
杜の都素粒子ワークショップ ̶Yasuhiro Okada Festa̶，2025/3/13-14

田中 実（阪大）

原子遷移過程で探る素粒子物理

1

https://conference-indico.kek.jp/event/309/


Minoru TANAKA
2

“New Initiatives in Muon Lepton Flavor Violation and Neutrino Oscillation 
with High Intense Muon and Neutrino Sources"
University of Hawaii in Honolulu, Oct. 2-6, 2000

右から， 
岡田さん 
田中 
Czarneckiさん 
野村さん



Introduction

3



Minoru TANAKA
4

Precision frontier in fundamental physics

Yb
+
: �⌫/⌫ ⇠ 10

�18, �⌫ ⇠ sub Hz

Temporal variation of fundamental constants, ⍺, me/mp
Huntemann et al.  (PTB) 2016

Development of precision spectroscopy / optical clock

Para-hydrogen PSR experiment @Okayama U

Rate enhancement with quantum coherence
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metastable

Paired Super-Radiance (PSR):
M. Yoshimura, N. Sasao, MT, PRA86, 013812 (2012)

macroscopic amplification by coherence <latexit sha1_base64="2Vw1t8hHw2BzlKP/c1QK3dED9eg="></latexit>⇢eg

Y. Miyamoto et al. PTEP113C01(2014), PTEP081C01(2015)

enhancement achieved
<latexit sha1_base64="GqhgistdpC1v+9etHyAWMaD9SzI="></latexit>
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Isotope shift with high precision spectroscopy
search for new neutron-electron interaction

今，主にやっていること

Dark matter search with macro-coherent amplification 
light halo dark matter,  
e.g. axion, dark photon 

Yb atoms in an optical lattice
Takahashi group, Kyoto U

@Okayama U
Cesium vapor
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Isotope shift (IS) and King linearity

IS = ⌫A0A := ⌫A0 � ⌫A

Level-splitting difference between isotopes |ii
|fi

�
⌫

<latexit sha1_base64="g6Ishi7zebFSX13/TmGeqIl14Fo="></latexit>

hr2iA0A := hr2iA0 � hr2iA

<latexit sha1_base64="4uEfR+0rLeekr9wmesOzk1j9xoo="></latexit>

µA0A := 1/mA0 � 1/mA

IS of two transitions:
<latexit sha1_base64="L2tSVxIWts9nzfyeLppfJcXYBSY="></latexit>

t = 1, 2

mass shift (MS) field shift (FS)

<latexit sha1_base64="8QWfRF9RfW5XzGWOlnCWnYB81bw="></latexit>

⌫(t)A0A = KtµA0A + Fthr2iA0A

electronic factors nuclear factor
Modified IS:

<latexit sha1_base64="EjsIeOyUwfFqxMCTHUZZhIFn3VE="></latexit>

= Kt + Fthr2iA0A/µA0A

<latexit sha1_base64="NlaDcQcUleNRGznDx8UsYrG1Beg="></latexit>

⌫̃(t)A0A := ⌫(t)A0A/µA0A

King linearity: eliminating the nuclear factor 
<latexit sha1_base64="GAQ4aHBSlQKIEB9f1nXNSBlfgGw="></latexit>

K21 := K2 � F21K1 , F21 := F2/F1

<latexit sha1_base64="blIKqv5kI0jTtkO/3YIrWvC4NOU="></latexit>

⌫̃(2)A0A = K21 + F21⌫̃
(1)
A0A

on a straight line, King plot
<latexit sha1_base64="JEkrjk1XP8hhNCrfBKH8Q5BGDts="></latexit>

(⌫̃(1)A0A, ⌫̃
(2)
A0A)

King, 1963
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Martensson-Pendrill et al.  PRA49, 3351 (1994)Transition 1: 369 nm
2P1/2(4f)

14(6p)�2 S1/2(4f)
14(6s) �⌫

1
A0A ⇠ O(1) MHz

Transition 2: 935 nm
3D[3/2]1/2(4f)

13(5d)(6s)�2 D3/2(4f)
14(5d)

Sugiyama et al.  CPEM2000

�⌫
2
A0A ⇠ O(10) MHz

Isotope pairs
 (172, 170), (174,172), (176,172)

18 19 20 21 22 23 24

40

45

50

369 nm
93
5
nm

Yb+ modified IS [THz amu]

(172,170)

(174,172)
(176,172)

10� error bars

Ex. Yb+ K. Mikami, MT, Y.Yamamoto EPJC77:896 (2017)
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Nonlinearity
IS by new neutron-electron interaction Delaunay et al.  arXiv:1601.05087v2

Xt(A
0 �A)

MS FS particle shift (PS)

<latexit sha1_base64="QksNAxqFabcXdAj+gch+z9fICQY="></latexit>

⌫(t)A0A = KtµA0A + Fthr2iA0A+

Nonlinearity due to subleading FS
<latexit sha1_base64="7CUQ9aRfXdlDNhkJbPOwGejEl0U="></latexit>

FS = Fthr2iA0A + F 0
t [hr2iA0A]

