer, Stacey '81] g“ Yo s 3 ¢ __,___
. . [Seltzer '69]  #ws \\.\ wia ¢ fﬁ?
Nuclear polarization [Blundell, Baird, Palmer, W mmes 3 5N\
Stacey, Woodgate '87] L ol 32"'_ W BN

Nuclear deformation

[Flambaum, Samsonov,
Tan, Viatkina 21]

* Standard Model contribution to King nonlinearity calculated: for some transitions [Flambaum, Geddes, Viatkina "18]
in Ca*, Srf, Ba*, Yb', Hg*

* SM nonlinearities: dependence on nuclear radii  [Mdller, Yerokhin, Artemyev, Surzhykov 21]

e Few-electronions [Debierre, Oreshkina, Valuev, Harman, Keitel "22]

Strategy: consider predicted SM NL and constrain residual NL

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 74




Very precise Ca* King Plot

Modified isotope shift uévs3
N
o

w
o

Ay
o

4
’
’

21.38028 |

’

’

7 L
21.39362 21.39365

0.26920F

0.26917}| »

[Solaro, Meyer, Fisher, Berengut, EF, Drewsen, PRL 125, 123003 (2020) ]I

70 —
46Ca+
53.06076 [ ° G
3 (4
£ 60} v
© (4
N /,
T 53.06073 L/
o [ |
= 50¢t 53.02717 53.02720
o
g 440t
?‘ 21.38031 " T 480+
/2,40 o7 67.97509 [

0.31380 0.31383

67.97506 |

67.91941 67.91944

0

10

20

30 40 50

60

Modified isotope shift@\g‘é@ 2327 [GHz amu]

Light Dark World, 19/09/2023

Frequency
Comb
3d °Ds, -

vp ~ 1.8 THz

[Solaro, Meyer, Fisher, DePalatis,
Drewsen, PRL.120.253601]

g ~ 411.0 THz

Aarhus: D3/2—D5/2at 20 Hz

Ca 40,42, 44, 46,48

King plot linear at ~10, x?=0.9
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New Ca* Isotope Shift Bounds on &

[Solaro, Meyer, Fisher, Berengut, EF, Drewsen, PRL 125, 123003 (2020) ]

T L

, * New 4D projection method for 4 isotope pairs
-5
0 * Improvement of former Ca bound by factor 30

* Limited by D-fine precision

-8
107 ca* P 100 kHz

|Ye Ynl/(hC)

. * Same transitions in Ba, Yb with 20 Hz
ICa” 20 Hz ”
Lo | comparable to (g-2) *n-scatt
* Anticipated precision: 10 mHz
1074 * > (Ca, Ba, Yb can probe untested parameter space

=17 PN
10 100 1000 10* 10° 10° 10

my [eV/c?]
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New Ca* Isotope Shift Bounds on &

[Solaro, Meyer, Fisher, Berengut, EF, Drewsen, PRL 125, 123003 (2020) ]

107> ¢
-8
— 107" ‘ca* P 100 kHz
é B
l: Ca* 20 Hz
>\m -11
N1 =
I ;,' =
10_14 L '.-““Q"
107

Limited by D-fine precision

Same transitions in Ba, Yb with 20 Hz
comparable to (g-2) *n-scatt

Anticipated precision: 10 mHz

* New 4D projection method for 4 isotope pairs

* Improvement of former Ca bound by factor 30

= (Ca, Ba, Yb can probe untested parameter space

my [eV/c?]
Light Dark World, 19/09/2023

10 100 1000 10* 10°

10° 10’

Elina Fuchs (LUHannover | PTB)
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Scrutinizing the Yb anomaly

--------------------------------------------------------------------------------------------------------------------------------

N

F|gueroa Berengut, Dzuba, Flambaum, Budker, Antypas, PRL 2022
_New Yb/Yb+ King plot: reduced nonlinearity could be explained by nuclear deformation )
{"Hur, Craik, Counts, Berengut, Vuletic et al, 22 \“:
ES% F octupole transition of Yb+ combined with previous Yb+ and Yb IS: :
i - 4.3 sigma for 2" source
i future: 4 orders improvement of exp. uncertainty to sub-Hz level as in simultaneously trapped Sr*}

