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Quantum sensing

Ultralight dark matter

✴ Basics and examples

✴New-physics signatures

✴ Signals in atomic clocks

✴NPL/Sussex joint study

✴Apparent Lorentz violation

✴Modified gravity and magnetometers

Symmetry violations
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QUANTUM SENSING
Leveraging intrinsic quantum properties 
to perform measurements

⃗B ext.

sensing magnetic fields

Highwaystarz-Photography

magnetic resonance imaging
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Underlying idea: 2-level system (qubit)

QUANTUM SENSING

|1⟩

|0⟩
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Underlying idea: 2-level system (qubit)

QUANTUM SENSING

|1⟩

|0⟩
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“external field”  coupled to qubitV(t)
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V (t)
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New physics could appear as external fields

QUANTUM SENSING
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New physics could appear as external fields

QUANTUM SENSING

GOAL: use quantum sensing exps. to find them!
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ATOMIC CLOCKS
Measure time using atomic transitions

hν=
|e⟩

|g⟩

monitored probe frequency clock transition

probe laser

feedback

NPL caesium fountain clock
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ATOMIC CLOCKS
Sensitive to “variations” of fundamental constants

r(t) =
ν1

ν2

Distinct atoms, different 
transitions in same atom, …

Clock observable
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ATOMIC CLOCKS
Sensitive to “variations” of fundamental constants
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ATOMIC CLOCKS
Sensitive to “variations” of fundamental constants

νoptical = A ⋅ (cR∞) ⋅ Fopt(α)
νmicrowave = B ⋅ (cR∞) ⋅ α2FMW(α) ⋅ gN ⋅ μ
νvibrational = C ⋅ (cR∞) ⋅ μ1/2

Common 
clock 
transitions μ = me /mp

r(t) =
ν1

ν2

Distinct atoms, different 
transitions in same atom, …

Clock observable

r(t) ∼ time-sensitive ratio of dimensionless constants
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ULTRALIGHT DARK MATTER

Astrophysical 
constraints

Particle-like 
behaviour

1 eV

A potential source of clock variations r(t)

Ultralight (bosonic) DM

n ⋅ λ3
dB ≫ 1ΔxΔp ∼ 1

10−22 eV

Scalar 
ϕ Pseudoscalar (axion) a

Massive spin-2 ϵμνVector Aμ
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ULTRALIGHT DARK MATTER

ϕ(t) ≈
2ρDM

mϕ
cos [mϕ(1+ 1

2 v2 + ⋯)t + δ]
v ≪ c ⇒ mϕ

controls frequency 
of oscillations

Focus on scalar ULDM
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ULTRALIGHT DARK MATTER

ϕ(t) ≈
2ρDM

mϕ
cos [mϕ(1+ 1

2 v2 + ⋯)t + δ]
v ≪ c ⇒ mϕ

controls frequency 
of oscillations

Focus on scalar ULDM
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particles

oscillation
interval

hadrons, μ W ±, Z , H0, te τultralight bosons ν

10−210−6

sminhdwmyr atomic clocks
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ULTRALIGHT DARK MATTER

ϕ(t) ≈
2ρDM

mϕ
cos [mϕ(1+ 1

2 v2 + ⋯)t + δ]
v ≪ c ⇒ mϕ

controls frequency 
of oscillations

Focus on scalar ULDM

10−8 10−4 100 104 108 1012 1016 1020 1024
f (Hz)

m(eV)10−22 10−18 10−14 10−10 10−6 10−2 104 108 1012100 106 1010

particles

oscillation
interval

hadrons, μ W ±, Z , H0, te τultralight bosons ν

10−210−6

sminhdwmyr atomic clocks
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How are oscillations actually observed?