2 +Gthr4iA0A + · · ·
quadratic FS (FS22) higher moment (FS4)

<latexit sha1_base64="q6h5emrAYpyz2QydJzFhk9MOBE8="></latexit>

[hr2iA0A]
2 := (hr2iA0A0)

2 � (hr2iAA0)
2

(Z,A)

e

X
<latexit sha1_base64="lWmmRkOl56abPAqnb7063A69Rtg="></latexit>

<latexit sha1_base64="qAIccBm76GnXY3UcTRFpe5LkvVk="></latexit>ye

<latexit sha1_base64="265kA3B8gm+yu2m5Z9uRL7s9m3c="></latexit>yn
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PTEP 2020, 103B02 M. Tanaka and Y. Yamamoto

Fig. 3. The constraints on the mediator mass and couplings compared with other experiments/observations.
The top left-hand (top right-hand) panel is the Ca+ case of a scalar (vector) mediator. The bottom-left (bottom-
right) panel is theYb+ case of a scalar (vector) mediator. The red and blue solid lines are the same as Fig. 2. The
grey shaded regions left of the line at about 100 eV in all the panels are excluded by the fifth force search [21,22].
The shaded regions above the orange lines are the excluded regions by combining the neutron scattering data
[28–30] and several constraints on ge [23–27]. The left-hand sides of the brown lines are constrained by the
stellar cooling [31], but there is an uncertainty above the brown dotted lines [32]. The black vertical bars in the
right-hand panels show the coupling range suggested by the 17 MeV Atomki anomaly [33–36]. In the regions
below the red (Ca+) and blue (Yb+) dashed lines, the FS nonlinearity dominates over the PS nonlinearity. See
the main text for more details.

regions bounded from below by the orange lines indicate the regions excluded by the electron g − 2
measurement [23,24], the dark photon search at BaBar [25], and the beam dump experiments [26,27],
combined with the neutron scattering experiments [28–30].5 The BaBar result is relevant in the mass
region above 20 MeV for the vector mediator. The beam dump experiments are applied in the region
between 100 keV (1 MeV) and ∼ 10 MeV for the case of a scalar (vector) mediator assuming no
invisible decay modes of the mediator. The electron g −2 is used in the rest of the mass region of the

5 The constraints by the fifth force, (g − 2)e and the neutron scattering were first applied in the present
context in Ref. [3].
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Ex.Yb+

5th
force

n scattering

(g � 2)e
&

FSNL dominance:
�⌫ . 1 kHz

<latexit sha1_base64="nIjNxQiTTwqIT13WyvNF0yxHZ4Q="></latexit>

MT, Y.Yamamoto  PTEP 103B02 (2020)

What about SM nonlinearity?
Precise calculation difficult

Martensson-Pendrill et al.  PRA49, 3351 (1994)Transition 1: 369 nm
2P1/2(4f)

14(6p)�2 S1/2(4f)
14(6s) �⌫

1
A0A ⇠ O(1) MHz

Transition 2: 935 nm
3D[3/2]1/2(4f)

13(5d)(6s)�2 D3/2(4f)
14(5d)

Sugiyama et al.  CPEM2000

�⌫
2
A0A ⇠ O(10) MHz

<latexit sha1_base64="S0uuUCVU8GSJ5Db2cavcGiWQEU0="></latexit>

�⌫ ⇠ 10 MHz

<latexit sha1_base64="pRyaLJfDEhXPSJcwSetScbXaaL0="></latexit>

�⌫ ⇠ 1 Hz

FS nonlinearity (SM BG)
Yb+ bounds

<latexit sha1_base64="Jx5mLZlCmA3D5/pI6WleErGYn68="></latexit>

hr4i
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Generalized linearity K. Mikami, MT, Y.Yamamoto EPJC77:896 (2017)

<latexit sha1_base64="OWah8FElvcQTavEytUPyebDhCr8="></latexit>0

BB@

⌫(1)A0A �X1(A0 �A)

⌫(2)A0A �X2(A0 �A)

⌫(3)A0A �X3(A0 �A)

1

CCA =

0

B@

K1 F1 F 0
1

K2 F2 F 0
2

K3 F3 F 0
3

1

CA

0

B@

µA0A

hr2iA0A

[hr2iA0A]2

1

CA =: M

0

B@

µA0A

hr2iA0A

[hr2iA0A]2

1

CA

<latexit sha1_base64="1a7wdCsaDdXhc4IL6BQL3ol8PKY="></latexit>

(M�1)11⌫
(1)
A0A + (M�1)12⌫

(2)
A0A + (M�1)13⌫

(3)
A0A

� {(M�1)11X1 + (M�1)12X2 + (M�1)13X3}(A0 �A) = µA0A

<latexit sha1_base64="HoXwaTjTWQjZuTSTo2v2tdqMq6k="></latexit>

(⌫(1)A0A, ⌫
(2)
A0A, ⌫

(3)
A0A)/µA0A on a plane if 

<latexit sha1_base64="mUM+BNBjwgnioaPOJBfyNBUImoQ="></latexit>

Xt = 0

NP search with n-2 NL’s removed n transitions and n+1 IS pairs 

3 transitions: t=1, 2, 3 FS22 PS

<latexit sha1_base64="FFYlkSuHqGkJcf73Eunr5+/ce6c="></latexit>

⌫(t)A0A = KtµA0A + Fthr2iA0A + F 0
t [hr2iA0A]

