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Atomic Spectroscopy

measurements with (very) high precision

e.g. 40Ca+ (4s 2S1/2 – 3d 2D5/2): [BIPM (2020)]

f
(40Ca+) = 411 042 129 776 400.4(7) Hz

(
δf/f = 1.8× 10−15)

optical clock frequency comparison at 18 digits [BACON, Nature 591 (2021)]

fYb/fSr = 1.207 507 039 343 337 848 2(82)

=⇒ Can be used to probe ultra-light dark matter!
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Ultra-Light Dark Matter

behaves like classical field

〈N〉 ∼ nλ3
dB ∼

ρ

m
(mv)−3 � 1 =⇒ mDM . 1 eV

oscillates coherently
(
τcoh ∼ 2π

mv2 ∼ 106 oscillations
)

φ̈+ 3Hφ̇+m2φ2 = 0 =⇒ φ(t) ∼ a−
3
2 cos(mt+ δ)
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Nuclear-Coupled Dark Matter
scalar φ: L ⊃ − βs

2 gs
√

4πGN︸ ︷︷ ︸
κ

dg φG
a
µνG

aµν

=⇒ ΛQCD = Λ(0)
QCD (1 + κ dg φ)

axion a: L ⊃ g2
s

32π2
a

fa
G̃a
µνG
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=⇒ m2
π ∼ m2 (0)

π

1− mumd

4 (mu +md)2
a2

f 2
a


=⇒ oscillating nucleon mass:

∆mN

mN
∝ dg φ ∝ cos(mφt) or ∆mN

mN
∝ a2

f 2
a

∝ cos(2mat)
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Clock Comparison Experiments

0 fA fB
f

E

fb,A fb,B

fn = f0 + n frep

laser A

PMT
atom A

freq. comb

PMT
atom B

laser B

e.g. I+2 : fvib ∝ m
− 1

2
N

e.g. Ca+: fel ∝ m0
N

=⇒
∆fI+2 /fI+2

∆fCa+/fCa+
∝ 1

2
∆mN

mN

[credit: Arvanitaki, Huang, Van Tilburg, PRD 91 (2015)]

correlation spectroscopy: directly manipulate A⊗B bipartite system
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Why I+2 ? =⇒ correlation spectroscopy
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Correlation Spectroscopy
Ramsey interrogation : [Ramsey, PR 76 (1949), PR 78 (1950)]

π
2 pulse + free evolution + π

2 pulse + measurement

ϕi = 2π(fi − fL)TR + ϕN + ϕ̃i

Correlation spectroscopy: [Chwalla et al., APB 89 (2007)]

operate on product state of the two clocks x
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]
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)
|g〉+

(
1− eiϕ2

)
|e〉

]

〈σz

⊗ σz

〉 ∝ cos

(
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− ϕ2
)

= cos
[
2π(f1 − f2)TR + ∆ϕ̃

]
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Sensitivity
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Axion Dark Matter
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Conclusion
I+2 /Ca+ molecular-ion vs. atomic-ion clock comparison

comparison via correlation spectroscopy

for scalar ULDM:
• ca. 2 to 3 orders of magnitude improvement compared to current clock bounds
• strongest bounds for mφ . 10−19 eV

for axion ULDM:
• ca. 1 order of magnitude improvement
• better than nEDM for 2× 10−17 eV . ma . 2× 10−15 eV

Thank you for your attention!
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