---------------------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------------------

__________________________________________________________________________________________________________________________________

--------------------------------------------------------------------------------------------------------------------------------

Furst, Zeh, Dreissen, Kulosa, Kalincev, Lange, Benkler, Huntemann, Peik, Mehlstaubler PRL 2020

E - Improved measurement of 411Tnm (E2) and 46/nm (E3) transitions in "2Yb* at few Hz E
i - further with isotope shifts of S-D, S-F at sub-10-Hz precision » update coming soon ;

---------------------------------------------------------------------------------------------------------------------------------
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.163001

Highly charged ion (HCI) King plot

[Rehbehn, Rosner, Bekker, Berengut, Schmidt, King, 1 : :
Micke, Gu, Mller, Suryhzkov, Crespo Lopez-Urrutia ‘21] 10-5 4 KP w/o SM nonlin. KP w/ SM nonlin.
1 CaZz9.3nm: Ca%326nm |, Casgs'enm: Ca373 1nm
[King, Spiel3, Micke, Wilzewski, Leopold, Benkler, Lange,
Huntemann, Suryhzkov, Zerokhin, Crespo, Schmidt; N GKP
Nature 671 (2022)] =~ : “'@lca%g;snmﬂ®
€ 1078 - Cald+ Calss
* HCls: less electrons £ 10-9 | 569.6nm’ ~7273. 1nm
* Generalized King plot § . ]Solaroetar.
* Projected bounds assuming no o 10 1 (Av =20Hz)
isotope mass uncertainties = 107
S 10712
.. . . o 1 .
\/ery promISlﬂg Comblnatlon | R R R PR RERY TRLSEREEERL
/ , 10713 4
of singly and highly charged IEPRE
Caions 107 __— Av =100 mHz
, . o 102 103 104 10° 106
- find optimal combination Mediator mass (eV/c?)
- ongoing: replacement of isotope masses
AND h|gher—order mass shift See also Hydrogen-like ions [Debierre, Keitel, Harman 22]

[Berengut, EF, Mariotti, Richter, Surzhykov, Viatkina; work in progess]
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Direct comparison of theory and data

------------------------------

-’

,/
/Few-electron systems ‘
]

°§ Data and theory very precise

4 Need only >Ttransition, >1
Isotope

= |sotope shifts: need p-radius

= Direct frequency: combine
with (g-2), Rydberg or 2
transition

cf [Karshenboim ‘01, "10]
v [Jaeckel, Roy "10]

-
il e ——————Y

~

-----------------------------
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Direct comparison of theory and data

----------------------------

-’

I [Delaunay, Frugiuele, EF, Soreq "17]

1 T T T ,’ \\

e e ‘Few-electron systems \
- —zg34 rojection ! 7
0.01 - %g—gg HD'_Te(—psca}T)Ct ) Th lS W rk " :l E
T T / 4% Data and theory very precise |
—l King plot ¥b* (projection) / & : o :
| m e 'ENeed only >Ttransition, >1 i
1050 nscaterigon model s 2 ] Elsotope ]
1
1 1
5 10 i Isotope shifts: need p-radius |
1
I . . I
100} i= Direct frequency: combine i
i with (g-2), Rydbergor2m
fo=r 11 transition |
———— 4 Isotope shifts| i !
10714 F bounds on new i cf [Karshenboim ‘01, "10] i
—electron-neutron i
eneulio- |\ [Jaeckel, Roy "10] /,
10-16 . : . : , . . .. [Pachucki, Patkos, Yerokhin “17] ¢
108 1 0% S e e e e e e e o -7
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Direct comparison of theory and data

----------------------------

I [Delaunay, Frugiuele, EF, Soreq "17]
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Direct comparison of theory and data

----------------------------
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New Ca* Isotope Shift Measurements

[Solaro, Meyer, Fisher, Berengut, EF, Drewsen, PRL 125, 123003 (2020) ]

Very precise measurement of D-fine
splitting of Ca*at Aarhus (Denmark)