2 +Xt(A
0 �A)
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Data of Yb transitions
Yb

+

2
S1/2

[Xe](4f)
14
(6s)

1

2
P1/2

(4f)
14
(6p)

1

3.36 eV

2
P3/2

3.77 eV

2
D3/2

(4f)
14
(5d)

1 2.85 eV(53 ms)

2
D5/2

3.02 eV(7.2 ms)

3
D[3/2]1/2

3.57 eV

1
D[3/2]3/2

(4f)
13
(5d)

1
(6s)

1

4.29 eV

1
D[5/2]5/2

4.60 eV

2
F7/2

(4f)
13
(6s)

2

2.66 eV

(1.6 yr)

2
F5/2

3.91 eV

369 nm

E1, 19.6 MHz

329 nm

436 nm

E2, 3 Hz

411 nm

E2, 22 Hz

467 nm

E3, 0.5 nHz

2.44 µm 935 nm

3.43 µm

760 nm

E2

638 nm

<latexit sha1_base64="J50U0q4jm9/c4h0NSqO3oN8OWoA="></latexit>

2s+1LJ

LS coupling

MIT
<latexit sha1_base64="TOKx47oBkrbLN0CWNwPeTWGX0Po="></latexit>

�⌫ ⇠ 300� 500 Hz

Count et al.  PRL 125, 123002 (2020)
Hur et al. PRL 128, 163201 (2022)
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<latexit sha1_base64="J50U0q4jm9/c4h0NSqO3oN8OWoA="></latexit>

2s+1LJ

LS couplingYb

1S0

[Xe](4f)14(6s)2

3P0

(4f)14(6s)(6p)
2.14 eV(21 s, A=171)

3P1 2.23 eV

3P2

2.44 eV(15 s, th)

1P1
3.11 eV

1D2

(4f)14(5d)1(6s)

3.43 eV(6.7 µs)

(4f)13(5d)(6s)2

J = 2

2.88 eV(200 s)

578 nm

507 nm
M2

399 nm

723 nm

723 nm

431 nm
M2

Kyoto
<latexit sha1_base64="ZQmUFKrQwisWa8MUbPVRpwW3uOQ="></latexit>

�⌫ ⇠ a few Hz
K. Ono, MT et al. PRX 12, 021033 (2022)

Figueroa et al. PRL 128, 073001 (2022)

Mainz
<latexit sha1_base64="QWXkA3id8cQMAXfhCC8tk5Ye/3c="></latexit>

�⌫ ⇠ O(100) Hz

Kyoto
T. Ishiyama et al. PRL 130, 153402 (2023)

NMIJ,AIST
A. Kawasaki et al. PRA 109, 062806 (2024)

not included 
in this talk
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two or more NL sources

the phase chirp by mixing down the beat signal between the
light passing through the AOM2 and the reference light,
yielding a frequency shift of 9(6) mHz, which is common
for all isotopes, and is negligible.
Table II summarizes the measured ISs, showing that

each IS is determined with an accuracy of a few hertz.
In addition to bosonic isotope pairs, we measure the IS
of 171Yb and 174Yb to check the accuracy of our measure-
ment scheme by comparing our result with those in the
previous studies using the state-of-the-art optical lattice
clock technique [25,26]. Spin-polarized 171Yb atoms are
prepared instead of the application of the PA, and
171YbðmF ¼ þ1=2Þ, 171YbðmF ¼ −1=2Þ, and 174Yb atoms
are alternately interrogated by the clock laser. The
systematic uncertainty associated with the first-order
Zeeman shift of 171Yb (mF ¼ %1=2) is evaluated from
∓2.000ð3Þ Hz=μT in Ref. [43]. As shown in Table II, our
measurement is in good agreement with the results in
Refs. [25,26] with the uncertainty of about 2 Hz.

B. 2D King plot

The measured ISs of the γ∶1S0 − 3P0 can be exploited to
study the nonlinearity of the King plot by combining the
α∶2S1=2 − 2D5=2 and β: 2S1=2 − 2D3=2 transitions of Ybþ

reported in Ref. [12]. Figures 6(a) and 6(b) show the 2D
King plots with the combinations of ðν̄A0A

γ ; ν̄A
0A

α Þ and
ðν̄A0A

γ ; ν̄A
0A

β Þ for the modified IS. Although the results exhibit
the overall linearity for both combinations, the deviations
on the order of 1–10 kHz are clearly seen. The fit to the data
is obtained by the full χ2 analysis (see Appendix C), and the
best-fit parameters are summarized in Table III. This is
basically the same method used in Refs. [12,17] except for
rearrangements of the data employed in Ref. [12]. The best-
fit parameters are roughly consistent with the numerical
results in Refs. [12,22,24]. However, it is also clear that the
different theories result in the different values,which are also
different from the experimental data. The experimental data
can be used as a benchmark to improve theoretical calcu-
lations. This analysis also quantifies the nonlinearities as the
χ2½λ1;λ2' minima with the degrees of freedom (d.o.f.) of 3,

