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Frontiers in particle physics

Isotope shift new neutron-electron interaction

Energy frontier: LHC, ILC, FCC, …

Intensity frontier: B factory, K, muon, …

Cosmic frontier: CMB, GW, …

Yb
+
: �⌫/⌫ ⇠ 10

�18, �⌫ ⇠ sub Hz

Temporal variation of fundamental constants

!" me/mp using atomic clock
Huntemann et al.  (PTB) 2016

Precision / low energy frontier

0𝝂𝜷𝜷, DM, EDM,…
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Light new particle search
Direct search

Visible decay, e.g. X ! e+e�
<latexit sha1_base64="ttIIafiWFWh9VbFLP+WWQ57Mp1Q="></latexit>

: direct search

Invisible decay, e.g. X ! ⌫⌫̄
<latexit sha1_base64="MBE4TXUDHomvAjh51NvcJ2Lcpqs="></latexit>

: missing E/p

Stable: missing E/p, dark matter?

Indirect search

X
<latexit sha1_base64="CGT4MiT7gY93e7NhcXXzl4ZHpIc="></latexit>

X
<latexit sha1_base64="CGT4MiT7gY93e7NhcXXzl4ZHpIc="></latexit>

<latexit sha1_base64="qG0Hc9Bykq63XJgsR89aGdRfLuQ="></latexit> <latexit sha1_base64="zhv3wyvxWGUAGSQT9UwBeCRi9cc="></latexit>

/ g2

m2
<latexit sha1_base64="e9uKi4eMZcxoMbohyWX7YoasYkg="></latexit>

cf. weak interaction ⇠ g2Z
m2

Z

⇠ 0.5

(100 GeV)2
=

0.5⇥ 10�10

(1 MeV)2
<latexit sha1_base64="rNUpt/2MGg1YybHHCZ7fpwomO8Q="></latexit>
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Isotope shift (IS)

No IS for infinitely heavy and point-like nuclei IS = MS + FS

Theoretical calculation of IS: Not easy IS ⇠ O(GHz) ⇠ O(10 µeV)

Field shift:  finite size of nuclei

(dominant for Z>40) FS / hr2iA0 � hr2iA

Mass shift:  finite mass of nuclei (reduced mass)

(dominant for Z<20) 
<latexit sha1_base64="Xp/QQmzn3UjDE5M4Ha+sKCecZJU="></latexit>

MS / 1/mA0 � 1/mA

IS = ⌫A0A := ⌫A0 � ⌫A

Level-splitting difference between isotopes |ii
|fi

�
⌫

<latexit sha1_base64="/AMakwwWiN8GrgSY2MJt7ckV3ps="></latexit>

h⌫A = Ei
A � Ef

A , h⌫A0 = Ei
A0 � Ef

A0
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IS of two transitions:

mass shift (MS) field shift (FS)
<latexit sha1_base64="g6Ishi7zebFSX13/TmGeqIl14Fo="></latexit>

hr2iA0A := hr2iA0 � hr2iA

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

µA0A := 1/mA0 � 1/mA

<latexit sha1_base64="L2tSVxIWts9nzfyeLppfJcXYBSY="></latexit>

t = 1, 2
<latexit sha1_base64="8QWfRF9RfW5XzGWOlnCWnYB81bw="></latexit>

⌫(t)A0A = KtµA0A + Fthr2iA0A

5

King linearity King, 1963

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)
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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

(Z,A)

ege

gN

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

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 higher moment

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

[hr2iA0A]
2 := (hr2iA0A0)

2 � (hr2iAA0)
2
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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)

3 transitions: t=1, 2, 3
<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 

<latexit sha1_base64="w+Ry940MQVSR0gerzDdXS/GBcws="></latexit>

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

2 +Xt(A
0 �A)

QFS PS
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Recent experiments: Yb+ ion

evidence for nonlinearity

spin s, mass mϕ, and reduced Compton wavelength ƛc ¼
ℏ=ðmϕcÞ [9,24].
For heavy elements like Yb, the first term in Eq. (1)

associated with the change in nuclear size δhr2i [“field
shift” (FS)] dominates, while the second term is due to the
electron’s reduced mass and momentum correlations
between electrons (“mass shift”). According to our elec-
tronic-structure calculations (see below), the third (QFS)
term associated with the square of nuclear size ½δhr2i2%ji
represents the leading-order nonlinearity [23,24] within the
SM for Yb. The last term describes the isotope shift due to

the Yukawa-like potential associated with the new boson ϕ.
The quantities F, K, G, D are determined by the electronic
wave functions of the transition [9,10,24]; see the
Supplemental Material [33]. Note that the effect of the
next-leading order Seltzer moment [24,67] associated with
δhr4i is absorbed into the QFS term; see the Supplemental
Material [33].
The first two terms in Eq. (1) lead to a linear relationship

between the isotope shifts (King plot [15]) when one
considers two different transitions α, β,

