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Quantum seinsing

* Rasics and exampi@.s
* Newwphvsics signatures

Ulkralight darlke matter

* Sighals in atomic clockes
* NPL/Sussex joint smdj

* Apparent Lorentz violation
* Modified gravity and magnetometers
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Leveraging intrinsic qu&s«%um proper&@.s
to perform measurements

Highwaystarz-Photography

sensing magnetic fields maghetic resonance imaging



QUANTUM SENSING

Underlying idea: 2-level system (qubit)

AE o hV()




QUANTUM SENSING

Underlying idea: 2-level system (qubit)

Al = hV()

0)
“external field” V(1) ﬁoupi.@.d to qu,b&
=I

AFE = hyy (1+V (1))

Q sensors => AE is wy’
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QUANTUM SENSING

New physics could appear as external fields

dark matter Gdm ~ Qg cos(mt)

V4 ( t) A dark energy Gde ~ 1

Lorentz violation



QUANTUM SENSING

New physics could appear as external fields

dark matter Gdm ~ Qg cos(mt)

V4 ( t) A dark energy Gde ~ 1

Lorentz violation

GOAL: use gquantum sensing exps. to find them!
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feedback

probe laser

monitored probe frequency clocke transition

NPL caesium fountain clock



ATOMIC CLOCKS

Sensitive to “variations” of fundamental constants

Clock observable

r(t) = ﬂ Distinct aktoms, different

12 transitions i same aktom, ...
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ATOMIC CLOCKS

Sensitive to “variations” of fundamental constants

Clock observable

r(t) = ﬂ Distinct atoms, different
12 transikions i same atom, ...

v optical —

e A (CR ) opt(a)
1%

: .
microwave — B - (CR ) (l F MW(a) gN
Vyibrational — = & (CR ) //t L aF me/mp ‘

I (t) ~ time-sensitive ratio of dimensionless constants



ULTRALIGHT DAKK MATTER

A potential source of clock variations r(t)

Scalar ¢  Pseudoscalar (axion) a

Vector A,  Massive spin-2 ¢,



ULTRKALIGHT DARKK MATTER

Focus o scalar ULDM
V<< ¢ — m¢

2p
D(t) & i COS lm¢(1+%v2 + )40
My,
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ULTRKALIGHT DARKK MATTER

Focus o scalar ULDM
V<< ¢ — m¢

2p
D(t) & i COS lm¢(1+%v2 + )+ 0

How are oscillations actually observed?



ULDM INTERKACTIONS

Skandard Model toupiihgs induce signatures

[S/pint,gb D (%) ' @SM]
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ULDM INTERKACTIONS

standard Model couplings induce sighatures

¢ n
Zintg 2 ~ (X - Osm

X ﬂoupi.sz i electromaghnetism

-1

Ki=Aldply — (\/EMP>

K”a;.(”) < 1/A"

n 1 =
2oy = (k)" (1 TFuF "= mapa,) + -

ole
a@)=a(1+ ®py) === (4
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NPL/SUSSEX STUDY

Greneric frequency parametrization

v = (const.) (cRy,) - a®e - (m,/ Agcp)™ - (m,/ Agep)™
/ \ g=u+d)2
m, & A - Agcp + light quarks

quark masses + magnetic moments

0
= MK, (k) + AK J(KP)" + AK ( (k)"

(04

New J. Phys. 25, 093012 (2023)

s =—6.01"" (x¢)"
NPL cloclke < r >Yb+/Sr o
COMPATLSONS
P <ﬂ> e (2.77 +d® _ 440,07 ))(mp)n
£ SI‘/CS 11


https://iopscience.iop.org/article/10.1088/1367-2630/aceff6

NPL/SUSSEX STUDY

Exampl.e

Resulks for n =1 electromagnetic coupling

log10[fy/HZ]

—— Yb*/Sr (fit)
Yb*/Sr (95% C.L.)