χ2½γ;α' ¼ 1.1 × 104; ð12Þ

χ2½γ;β' ¼ 1.7 × 104; ð13Þ

which are much larger compared to that of the transitions
ðα; βÞ∶χ2½α;β' ¼ 15.37 (see Appendix D). The observed large
nonlinearity compared with that of the transitions ðα; βÞ is
reasonable when we consider the characters of the transi-
tions involved. The transitions α and β are the same
with each other except for the relativistic effects, which
results in the almost unity for the value of Fβα and thus
Hβα ∼Hβ −Hα ∼ 0 when Hα ∼Hβ. On the other hand, the
electronic configuration of the transition γ is quite different
from those ofα and β. As a result,Fαγ andFβγ take about 1.6,

TABLE II. Measured ISs of the γ∶1S0 − 3P0 transition. Total 1σ
uncertainties are shown as ðÞtot.

Isotope pair ðA0; AÞ IS νA
0A

γ (Hz) References

(168,170) 1 358 484 476.2ð2.2Þtot This work
(170,174) 2 268 486 592.6ð1.9Þtot This work
(172,174) 992 714 586.6ð2.1Þtot This work
(174,176) 946 921 774.9ð2.9Þtot This work
(171,174) 1 811 281 646.7ð2.3Þtot This work

1 811 281 645.8ð0.9Þtot [25,26] (1
013

 H
z 

am
u)

(1
013

 H
z 

am
u)

(1013 Hz amu)

(1013 Hz amu)

(a)

(b)

(108 Hz amu)

(1
08 

H
z 

am
u)

(108 Hz amu)

(108  Hz amu)

(1
08 

H
z 

am
u)

(1
08  

H
z  

am
u)

(1
08 

H
z  

am
u)

(1
08 

H
z 

am
u)

(108 Hz amu)(108 Hz amu)

(1
08 

H
z 

am
u)

(1
08 

H
z 

am
u)

(1
08 

H
z 

am
u)

(108 Hz amu)

(108 Hz amu)
(108 Hz amu)

am
u)

am
u)

u)
m

u)

(168, 170)

(170, 174)

(172, 174)

(174, 176)

(172, 174)

(168, 170)

(174, 176)

(170, 174)

FIG. 6. 2D King plots of γ∶Yb 1S0 − 3P0 transition versus
(a) α∶Ybþ 2S1=2 − 2D5=2 transition and (b) β∶Ybþ 2S1=2 − 2D3=2

transition. Each inset shows the enlarged view magnified by 105.
Error bars, which represent 1σ uncertainties, are smaller than the
symbol sizes. Solid lines are the fits to the data with Eq. (3).

KOKI ONO et al. PHYS. REV. X 12, 021033 (2022)

021033-8

2D analysis

<latexit sha1_base64="G37Vejso4VzxqSKG2eHb/mZER9o="></latexit> 2
S
1
/
2
(6
s)

–
2
D

5
/
2
(5
d)

<latexit sha1_base64="80Snl9clOhcwugj3szn0Dvq9vtA="></latexit>

1S0(6s
2) – 3P0(6s6p)

<latexit sha1_base64="83B6sA5pwXDYdv1uquoZXafkCrM="></latexit>

�2/dof = 1.1⇥ 104/3

3D analysis

different from unity, and thus there is no cancellation in
HαγðHβγÞ even when Hγ ∼Hα (Hγ ∼Hβ).
We introduce the QFS as the higher-order IS to

fit the data. We take ½δhr2i2$A0A as δηA
0A in Eq. (8)

and its coefficient as an additional fitting parameter (see
Appendix C for details). However, χ2 is not improved,

χ2½γ;α$ðQFSÞ ¼ 1.0 × 104; ð14Þ

χ2½γ;β$ðQFSÞ ¼ 8.4 × 103; ð15Þ

where the d.o.f. of χ2 is 2. This indicates several possibil-
ities. While we use the mean-square nuclear charge radii
shown in Table VI in the evaluation of QFS term, these
values may not be accurate enough at the present level of
experimental accuracy. Thus, the insufficient current accu-
racy of δhr2iA0A may make the fit worse. The failure of
the fitting can also be explained when the origin of the
observed nonlinearity cannot be solely attributed to the
QFS. In fact, the roles of the next-leading-order Seltzer
moment δhr4iA0A [19] and the nuclear deformation [21] are
discussed. The assumption of the approximate relation of
δhr4iA0A to ½δhr2i2$A0A, which is the basis of the absorption
of the δhr4iA0A term into the QFS and leading-order FS term
[12], may not be validated at the improved accuracy of the
measurements associated with the transition γ.
We also introduce the PS as the higher-order IS to fit the