¯̄νβji ¼ Kβα þ Fβα ¯̄ναji þ Gβα½δhr2i2%ji þ υneDβα ¯̄aji: ð2Þ

Here we define Fβα ≡ Fβ=Fα, Pβα ≡ Pβ − FβαPα for
P ∈ fK;G;Dg, while ¯̄zji ≡ zji=μji for z ∈ fνα; νβ;;
½δhr2i2%; ag is the inverse-mass-normalized quantity. For
our purposes, where the FS dominates, the influence
of mass and frequency errors is more transparent if
we instead write a modified linear relationship for the
frequency-normalized quantities x̄ji ≡ xji=ναji for x ∈
fνβ; μ; ½δhr2i2%; ag,

ν̄βji ¼ Fβα þ Kβαμ̄ji þ Gβα½δhr2i2%ji þ υneDβαāji: ð3Þ

To analyze the experimental results in this work, the
transitions and isotopes are assigned as follows: α ¼
2S1=2 → 2D5=2 (411 nm), β ¼ 2S1=2 → 2D3=2 (436 nm), j ∈
f168; 170; 172; 174g with i ¼ jþ 2, and l ¼ 172.
The inset in Fig. 2(a) confirms the general linear

relationship for the inverse-mass-normalized isotope shifts
in a standard King plot corresponding to Eq. (2) for the
two transitions α and β. However, when we zoom in by a
factor of 106 [main Fig. 2(a)], we observe a small deviation
from linearity, in the range 0.5–1 kHz in frequency units
for a given data point. The frequency-normalized King
plot associated with Eq. (3), as displayed in Fig. 2(b),
illustrates that due to the smallness of the slope, i.e., the
mass-shift electronic factor Kβα, the mass error along the
horizontal axis μ̄ji has a negligible effect. For all points
taken together, the nonlinearity is nonzero at the level of 3σ
(see the Supplemental Material [33]).
With four independent isotope pairs, we can quantify

not only the magnitude of the nonlinearity, but also an
associated pattern further characterizing the nonlinearity.
To this end, we introduce two dimensionless nonlinearity
measures

ζ' ≡ d168 − d170 ' ðd172 − d174Þ; ð4Þ

where dj ≡ ν̄βji − fðμ̄jiÞ are the vertical deviations of the
four data points ν̄βji in Fig. 2(b) from the linear fit f. ζþ
and ζ− characterize the two possible nonlinearities for
four data points, a zigzag shape with deviation pattern
þ − þ −, and a curved nonlinearity with deviation
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FIG. 2. (a) Standard King plot [Eq. (2)] for α ¼ 411 nm,
2S1=2 → 2D5=2, and β ¼ 436 nm, 2S1=2 → 2D3=2 transitions for
pairs of neighboring even Ybþ isotopes. The inset shows the full
King plot. The main figure is zoomed into the data points by a
factor of 106. A deviation from linearity (red line) by 3 standard
deviations σ is observed. The larger diagonal uncertainty for the
(168,170) pair is due to the larger mass uncertainty for the 168Ybþ

isotope [30–32] (see the Supplemental Material [33]). (b) Fre-
quency-normalized King plot [Eq. (3)] and residuals. The error
bars and error ellipses indicate 1σ.
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�2/dof = 11.7/2
<latexit sha1_base64="wR6ESJNfLWXEerXw/FY63F9LHQo="></latexit>

p = 0.0029

pattern þ − − þ, respectively. Any given nonlinearity
can be represented by a point in the ζþζ− plane [see
Fig. 3(a)]. A nonlinearity that arises from the coupling of
the ϕ boson to the neutron number corresponds to a fixed
nonlinearity pattern and hence a given line through the
origin (see the Supplemental Material [33]). The same
argument holds for the QFS. Our observed nonlinearity lies
close to both lines representing pure coupling to a new
boson and the QFS, respectively. The experimental uncer-
tainty region in Fig. 3(a) can be decomposed into its
possible QFS and new-boson components, as shown in
Fig. 3(b). It highlights the relative contributions of the two
sources of nonlinearity, ranging from pure new boson to
pure QFS contribution at the current level of uncertainty.
With increased measurement precision, it will be possible
to separate the two contributions.
In order to convert the observed nonlinearity, as repre-

sented by ζ", into a physical quantity such as the coupling
υne, we need to determine the associated electronic wave
functions. To cross-check our numerical simulations for
systematic errors, we use two different methods, the Dirac-
Hartree-Fock method [68,69] followed by the configuration
interaction (CI) method [70–73], using the software pack-
age GRASP2018 [74], and many-body perturbation theory
(MBPT) [75] implemented in AMBiT [76]. We calculate
FCI
βα ¼ 1.0153 and FMBPT