D,,,-D.,at 20 Hz > precision ~10°

5-D.,at2kHz - precision ~10~

[Knollmann, Patel, Doret, PRA 2019] ~10-°

Frequency
Comb
3d *Ds,

~ 1.8 THz
3d 2D3fz / \\ L™ /
/
729 nm Voo ~ 411.0 THz

[Solaro, Mevyer, Fisher, DePalatis, Drewsen
(Aarhus University),
PhysRevlLett.120.253601]

5 isotopes measured: Ca 40,42, 44, 46, 48
> 4 pairs, i.e. 1 more than required

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 85



Ca vs Yb King plots - compatibility

[Yb d|g|tal|zed from Counts et a[ 20 Ca from So aro et al 20} I

* Reach same sensitivity

> Yb 10x more susceptible to NP 107
Ca 10x more precisely measured 6

* non/linearity no contradiction g a
different nuclear physics ; o]

Ca* P 100 kHz

10-10 FYb" 300 Hz

Ca* 20 Hz

10 100 1000 10* 10° 10° 107

my [eV/cz]
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Ca vs Yb King plots - compatibility

[Yb d|g|tal|zed from Counts et a[ ZO Ca from So aro et al 20} I

* Reach same sensitivity

> Yb 10x more susceptible to NP 107

- Ca 10x more precisely measured 6
* non/linearity no contradiction g a

- different nuclear physics ; o]

Ca* P 100 kHz

-

//'f Yb-NL assumed as purely New Physics
- necessary coupling range is
* partly excluded by Ca Y 00
(» excluded by (g-2), *n-scattering 10 100 1000 10° 10° 10° 10

)

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)

10-10 FYb" 300 Hz

Ca* 20 Hz

my [eV/cz]
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Generalised King Plot

Ytterbium IS
16— ——————— ﬁ B
1 0 globular cluster O-[V]: IOI]]HZ 10
1 0_ 17 I | ) ] 10_17
1072 107! 1 10 102 103 104 102

Light Dark World, 19/09/2023

Elina Fuchs (LUHannover | PTB)

Ytterbium IS
o[v]=10mHz }

globular cluster
1 I | I

107! 1 10t 102 103 104
my [keV]
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NP electronic overlap

Electronic NP coefficient: overlap of wavefunctions of initial and final states (a, b)
with the NP (Yukawa) potential

Perturbative approximation:

Xo= [ @S [P - W)

Contact-Interaction + Multibody Perturbation Theory (CI+MBPT)

1 A Difference of energy
X. — €ab levels as a function of
;=
A — / dC},’Np anp =0 Xnp

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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Atomic clock key figures

Characterize the performance of a clock by its relative frequency change
Goals: stable and accurate clock

f®)/fo =14

Accurac / \

Stability

* Systematic uncertainty in clock frequency.
*  Two types of shifts
1. Field shifts e.g. Zeeman shift and
black body shift
2. Motional shifts e.g. Relativistic

Doppler 1 1 Tc

* Average fractional frequency variations

A (B-R) A (B-k)
f T ¢ 2 2c?

See D. Hume's talk at ECFA workhop 21

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)

» Typically characterized by the Allan deviation:
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https://indico.cern.ch/event/999818/contributions/4253078/attachments/2224313/3767111/Hume_ECFA.pdf
https://indico.cern.ch/event/999818/

Sr lattice clock

05

Zz (mm)

-3

10-18 —— 4.4 x 107847
3.1 x 1078/y7
----- 2.6 x 107847

107194

Fractional frequency uncertainty

10720

102 108 104 105
Time (s)

lattice

Counts

Si cavity

4
Eclac k

Light Dark World, 19/09/2023

* T-dimensional Sroptical lattice clock:
measured linear frequency gradient
inside a single atomic sample to a relative
uncertainty of phenomenal 7.6 x 10!

* 700,000 ultracold Sratoms in an optical
lattice

* narrow So » Po transition

* magic trap depth > suppress collisional
shifts

e fundamental to achieve this precision: the
record coherence time of 37s

* frequency comparison within one
sample: 2 uncorrelated subregions
separated by a mm

e Test gravitational time dilation at mm
scale.