data. However, again χ2 is not improved,

χ2½γ;α$ðPSÞ ¼ 8.8 × 103; ð16Þ

χ2½γ;β$ðPSÞ ¼ 7.5 × 103: ð17Þ

C. 3D King plot

1. Observation of nonlinearity of 3D King plot

The generalized King plot combining all the IS data for
the three transitions provides us with important insights on
the origin of the violation of the King linearities Eqs. (12)
and (13). As we discuss in Sec. II B, if the observed
nonlinearity originates from the single source which is
factorized as the products of isotope-dependent nuclear
term and isotope-independent electronic term, we expect
the perfect linearity of the generalized 3D King plot
Eq. (10). Figure 7 shows the generalized King plot with
the three transitions ðλ1; λ2; λ3Þ ¼ ðγ; α; βÞ, and the best-fit
parameters are summarized in Table IV. Note that the jfγj is
much smaller than fα ≈ 1, indicating the best-fit plane is
almost perpendicular to the horizontal, or α–β plane, as
shown in Fig. 7. This is reasonable if we consider the close
similarity between the α and β transitions and much less

TABLE III. Best-fit parameters of 2D King plots shown in
Figs. 6(a) and 6(b). Here, λ1 represents the optical transition of γ,
and λ2, α or β. The d.o.f. of χ2 is 3 ¼ 5 (observations for α or β)
þ4 (observations for γ) −2 (fitting parameters) −4 (ISs on γ). The
error of each fit parameter is evaluated as 1σ. The results are
compared with the theoretical results in Refs. [12,22,24]. The
values associated with Refs. [22,24] (Refs. [12,24]) are obtained
by combining the MS and the FS of the γ transition in Ref. [24]
and those of the α and β transitions in Ref. [22] (Ref. [12]).

ðλ1; λ2Þ Fλ2λ1 Kλ2λ1 (GHz amu) References

ðγ; αÞ 1.63471003(90) −593.388ð16Þ This work
1.5140 −255 [22]
1.3565 −856 [22,24]
1.4613 −1257 [12,24]

ðγ; βÞ 1.6533771(10) −480.159ð16Þ This work
1.5400 −31 [22]
1.3798 −643 [22,24]
1.4836 −1211 [12,24]
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FIG. 7. Generalized King plot using all three transitions. The
plane is the fit to the data by Eq. (10). Each inset shows the
enlarged view magnified by 106, seen from the direction parallel
to the plane and orthogonal to the β axis (indicated by the arrow),
and so the plane is represented as the red line in the inset. The
labels Δν̄α and Δν̄β show the deviations from the modified ISs,
and a label for the γ axis is not shown in the insets. Error bars
represent 1σ uncertainties.

TABLE IV. Best-fit parameters of 3D King plots shown in
Fig. 7. The error of each fit parameter is evaluated as 1σ. The
results are compared with the theoretical results Ref. [22] under
the assumption that the QFS is eliminated by the construction of
the 3D King plot.

fα fγ kμ (GHz amu) Reference

1.023(13) −0.019ð21Þ 127.2(7.7) This work
1.276 −0.391 294.4 [22]

OBSERVATION OF NONLINEARITY OF GENERALIZED KING … PHYS. REV. X 12, 021033 (2022)

021033-9

<latexit sha1_base64="OxAO6iA9rdT78Ny41KaSuefqshk="></latexit>

�2/dof = 15/3

K. Ono, MT et al. PRX 12, 021033 (2022)MIT+Kyoto
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between the γ and these two. The experimental data can be
used as a benchmark to improve theoretical calculations.
The minimum χ2 of this linear relation is

χ2½γ;α;β" ¼ 15ðp ¼ 2.3 × 10−3Þ; ð18Þ

where the corresponding p value is calculated with the
d.o.f. of 3. This p value corresponds to a significance of 3σ.
In Sec. IV B of 2D King plots including the transition γ, we
have seen that the χ2 minima are quite large. In the
generalized 3D King plot, on the other hand, we find that
χ2 is small, which indicates that the major origin of the
nonlinearity is removed.
Importantly, at the same time, the obtained χ2 is not as

small as the expected minimum value χ2min ¼ 4.037 limited
by the consistency condition νA

0A
λ ¼ νA

0A0

λ − νAA0

λ for the α
and β transitions (see Appendix D). This means that the
observed ISs data cannot be explained by a single source of
the higher-order effects such as the QFS or the nuclear
deformation proposed as candidates of the observed non-
linearity in the ðα; βÞ King plot [12,21], or the PS, but at
least two distinct higher-order ISs are involved in the data.

2. Determination of the upper bound
of the new particle coupling

Here, we present the main result of this work; namely, we
set the upper bound of the new particle coupling from the
analysis of our 3D King plot. We assume that there is an
additional SM source of the higher-order IS other than the
QFS, and this additional SM source is to be eliminated
by the construction of the 3D King plot as discussed in
Sec. II B. In addition, we assume that the remaining
nonlinearity observed in the 3D King plot is originated
from the QFS. Here, we make our argument on the validity
of the assumptions in the above. As shown in IV C, the fit
with the original 3D King’s relation Eq. (10) exhibits the
nonlinearity at the 3σ level, indicating that there exist at
least two distinct higher-order contributions to the mea-
sured isotope shifts. It is reasonable that the two distinct
higher-order IS terms involved in the observed data are the
next-leading-order Seltzer moment δhr4iA0A and the QFS
[see Refs. [12,16,18,19,21] and Eq. (4)] since these two
terms are the next-order corrections for the leading-order
field shift. Note that the higher-order terms in the mass shift
are much smaller than these corrections for heavy elements
such as Yb [18,20]. Although the source of nonlinearity
other than QFS is not needed to be specified in our analysis
of the 3D King plot, the next-leading-order Seltzer moment
δhr4iA0A is then a plausible candidate for another source.
Under these assumptions, we perform the QFS fit,