βα ¼ 1.0121, within 0.2% and
0.07% of our experimental value Fexp

βα ¼1.01141024ð86Þ,
respectively. For the mass shift, that is more difficult to
calculate accurately; we find KCI

βα ¼ 65 GHz · u (see the

Supplemental Material [33]), within a factor of 2 from the
experimental value Kexp

βα ¼ 120.208ð23Þ GHz · u. The cal-
culated wave functions in combination with the measured
frequency shift can also be used to extract the nuclear size
difference δhr2i (see the Supplemental Material [33]), in
good agreement with other results [64]; see Table I. We also
calculateGCI

βα ¼ 232 kHz=fm4 andGMBPT
βα ¼ −36 kHz=fm4

for the QFS, indicating a large systematic uncertainty in
the calculation of this small term. The experimentally
constrained range in Fig. 3(b) (24–94 kHz=fm4) (see the
Supplemental Material [33]) lies between the two calculated
values.
Using the electronic-structure calculations, we can deter-

mine a boundary on the new-boson coupling from our data.
Figure 4 shows the upper bound on the product of couplings
jyeynj. It is obtained by dividing the experimental value of
υneDβα from Fig. 3(b) (determined with the assumption
that the effect of the new boson dominates the nonlinearity;
i.e., Gβα ¼ 0), by ð−1Þsþ1DβαðmϕÞ=ð4πℏcÞ from the
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FIG. 3. (a) Nonlinearity measure ðζþ; ζ−Þ for next-neighbor
isotope pairs. The red shaded region indicates the 95% confidence
interval from our data. The green solid line and the blue dashed
line indicate the required ratio ζ−=ζþ if the nonlinearity is purely
due to a new boson ϕ and the QFS, respectively. (b) Experimental
nonlinearity measure along the axes of a new boson (x-axis) and
the QFS (y-axis).
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FIG. 4. Product of couplings jyeynj of a new boson vs boson
mass mϕ (bottom) and reduced Compton wavelength (top),
plotted under the assumption that the observed nonlinearity in
Fig. 3 is dominated by the new boson. The solid line is for the CI
calculation, and the dashed line is for the MBPT calculation. If
the nonlinearity has a contribution from the QFS, then jyeynj lies
below this line. The gray shade indicates the region inside the
nucleus. The sign of yeyn is color-coded: red for −ð−1Þs and blue
for þð−1Þs for a spin-s boson. The 95% confidence intervals
from the statistical uncertainty in the measured isotope shift are
shown as shaded areas along the solid line. The systematic
uncertainty due to the wave function calculation is much larger,
especially in the high-mass region. The thick green line indicates
the preferred coupling range for the X17 boson from the Be/He
anomaly [16–21]. The yellow shaded area shows the constraint
from electron ge − 2 measurements [77–81] combined with
neutron scattering measurements [82–85] (from Ref. [10]).
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new physics?

SM vs NP nonlinerities

pattern þ − − þ, respectively. Any given nonlinearity
can be represented by a point in the ζþζ− plane [see
Fig. 3(a)]. A nonlinearity that arises from the coupling of
the ϕ boson to the neutron number corresponds to a fixed
nonlinearity pattern and hence a given line through the
origin (see the Supplemental Material [33]). The same
argument holds for the QFS. Our observed nonlinearity lies
close to both lines representing pure coupling to a new
boson and the QFS, respectively. The experimental uncer-
tainty region in Fig. 3(a) can be decomposed into its
possible QFS and new-boson components, as shown in
Fig. 3(b). It highlights the relative contributions of the two
sources of nonlinearity, ranging from pure new boson to
pure QFS contribution at the current level of uncertainty.
With increased measurement precision, it will be possible
to separate the two contributions.
In order to convert the observed nonlinearity, as repre-

sented by ζ", into a physical quantity such as the coupling
υne, we need to determine the associated electronic wave
functions. To cross-check our numerical simulations for
systematic errors, we use two different methods, the Dirac-
Hartree-Fock method [68,69] followed by the configuration
interaction (CI) method [70–73], using the software pack-
age GRASP2018 [74], and many-body perturbation theory
(MBPT) [75] implemented in AMBiT [76]. We calculate
FCI
βα ¼ 1.0153 and FMBPT