Elina Fuchs (LUHannover | PTB)

The international journal of science / 17 February 2022

SEEING
RED
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Noise

* Quantum projection noise:
* Discrete measurement outcomes 0,1 with probabilities p, (1-p)

* Experiment repeated N times > |
p=—

) ) ) ) ) ) N

* Variance of binomial distribution I

-

O'p quantum = N p(1=p).

e Decoherence

* Decoherence & relaxation > random transitions

* ~reduced probability  §p (1) = 51;,(;)3—.&*{!}*

x(t) = (I't)“,
* Decoherence time/ decay rate I' = 7' > max. sensing time

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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Entanglement

Goal: enhance the measurement precision by quantum properties

Standard Quantum Limit: measurement uncertainty from the Heisenberg principle

- reduced for large number of atoms as Ssq1, X N—1/2
atom

Heisenberg limit: fundamental limit

=\ 5Heisenberg X N_1/2 N—1/2 — N_l

entangled” 'atom atom

Best if all atoms entangled!

Already used:
e.g. spectroscopy of entangled Srisotopes [Ozeri et al, PRL "19]

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB) 93



GW sources: high frequency

Ultrahigh frequency
>10kHz:

no known astrophysical
sources with large enough

Quantum fluctuations in early universe . [
Binary Supermassive Black S | g n a
Holes in galactic nuclei
0
[V} - .
8 Compact Binaries in our
= Galaxy & beyond
o
(%] Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes 5 5
wave period  28€ of
J universe years hours sec ms
E E |

Potential sources:

* Tt order phase transition in Early
Universe at T>> 100 GeV

* Primordial Black Hole mergers

log(frequency) -16  -14 -12 -10 -8 -6 -4 -2 0 +2

Detectors

Image: NASA

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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https://science.gsfc.nasa.gov/663/research/index.html

GW sources: high frequency

Sources

wave period

log(frequency) -16  -14 -12 -10 -8 -6 -4 -2 0 +2

Detectors

Ultrahigh frequency
>10kHz:

no known astrophysical
sources with large enough
signal

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

Compact Binaries in our
Galaxy & beyond

Compact objects
captured by
Supermassive Black

Rotating NS,
Supernovae
age of —

universe years hours sec ms

Potential sources:

* Tt order phase transition in Early
Universe at T>> 100 GeV

* Primordial Black Hole mergers

* Phase transition in neutron star
mergers if QCD has 1°" order PT,
nuclear matter compressed during

merger > MHz GW
-

Hadronic

Bubble nucleation

collision longlived (Tms)

soundwaves
— —

Casalderrey-Solana, Mateos, Sanchez-Garitaonandia '22

Quark Matter

Image: NASA

Light Dark World, 19/09/2023

Elina Fuchs (LUHannover | PTB)
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https://science.gsfc.nasa.gov/663/research/index.html
https://arxiv.org/pdf/2210.03171.pdf

GW sources: high frequency

Ultrahigh frequency
>10 kHz:

no known
astrophysical sources
with large enough
signal

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

Compact Binaries in our
Galaxy & beyond

Sources

Compact objects
captured by Rotating NS,
Supermassive Black Supernovae

Holes 5 5
ioq 388 of —
uni

wave peri
p rse sec
S

Potential sources:

* Tt order phase transition in Early
Universe at T>> 100 GeV

* Primordial Black Hole mergers

* Phase transition in neutron star
mergers if QCD has 1°" order PT,
nuclear matter compressed during
merger > MHz GW

log(frequency) -16  -14 -12 -10 -8 -6 -4 -2 0 +2

Detectors

Image: NASA

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)

Searches and proposals:
* [nterferometers

* |evitated sensors

* Radio cavities
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https://science.gsfc.nasa.gov/663/research/index.html

Rigid ruler — PD frame

* Proper-detector (PD) frame: distances an observer with a rigid ruler would measure

h
= +{ cos g - wyLlsin(wy L + ¢o)

i (%@ - 1) cos(wy L + 900)}

Enhanced sensitivity for large ng > 17

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)



Rigid ruler — PD frame

* Proper-detector (PD) frame: distances an observer with a rigid ruler would measure

D S
W, — W h+ .
’YwD vl _ { cos g — wy Lfsin(w, L + o)