namely, the fit with Eq. (11) with h ¼ hQFS and
δηA

0A ¼ ½δhr2i2"A0A. The result of the fitting shows that
the χ2 minimum reaches the theoretical minimum. This
procedure gives a constraint on hQFS and we take this

constraint into account in the following χ2 analysis. Then,
we additionally introduce the nonlinear term given by hPS
as in Eq. (11), and evaluate the upper bound of hPS as the
value with which the χ2 increases from the χ2 minimum by
the amount corresponding to the 95% C.L. The electronic
factors Xα, Xβ, and Xγ in the expression of hPS are similarly
taken from Refs. [12,22] as in Appendix E, while the
coefficients fα and fγ in hPS are fixed as the best-fit values
obtained from the fitting as the coefficients of νA

0A
α and νA

0A
γ

in Eq. (11). The adoption of the values of fα and fγ is
reasonable since these should coincide with the coefficients
appearing in the hPS (see Appendix F). The obtained upper
bound is shown as the red curve in Fig. 8. If the mass of the
new boson is 10 eV, we obtain the bound of jyeynj=ðℏcÞ ≤
1.2 × 10−10 with the 95% C.L. This bound is of the same
order as the one with the data of Caþ [11], which is
jyeynj=ðℏcÞ < 6.9 × 10−11 for m ¼ 1 eV and depicted as
the purple dashed line in Fig. 8. While this is above the
terrestrial bound given as the orange line in Fig. 8, the
sensitivity obtained from the 3D King plot can surpass this
terrestrial bound for m ∼ 2 keV if the uncertainties of νA

0A
αðβÞ

and δhr2iA0A are improved by factors of 102 and 10,
respectively (see the blue line shown in Fig. 8). The
uncertainty in the nuclear mass coming from those of
atomic mass and binding energy does not play an important
role in the χ2 value, nor needs to be improved for the blue
line. We note that the above upper bound is applicable
provided no accidental cancellation between the QFS and
PS contributions to the observed nonlinearity occurs in the
3D King plot.

FIG. 8. Product of couplings jyeynj of a new boson as a
function of the mass m. The red line represents the upper bound
of the coupling with the 95% C.L. (see main text for details). For
comparison, the constraint from electron anomalous magnetic
moment (g − 2) measurements [44,45] combined with neutron
scattering measurements [46–48] is shown as the orange shaded
region. The purple dashed line shows the upper bound from the
Caþ analysis in Ref. [11]. The blue line shows the constraint
which is obtained if the uncertainties of νA0A

αðβÞ and δhr2iA0A are

improved by factors of 102 and 10, respectively.

KOKI ONO et al. PHYS. REV. X 12, 021033 (2022)
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Simultaneous analysis of plural linearities 

Yb: 4 independent IS pairs
3D linearity is nontrivial, while 5 transitions available.

Combined fit of 3 independent 3D relations
<latexit sha1_base64="YyJz1k3sD5EfZaJb6d7C4DXcYd4="></latexit>

⌫3 = k3µ+ f31⌫1 + f32⌫2 , ⌫4 = k4µ+ f41⌫1 + f42⌫2 , ⌫5 = k5µ+ f51⌫1 + f52⌫2
(  omitted)A′￼A<latexit sha1_base64="r4pd6n3qvUs9cHytZhEWN+wINos="></latexit>
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PS alone cannot explain the observed 3D nonlinearity.

Assigning this nonlinearity to PS,
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Five transitions combined
FS22 sub.

FS22+FS4 sub. (3D)

FS4 sub.

FS22+FS4 sub. (2D)

(g-2)e + n scattering
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Light dark matter candidates

<latexit sha1_base64="k17FIs8klTBPwllqRQi/YSyJHmA="></latexit>

UX(1)

Dark photon
Minimal extension of the SM gauge sector
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XXµX
µ � jµemAµ
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Axion (and axion-like particles)
Proposed solution of the strong CP problem