βα ¼ 1.0121, within 0.2% and
0.07% of our experimental value Fexp

βα ¼1.01141024ð86Þ,
respectively. For the mass shift, that is more difficult to
calculate accurately; we find KCI

βα ¼ 65 GHz · u (see the

Supplemental Material [33]), within a factor of 2 from the
experimental value Kexp

βα ¼ 120.208ð23Þ GHz · u. The cal-
culated wave functions in combination with the measured
frequency shift can also be used to extract the nuclear size
difference δhr2i (see the Supplemental Material [33]), in
good agreement with other results [64]; see Table I. We also
calculateGCI

βα ¼ 232 kHz=fm4 andGMBPT
βα ¼ −36 kHz=fm4

for the QFS, indicating a large systematic uncertainty in
the calculation of this small term. The experimentally
constrained range in Fig. 3(b) (24–94 kHz=fm4) (see the
Supplemental Material [33]) lies between the two calculated
values.
Using the electronic-structure calculations, we can deter-

mine a boundary on the new-boson coupling from our data.
Figure 4 shows the upper bound on the product of couplings
jyeynj. It is obtained by dividing the experimental value of
υneDβα from Fig. 3(b) (determined with the assumption
that the effect of the new boson dominates the nonlinearity;
i.e., Gβα ¼ 0), by ð−1Þsþ1DβαðmϕÞ=ð4πℏcÞ from the
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plotted under the assumption that the observed nonlinearity in
Fig. 3 is dominated by the new boson. The solid line is for the CI
calculation, and the dashed line is for the MBPT calculation. If
the nonlinearity has a contribution from the QFS, then jyeynj lies
below this line. The gray shade indicates the region inside the
nucleus. The sign of yeyn is color-coded: red for −ð−1Þs and blue
for þð−1Þs for a spin-s boson. The 95% confidence intervals
from the statistical uncertainty in the measured isotope shift are
shown as shaded areas along the solid line. The systematic
uncertainty due to the wave function calculation is much larger,
especially in the high-mass region. The thick green line indicates
the preferred coupling range for the X17 boson from the Be/He
anomaly [16–21]. The yellow shaded area shows the constraint
from electron ge − 2 measurements [77–81] combined with
neutron scattering measurements [82–85] (from Ref. [10]).
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Recent experiments: Yb atom

First new physics search with the generalized linearity

3 transitions, 4 IS pairs
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optical lattice

IV. RESULTS

A. Isotope shifts of the 1S0 − 3P0 transition

Figures 3(a)–3(d) show the results of the IS measure-
ments. We adopt the total lattice depth of ð30; 30; 30ÞER for

the operational condition to measure the ISs and their
statistical uncertainties. In a typical experiment, 50 mea-
surements are performed, and the dataset is divided into
five segments. The statistical uncertainty is obtained as the
standard error calculated from the mean values of the five
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FIG. 1. Schematic diagram of experiment. (a) Relevant energy diagram of Yb atom. Note that the branching ratio for the radiative
decay from 3D1 to the metastable state 3P2 is 1% [35], which is negligibly small compared with the measurement uncertainty, so we did
not take this into account in our analysis. (b) The timing chart of measurement and pulse sequence after evaporative cooling. The pulse
which removes remaining 174Yb atoms in the preparation of 176Yb or 171Yb samples is not included in this diagram. Note that a sequence
time τ0 amounts to more than 100 s (see Appendix B), and most of the sequence time is spent for the loading of the atoms into a MOT
from the Zeeman slower and the evaporative cooling. (c) Schematic illustration of experimental apparatus. An interference-filter-
stabilized external-cavity diode laser (IFDL) at 1156 nm is frequency doubled using a periodically poled lithium niobate (PPLN)
waveguide to obtain the clock laser. The fiber-noise cancellation (FNC) is operated by controlling the voltage-controlled crystal
oscillator (VCXO) driving the AOM1 so that the beat note between the incident and returned light is phase locked to the crystal oscillator
(XO) driving AOM2. The signal generators SG1 and SG2 are referenced by the oven-controlled crystal oscillator disciplined by the
global positioning system (GPS). The absorption images are analyzed by a PC, which controls the frequency of the SG2 driving a fiber
EOM. The polarization of each lattice beam is linear and perpendicular to the magnetic field.
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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
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FIG. 6. 2D King plots of γ∶Yb 1S0 − 3P0 transition versus
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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).
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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]
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Nonlinearity sources and new physics bound
One of NL sources is eliminated in 3D analysis.

