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Atomic Spectroscopy

< measurements with (very) high precision
€.g. 40C3+ (45 251/2 - 3d 2D5/2)Z [BIPM (2020)]
f(*Ca™) =411042129776400.4(7)Hz  (6f/f =1.8x107")

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

fvv/ fs: = 1.207 507 039 343 337 848 2(82)
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https://www.bipm.org/documents/20126/69375074/40Ca+_411THz_2021.pdf/92265f11-f4e3-17ea-ad40-5ce63b010239
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Atomic Spectroscopy

< measurements with (very) high precision
€.g. 40C3+ (45 251/2 - 3d 2D5/2)Z [BIPM (2020)]

f(*Ca™) =411042129776400.4(7)Hz  (6f/f =1.8x107")

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

fvv/ fs: = 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) ~ nX\3g ~ 5& (mv) ™ > 1 — mpu S 1eV
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Ultra-Light Dark Matter

:+ behaves like classical field

(N) ~ nX\3g ~ 5& (mv) ™ > 1 — mpu S 1eV

.+ oscillates coherently (Tcoh ~ % ~ 106 osciIIations)

¢+ 3H¢ +m?¢> =0 — o(t) ~ a7 cos(mt + 0)
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Nuclear-Coupled Dark Matter

B
— V4rGy dy 0 G, G
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<+ scalar o: LD~

— Aqep = AESQ:D (1+rdy o)
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Nuclear-Coupled Dark Matter
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Nuclear-Coupled Dark Matter

B
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— Aqep = AS%D (1+rdy o)

g, a -
<3 axion a: LD 5 -GG
3272 f, MV

2
— ~ 1 —
my ~ m;, ( 4 (my, + mg)? a)

—> oscillating nucleon mass:
2
Ampy Amy  a®

X dy ¢ o< cos(myt) or X —5 X cos(2mgt)
my ' my a

3/ 10



Clock Comparison Experiments
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[credit: Arvanitaki, Huang, Van Tilburg, PRD 91 (2015)]
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https://doi.org/10.1103/PhysRevD.91.015015

Clock Comparison Experiments
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correlation spectroscopy: directly manipulate A ® B bipartite system
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[credit: Arvanitaki, Huang, Van Tilburg, PRD 91 (2015)]
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Why 177 = correlation spectroscopy
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Correlation Spectroscopy

o Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 7 pulse + measurement
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Correlation Spectroscopy

I Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 7 pulse + measurement

oi =2n(fi — fr) Tr + on + @i
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Correlation Spectroscopy

o Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 7 pulse + measurement

oi =2n(fi — fr) Tr + on + @i

(L4 €%) gy + (1 —€%) e)
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Correlation Spectroscopy

I Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 5 pulse + measurement

oi =2n(fi — fr) Tr + on + @i

(L4 €%) gy + (1 —€%) e)

(0, ) X cos 1
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Correlation Spectroscopy

i Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 7 pulse + measurement

oi =2n(fi — fr) Tr + on + @i

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

operate on product state of the two clocks z
(14 e#) |g) + (1= ) [e)] @ [(14€) |g) + (1 €2) |e)]

(0, ®0,) x cos (gpl — goz) = cos[27r(f1 — fo)Tr + Agb]
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Correlation Spectroscopy

i Ramsey interrogation : [Ramsey, PR76 (1949), PR78 (1950)]

5 pulse + free evolution + 7 pulse + measurement

oi =2n(fi — fr) Tr + on + @i

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

operate on product state of the two clocks z
(14 e#) |g) + (1= ) [e)] @ [(14€) |g) + (1 €2) |e)]

(0. @ 0.) o cos (p1 — pa) = cos|2m(f1 — [2)Tr + AP
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[Arvanitaki, Huang, Van Tilburg, PRD 91 (2015)]

SenSitiVity [Derevianko, PRA 97 (2018)]
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Scalar Dark Matter
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Axion Dark Matter
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Conclusion

<2 13 /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 my < 1072 eV

<+ for axion ULDM:
® ca. 1 order of magnitude improvement

® better than nEDM for 2 x 10717 eV <m, <2 x 107 eV
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Conclusion

2+ 13 /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 my < 1072 eV

o+ for axion ULDM:

® ca. 1 order of magnitude improvement

® better than nEDM for 2 x 10717 eV <m, <2 x 107 eV

Thank you for your attention!
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