ULDM INTERACTIONS
Standard Model couplings induce signatures

ℒint,ϕ ⊃ − ( ϕ
Λ )

n

⋅ 𝒪SM
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ULDM INTERACTIONS
Standard Model couplings induce signatures

ℒint,ϕ ⊃ − ( ϕ
Λ )

n

⋅ 𝒪SM

α(ϕ) = α (1+d(n)
γ (κϕ)n) ⇒

δα
α

= d(n)
γ (κϕ)n

me(ϕ) = me (1+d(n)
me

(κϕ)n) ⇒
δme

me
= d(n)

me
(κϕ)n

ℒEM
int,ϕ = (κϕ)n (d(n)

γ
1
4 FμνFμν−d(n)

me
meψ̄eψe) + ⋯

κ = 4πG = ( 2MP)
−1

κnd(n)
j ↔ 1/Λn

Ex: couplings in electromagnetism 
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NPL/SUSSEX STUDY
Generic frequency parametrization 

NPL clock 
comparisons

( δr
r )

Yb+/Sr
= − 6.01d(n)

γ (κϕ)n

( δr
r )

Sr/Cs
= − (2.77d(n)

γ + d(n)
me

− d(n)
g +0.07(d(n)

q − d(n)
g ))(κϕ)n

ν = (const.) (cR∞) ⋅ αKα ⋅ (me/ΛQCD)Kμ ⋅ (mq/ΛQCD)Kq

⇒ δr
r

= ΔKαd(n)
γ (κϕ)n + ΔKμ(d(n)

me
− d(n)

g )(κϕ)n + ΔKq(d(n)
mq

− d(n)
g )(κϕ)n

mp ≈ A ⋅ ΛQCD + light quarks quark masses + magnetic moments

q ≡ (u + d )/2

New J. Phys. 25, 093012 (2023)
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https://iopscience.iop.org/article/10.1088/1367-2630/aceff6


Results for  electromagnetic couplingn = 1

NPL/SUSSEX STUDY

12

https://cajohare.github.io/AxionLimits/“Old” (!) — for updated limits, see 

Example

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


SPACETIME SYMMETRY VIOLATIONS

“Apparent” effect for (some) slowly varying interactions

(AμAν)ψγμi
↔
∂νψ Aμ = vector or ∂μϕ
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SPACETIME SYMMETRY VIOLATIONS

“Apparent” effect for (some) slowly varying interactions

(AμAν)ψγμi
↔
∂νψ Aμ = vector or ∂μϕ

Aμ ∼ A0
μ cos(mt) ⇒ Tosc. ∼ 1 month

m ∼ 10−21 eV
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SPACETIME SYMMETRY VIOLATIONS

“Apparent” effect for (some) slowly varying interactions

(AμAν)ψγμi
↔
∂νψ Aμ = vector or ∂μϕ

Aμ ∼ A0
μ cos(mt) ⇒ Tosc. ∼ 1 month

m ∼ 10−21 eV

If Texp. ≪ 1 month ⇒ field appears frozen 

Aμ → Aμ = “fixed vector background field”

LORENTZ VIOLATION
13



ω⊕

β⊕ ≈ 10−4
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⌘ ⇡ 23.5�

14

Aμ



ω⊕

β⊕ ≈ 10−4

<latexit sha1_base64="Rw7ucwVeyza6zDVYTHrEukLfsT8=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgadnVGM3JgBePCZgHJEuYncwmY2Znl5lZIYR8gRcPisSjf+FvePNvnE0UfBY0FFXddHX7MWdKO86blVlYXFpeya7m1tY3Nrfy2zsNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrDi9Rv3lCpWCSu9CimXoj7ggWMYG2kWqubLzh2+bjklIvoN3FtZ4bC+cs0xVO1m3/t9CKShFRowrFSbdeJtTfGUjPC6STXSRSNMRniPm0bKnBIlTeeBZ2gA6P0UBBJU0Kjmfp1YoxDpUahbzpDrAfqp5eKf3ntRAdn3piJONFUkPmiIOFIRyi9GvWYpETzkSGYSGayIjLAEhNtfpMzT/i8FP1PGke2W7JPam6hUoQ5srAH+3AILpxCBS6hCnUgQOEW7uHBurburEdrOm/NWB8zu/AN1vM7XGmRwQ==</latexit>