２parameters :
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unsuppressed by heavy mass scales and is generically
expected to exist, although different UV completions allow
ε to be naturally extremely small [23]. Such an interaction
can lead to a wide variety of possible constraints and new
searches—see for example [10,17,18,24–49], and other
references given below in this section. If so, over a wide
range of masses 10−12–10−3 eV, a cosmological abundance
of such particles can be detected using well-developed
electromagnetic resonator technologies as suggested in
[13,19,50]. The estimated reach of such experiments is
plotted in Fig. 6. These experiments are sensitive to the
combination ε ffiffiffiffiffiffiργ0

p , where ργ0 is the local energy density in
the massive vector boson, which of course cannot be larger
than the dark-matter density. Since the sensitivity scales asffiffiffiffiffiffiργ0
p , and since ε is a priori unknown, these detectors have
the ability to probe vector boson densities that are a
small subcomponent of the dark-matter density. This is
particularly important in this scenario since the abundance

generated by inflation will be smaller than the dark-
matter density for vectors with mass less than
∼10−5 eVð1014 GeV=HIÞ4. Given our ignorance of the
ultraviolet physics responsible for the origins of these
massive vector bosons and the model-independent way
in which the vector boson abundance is generated, there is a
strong case to search for such a cosmic abundance over a
wide range of parameters.
Interestingly, as is clear from Fig. 6, electromagnetic

resonator technology is particularly well suited to search
for massive vector bosons in a several-decade mass range
around ∼10−6 eV, corresponding to resonator frequencies
∼108 Hz. If the scale of inflation is close to the present
experimental bound of HI ∼ 1014 GeV, a vector boson in
this mass range will have an abundance equal to the
observed dark-matter density. There is thus strong moti-
vation to leverage the existence of high-precision electro-
magnetic sensors in this frequency range as a positive
detection could yield strong evidence for inflation. The
blue dashed line shows the projected reach of a recently
proposed search with resonant LC oscillators [19], with the
blue dotted line showing the potential improvement by
multiplexing in the high-frequency regime.
As is evident from Fig. 6, there are a variety of

constraints on such kinetically mixed vector bosons. A
cosmic abundance of these vector bosons is constrained in
the tan-shaded regions. The central tan-shaded region in
Fig. 6 is ruled out by CMB distortions due to conversion of
the vector into photons [13]. The rightmost region is
excluded due to depletion of the vector by conversion into
photons. We derive this bound following the analysis of
[13], but taking the initial abundance to be the maximum
allowed by inflationary production, whereas in [13] an
exponentially large initial abundance was considered. The
leftmost, semitransparent tan region is claimed in [13] to be
excluded due to depletion of the vector by conversion into
plasma modes. This analysis appears to have ignored the
(potentially large) disruptive effect this would have on the
baryon plasma and so may not be valid. We do not attempt
to reanalyze this constraint here. As pointed out in [20],
conventional dark-matter direct-detection experiments are
sensitive to vector dark matter if its mass is above the
experimental threshold energy. Similarly, as pointed out
in [13], the ADMX axion dark-matter search is also
sensitive to vector dark matter. The green-shaded regions
in Fig. 6 show the corresponding exclusions from results
from the ADMX [51], Xenon10 [52] and Xenon100 [53]
experiments.
The blue-gray-shaded regions are excluded regardless of

the cosmic abundance of the vector boson—they only rely
on the existence of the vector boson as a degree of freedom
in the theory. These bounds include stellar production of
the vector [54,55], precision tests of electromagnetism
[31,32,56], and distortion of the CMB due to conversion
of photons into the vector [57]. Since these are bounds on ε

FIG. 6. Prospects for direct detection of a cosmological vector
abundance through kinetic mixing with the photon. Direct-
detection experiments are sensitive to the combination ε ffiffiffiffiffiffiργ0

p

shown on the y axis (mγ0 is the mass of the new vector, and ργ0 its
cosmic abundance—this plot does not assume the vector makes
up all the dark matter). In the vertical pink band, high-scale
inflation (1013 GeV ≲HI ≲ 1014 GeV) generates the full dark-
matter abundance for the vector. Masses to the right of this band
require lower values ofHI , while to the left of this band the vector
can constitute an interesting dark-matter subcomponent. The blue
dashed line shows the projected reach of a recently proposed
search with resonant LC oscillators [19], with the blue dotted line
showing the potential improvement by multiplexing in the high-
frequency regime. Tan-shaded regions are excluded due to
cosmological disturbances caused by the relic vectors, while
green regions are excluded by null results from the Xenon10/100
and ADMX dark-matter searches. Gray-blue-shaded regions
indicate constraints on the existence of the vector independent
of its cosmological abundance (these are truly constraints on ε, so
to plot these here it was assumed that the vector makes up the
largest possible fraction of the dark matter that is consistent with
inflationary production). See Sec. V for more details.

GRAHAM, MARDON, and RAJENDRAN PHYSICAL REVIEW D 93, 103520 (2016)

103520-14
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Standard model + inflation + dark photon
Dark photon dark matter

Graham, Mardon, Rajendran, PRD93, 103520 (2016)
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HI : Hubble scale of inflation
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Cs pilot experiment @Okayama U

cf. single atom rate:
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Coherence generation |ii
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pump laser
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Coherence measurement

E2 transition
Observed w/o coherence

JING WANG et al. PHYSICAL REVIEW A 110, 012804 (2024)
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FIG. 3. Example of raw spectra. Experimental data are shown by black dots and fitting functions by red solid lines. The wavelength bin
size is chosen to be 1/20 nm for all spectra. (a) E2 transitions 8 2P3/2 → 6 2P1/2 and 5 2D5/2 → 6 2S1/2. (b) E2 transition 8 2P3/2 → 6 2P3/2.
(c) E1 transitions 8 2P3/2 → 5 2D3/2, 8 2P1/2 → 5 2D3/2, 8 2P3/2 → 5 2D5/2, 6 2P1/2 → 6 2S1/2. (d) E2 transition 5 2D5/2 → 6 2S1/2. (e) E2
transition 8 2P1/2 → 6 2P3/2. (f) E1 transitions 8 2P1/2 → 5 2D3/2, 6 2P1/2 → 6 2S1/2.

counts over different runs. The results, denoted by ⟨C⟩(λ), are
shown in Table II.