2
i (%@ - 1) cos(wy L + 900)}

Enhanced sensitivity for large ng > 17

fe no material is perfectly rigid at high frequencies! )

\_ J
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Rigid ruler — PD frame

* Proper-detector (PD) frame: distances an observer with a rigid ruler would measure

D S
wo —w h
1 = +{ cos g - wyLlsin(wy L + ¢o)

wh 2
1
+ (§w2L?| — 1) cos(wy L + c,ag)}

Enhanced sensitivity for large ng > 17

fa no material is perfectly rigid at high frequencies! )

- generic implication for detector design:

this equation is not directly applicable for ng > Vg
\_ J

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)




Rectifier: large wl

photon amplitude [a.u.]

Passif  sinfpg + /2] > 0 (&u;) =h/7m

Gptimal rectifier, wL = (2n + 1)7 > D

|

. W . y
— o (Ow,) = h/7

= w,=0.09
Eﬂ wyL =217
E Wy = 1
h=0.1
'l I
0 25 50 75 100 125 150 175 200 0.90

time [a.u.]

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)

0.95 1.00 1.05
angular frequency w [A.U.]

1.10
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CERN Quantum Technology Initiative

CERN Accelerating science

QTI: https://quaritufii:cern/

OUANTUM
IQ) T ABOUT ~ RESEARCH ~ COLLABORATION QUANTUM HUB EDUCATION NEWS & EVENTS RESOURCES Q, SEARCH

CERN Quantum Technology Initiative
Accelerating Quantum Technology Research and Applications

Branches: Coordinators:
Head: Alberto di Meglio Quantum Sensing Michael Doser
. — Quantum Computing Sofia Vallecorsa
- Quantum Theory & Simulation D. Grabewska=> EF- J. Kopp
' Quantume Communlalon &Networks Edoardo Martelli

Collaboration between CERN and universities/institutes in the member (&non-member) states - visitors!
Also collaboration with industry (e.g. IBM-Q)

QUANTUM
Nov 2022: Quantum Technologies for High Energy Physics (QT4HEP) IQ) TECHNOLOGY

INITIATIVE

June 2023: CERN Council approved QTI Phase 2
01/2024 —12/2028: planned QTI Phase 2 with e.g. cavities~> axions, exotic atoms, quantum computing

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)


https://quantum.cern/news/announcement/cern-host-international-conference-quantum-technology-high-energy-physics
https://quantum.cern/

CERN Quantum Technology Initiative

CERN Accelerating science

QTI: https://quaritufii:cern/

uuuuuuu
IQ) T ABOUT ~ RESEARCH ~ COLLABORATION QUANTUM HUB EDUCATION NEWS & EVENTS RESOURCES Q, SEARCH

Stay tuned, CERN Quantum Technology Initiative
SN/l Accelerating Quantum Technology Research and Applications

Branches: Coordinators:

Head: Alberto di Meglio Quantum Sensing Michael Doser
. i Quantum Computing Sofia Vallecorsa
= EQuan’tum Theory & Simulation D. Grabewska=> EF-> J. Kopp

- *QuantumCommqulon &Networks Edoardo Martelli

Collaboration between CERN and universities/institutes in the member (&non-member) states - visitors!
Also collaboration with industry (e.g. IBM-Q)

QUANTUM
Nov 2022: Quantum Technologies for High Energy Physics (QT4HEP) IQ) TECHNOLOGY

INITIATIVE

June 2023: CERN Council approved QTI Phase 2
01/2024 —12/2028: planned QTI Phase 2 with e.g. cavities~> axions, exotic atoms, quantum computing

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)


https://quantum.cern/news/announcement/cern-host-international-conference-quantum-technology-high-energy-physics
https://quantum.cern/

QTI Phase 2 Vision

CERN QUANTUM
TECHNOLOGY
PLATFORMS

‘Worldwide LHC Computing Grid

HYBRID QUANTUM
COMPUTING AND
ALGORITHMS

QUANTUM
NETWORK AND
COMMUNICATIONS

| '1 i @\ QUANTUM
TECHNOLOGY
')

IMITIATIVE

OPEN QUANTUM INSTITUTE

Light Dark World, 19/09/2023 Elina Fuchs (LUHannover | PTB)
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