-18
log10lmy/eV]
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https://cajohare.github.io/AxionLimits/

“Apparent” effect for (some) slowly varying interactions

)
(AA)pytid'y A, = vector or d,¢
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“Apparent” effect for (some) slowly varying interactions

(A, Ay)wyﬂié_’/)w A, = vector or 0,¢

U
m~ 1072l eV

0
Aﬂ Fond A,u COS(Wlt) = T... ~ 1 month
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“Apparent” effect for (some) slowly varying interactions

(A, Ay)y—/}/ﬂigzyj A, = vector or 0,¢

U
m~ 1072l eV

0
Aﬂ = Aﬂ COS(WLZ‘) = T... ~ 1 month

i T, <1 month = field appears

Xp.

A P — = “fixed vector backqground field”
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Lab frame e,

mormi&r\g}

evemivxg
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Quantum sensing exps. (magnetometers)
give best cownstraints

Coeflicient

Constraint

< (4.8 =

i 4.4) < 102

B 1

Y 1.4) 10 &

= 1.7) A0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604

e )
(A A)pyridy — ¢, wytid'y

Quantum sensing exps. (magnetometers)
give best cownstraints

M. Smiciklas. J. M. Brown. L.. W. Cheuk, and M. V. Romalis
Phys. Rev. Lett. 107, 171604 (2011)

Coeflicient Constraint
< (4.8 i 4.4) X 10_29
= (_2 G 34) Y0 Implications for

modified gravity

i 1.4) % 1022 G.Domenech, A. Ganz, F. Kirk,

NS, A. Tsabodimos

= 17) < 1029 [in preparation]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604

TESTING GRAVITY

MQ%\’EC ET’O\V\S'{:O‘F MQ&EOMS . Beckenstein, Phys. Rev. D 48, 3641 (1993

g = ;5 e o g N

conformal coupling disformal coupling

16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.3641

mekbric transformations

oL o) U
g TIPAA)

Expav\c& L
matter ackion

Smatter D Jd4x‘\/ =6

/

conformal coupling

DA A,

1 + DX

\

Lo DX |

<>
) wy' DHy —

A
A1 +pxX )

CFA ek
Sigs Iy A5 NROY)
5 as BB o
i : fs
e s s

. Beckenstein, Phys. Rev. D 48, 3641 (1993

P = D2 + DX)
XA Ak

disformal coupling

e"PF  apysy,w
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.3641

TESTING +RAVITY

me&rw &T’O\MS{OT’ makbions . Beckenstein, Phys. Rev. D 48, 3641 (1993
S = GG + DA A) T
H v XA Ak
Expand in / \
matter action conformal coupling disformal coupling

i DA A e DX
T = .
Staton J d*x\/—g (g,,w =~ )W"D’“‘vf— A, =€ F ysy w

1 + DX Al X )
N\, o’ N\, e’ -
N/
N/
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.3641

TESTING GRAVITY

MQET' LE &I’QMS{:OT’ makbions 1. Beckenstein, Phys. Rev. D 48, 3641 (1993)

g//tl/ 0 %Z(g//w s QZAIMAU) P = D2 + DX)

XA A
Expand in / \ :

mwiakter ackion

conformal coupling disformal coupling

' DA A oD :
udipe b =
Sl Jd“x\/ (g,,w - )W"D’“‘vf— A,—€e*PF sysy,w

1 + DX 41+DX "2
it N\ e’ -
Reinter pre&ng / Loy e Sl L
magnetometer Limits = D¢ 5 147 GCY D, < 10772 GeV
Ay 2 15 keV A, 2 17 GeV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.3641

JOINT QSENSING ACTIVITIES AT LEIRNIZ
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Interested i discussing/collaborating? [Institute for Quantum Optics]
ma&ham&at.skmriti@&%p.ummkammover‘d@;




JOINT QSENSING ACTIVITIES AT LEIRNIZ
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