The count ⟨C⟩(λ) and its corresponding A coefficient are
related to each other via

⟨C⟩(λ) = NCsA(λ)ηgeoηQE(λ)ηopt (λ)t (1)

where NCs is the number of excited Cs atoms, ηgeo the geo-
metrical acceptance, ηQE the quantum efficiency of PMT, ηopt
the product of efficiencies of optical components from the cell
to PMT, and t the data taking time at each point. Among the
experimental variables in Eq. (1), NCs does not depend on λ.
Similarly ηgeo can be considered λ independent: this is con-
firmed by the studies using a simulation tool (see Sec. III D for
details). Treating NCsηgeo as λ independent, we define R(λ) =
⟨C⟩(λ)

t × η(0)
opt

ηQE(λ)ηopt (λ) , where η(0)
opt ≡ ηopt (900 nm), which is di-

rectly proportional to A(λ). Table II shows the list of ηQE(λ)
and ηopt (λ) normalized to η(0)

opt. They are measured by the
separate experiments described in the Appendixes.

D. Systematic uncertainty

We now investigate several potential sources of systematic
uncertainties (errors) and study their impact on the mea-
surement. Table III summarizes our error budget. They are
classified into two categories: one is a random type (upper
three rows) and the other is a scale error (lower four rows).
The former introduces fluctuation in counts C(λ) in addition
to the statistical one. In contrast, ηQE, ηopt, and ηgeo are pro-
portional constants multiplied by the counts C(λ) and thus
their error may change R, not C. The monochromator perfor-
mance difference also becomes sizable when the wavelength
difference is large. They are categorized as “scale” errors and
are treated differently from the random-type errors. Below we
explain each of them in more detail.

1. Laser power fluctuations

One of the dominant contributors to experimental uncer-
tainty is the fluctuations in laser power. These fluctuations

TABLE II. Raw counts (C) from different runs along with averaged counts ⟨C⟩, PMT quantum efficiency ηQE, and ηopt/η
(0)
opt .

C ± #C

λ (nm) Run 1 Run 2 Run 3 ⟨C⟩ ± #⟨C⟩ ηQE (%) ηopt/η
(0)
opt

684 (1.39 ± 0.12) × 101 (1.47 ± 0.13) × 101 (1.43 ± 0.09) × 101 12.2 1.37
711 (1.10 ± 0.16) × 101 (1.17 ± 0.13) × 101 (1.14 ± 0.10) × 101 10.6 1.50
886 (2.01 ± 0.07) × 103 (2.28 ± 0.09) × 103 (2.15 ± 0.06) × 103 0.194 0.950
893 (8.49 ± 0.17) × 103 (1.02 ± 0.02) × 104 (9.35 ± 0.13) × 103 0.100 0.976
715 (9.88 ± 1.94) × 100 (1.19 ± 0.15) × 101 (9.13 ± 1.82) × 100 (1.03 ± 0.10) × 101 10.5 1.27
892 (9.26 ± 0.41) × 103 (9.47 ± 0.38) × 103 (8.58 ± 0.35) × 103 (9.11 ± 0.22) × 103 0.110 0.972

012804-4

J. Wang, MT et al. PRA 110, 012804 (2024)
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Rate measurement with coherence
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applying the second pump laser, ongoing
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Isotope shift
◼︎Isotope shift and King linearity

IS=MS+FS, linear relation of mIS of two transitions

<latexit sha1_base64="QKfGFOQ39juyL4ZJFIPV5iwA2JA="></latexit>

⌫̃(2)A0A = K21 + F21⌫̃
(1)
A0A

◼︎Nonlinearities : New physics and/or SM higher order
◼︎Generalized linearity

SM nonlinearity removed, improved sensitivity to new physics
Two or more SM higher order contributions revealed
One SM higher order + PS, excluded by our combined analysis

Door et al., PRL 134 063002 (2025)Yb+ ion O(10) Hz, MPI-PTB

Yb atom <O(10) Hz, Kyoto

◼︎New precise Yb IS data

improvement of MIT data and Yb masses
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Dark matter search
◼︎Rate amplification by coherence in ensemble of atoms 

significance of <latexit sha1_base64="5bHr4q1gPRkzFs6ljyNuqmvW254="></latexit>⇢fi
macrocoherence and momentum conservation

◼︎Halo dark photon/axion search experiment
Cs pilot experiment at Okayama U
coherence generation and <latexit sha1_base64="yIP5aB+BCJ3Tw3ix3GkJFhXRdq0="></latexit>⇢fi measurement ongoing

◼︎Theoretical issues 
more realistic simulation of signal and background