X

<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>

Y

<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>
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<latexit sha1_base64="NFSvZImlBxmL6TBEFXE+XDySBZ8=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfOQZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7Xe2Rwg==</latexit>
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<latexit sha1_base64="TSxCQt2a3Z0zs336RYGgdRHlPqg=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsaozkZ8OIxAfPAZAmzk9lkzOzsMjMrhCVf4MWDIvHoX/gb3vwbJ4mCz4KGoqqbrm4/5kxpx3mz5uYXFpeWMyvZ1bX1jc3c1nZdRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gfOI3bqhULBKXehhTL8Q9wQJGsDZS9aqTyzt26ajolAroN3FtZ4r82ct4gqdKJ/fa7kYkCanQhGOlWq4Tay/FUjPC6SjbThSNMRngHm0ZKnBIlZdOg47QvlG6KIikKaHRVP06keJQqWHom84Q67766U3Ev7xWooNTL2UiTjQVZLYoSDjSEZpcjbpMUqL50BBMJDNZEeljiYk2v8maJ3xeiv4n9UPbLdrHVTdfLsAMGdiFPTgAF06gDBdQgRoQoHAL9/BgXVt31qM1nrXOWR8zO/AN1vM7X3GRww==</latexit>

Z

<latexit sha1_base64="eUMHeGX26YQpz93yGiiLtRDcvso=">AAACAHicdVDLSsNAFJ34rPHRqAsXbgaLoJuQ9KVdWRDBZQX7gCaWyXTSDp08mJmIJXTjr7hxoYhb/Qt3foJ/4bRV8HngwuGce7n3Hi9mVEjLetVmZufmFxYzS/ryyupa1ljfaIgo4ZjUccQi3vKQIIyGpC6pZKQVc4ICj5GmNzge+81LwgWNwnM5jIkboF5IfYqRVFLH2HKIRNBBccyjK5gvmKULB1OOO0bOMiuFslUpwt/ENq0JctXs29G+/nxS6xgvTjfCSUBCiRkSom1bsXRTxCXFjIx0JxEkRniAeqStaIgCItx08sAI7iqlC/2IqwolnKhfJ1IUCDEMPNUZINkXP72x+JfXTqR/6KY0jBNJQjxd5CcMygiO04BdygmWbKgIwpyqWyHuI46wVJnpKoTPT+H/pJE37bJZOrNz1SKYIgO2wQ7YAzY4AFVwCmqgDjAYgRtwB+61a+1We9Aep60z2sfMJvgG7ekdUHyYgA==</latexit>

⌘ ⇡ 23.5�
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(AμAν)ψγμi
↔
∂νψ → cμνψγμi

↔
∂νψ

LORENTZ VIOLATION
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(AμAν)ψγμi
↔
∂νψ → cμνψγμi

↔
∂νψ

Quantum sensing exps. (magnetometers) 
give best constraints

<latexit sha1_base64="z48FihdrjrT48KxPbLw7wX8NWgc="></latexit>

Coe�cient Constraint

cnY Z + cnZY < (4.8± 4.4)⇥ 10�29

cnXZ + cnZX < (�2.8± 3.4)⇥ 10�29

cnXY + cnY X < (�1.2± 1.4)⇥ 10�29

cnXX + cnY Y < (1.4± 1.7)⇥ 10�29

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

LORENTZ VIOLATION

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
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Implications for  
modified gravity

G. Domenech, A. Ganz, F. Kirk, 
NS, A. Tsabodimos

[in preparation]

LORENTZ VIOLATION

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604


TESTING GRAVITY

16

g̃μν = 𝒞2(gμν + 𝒟AμAν)

conformal coupling disformal coupling

Disformal metric transformations J. Beckenstein, Phys. Rev. D 48, 3641 (1993)

𝒟 = D(2 + DX)
X = AμAμ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.3641
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Expand in 
matter action

⏟ ⏟∼ cμν ∼ bμ
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𝒟 = D(2 + DX)
X = AμAμ

Reinterpreting 
magnetometer limits

[preliminary]

Dϕ ≲ 1019 GeV−4

Λϕ ≳ 15 keV
DA ≲ 10−35 GeV−2

ΛA ≳ 17 GeV⇒

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