+PS: Inconsistent with the existing constraints of PS

χ2Cβð172; 170; 174Þ ¼ 3.911; ðD7Þ

χ2Cαð172; 170; 174Þ þ χ2Cβð172; 170; 174Þ ¼ 4.037: ðD8Þ

These are the theoretical minima of χ2 in our analyses with
α and/or β included.

APPENDIX E: ANALYSIS OF THE
NONLINEARITY OF GENERALIZED
KING PLOT ASSUMING QFS AND PS

Here we suppose that the QFS and PS are the two distinct
higher-order ISs involved in the data, as assumed in
Refs. [12,22]. Furthermore, we consider the particular case
where the QFS is eliminated in the 3D King plot con-
struction and the PS remains as the origin of the non-
linearity in the 3D King relation. This corresponds to the
case of Eq. (11) with the PS-origin nonlinearity term given
by hPS. From this analysis, we find that the χ2 minimum
reaches the theoretical minimum, and we can determine the
best-fit values for hPS as well as for the coefficients fα, fγ ,
and kμ given in Table IX. The hPS is expressed as
hPS ¼ αNPðXβ − fαXα − fγXγÞ. See Appendix F for the
details. We employed the electronic factor of the β
transition Xβ which is calculated by the configuration
interaction method in Ref. [12]. The other factors Xα;γ

are reconstructed so as to reproduce the results of Ref. [22].
We evaluated fα;γ also with other electronic factors given
by Ref. [22]. Thus, from the best-fit value of hPS, we can
determine the favored region of the coupling and mass of
the new boson, as shown as the black shaded region in
Fig. 9. For instance, the favored region is 1.1 × 10−11 ≤
ð−1Þsyeyn=ðℏcÞ ≤ 4.5 × 10−11 in the 95% C.L. when the
mass of the new boson is 10 eV. Note that the product of the
couplings yeyn is positive (negative) for s ¼ 0 (s ¼ 1) in
the smaller mass side of the peak structure, namely,
m≲ 10 keV. This peak structure is attributed to the
cancellation of the electronic factors, and the sign of
yeyn changes across the peak. The suggested favored
region, however, conflicts with the exclusion limit set by
the other terrestrial experiment, obtained from the product
of the individual bounds on the couplings with electron and
neutron, as shown as the orange line in Fig. 9. Thus, we
conclude that the QFS plus PS assumption is not valid to
describe the observed nonlinearities in the Yb=Ybþ system.

APPENDIX F: EXPLICIT FORMS
OF hPS AND hQFS

Here we consider two distinct higher-order sources,
defined as IλδηA

0A and JλδζA
0A, and the IS is expressed as

νA
0A

λ ¼ KλδμA
0A þ Fλδhr2iA

0A þ IλδηA
0A þ JλδζA

0A: ðF1Þ

When we eliminate δhr2iA0A and δηA
0A by combining the

three transitions ðλ1; λ2; λ3Þ, the coefficients of the 3D King
relation Eq. (11) are expressed as

fλ1 ¼
Fλ2Iλ3 − Fλ3Iλ2
Fλ2Iλ1 − Fλ1Iλ2

; ðF2Þ

fλ2 ¼
Fλ3Iλ1 − Fλ1Iλ3
Fλ2Iλ1 − Fλ1Iλ2

; ðF3Þ

kμ ¼ Kλ3 − fλ1Kλ1 − fλ2Kλ2 ; ðF4Þ

h ¼ Jλ3 − fλ1Jλ1 − fλ2Jλ2 : ðF5Þ

If JλδζA
0A corresponds to the QFS or PS, the nonlinear

terms hQFS and hPS are expressed as

hQFS ¼ Gð2Þ
λ3

− fλ1G
ð2Þ
λ1

− fλ2G
ð2Þ
λ2
; ðF6Þ

hPS ¼ αNPðXλ3 − fλ1Xλ1 − fλ2Xλ2Þ: ðF7Þ

Note that the coefficients in hPS and hQFS, shown in
Eqs. (F2) and (F3), depend on the electronic factors of
the eliminated terms Iλ1 , Iλ2 , and Iλ3 .

TABLE IX. Best-fit parameters for 3D King relation with the
PS term as an origin of the nonlinearity. The error of each fit
parameter is evaluated as 1σ.

fα fγ kμ (GHz amu) hPS (kHz)

0.993(16) 0.030(26) 111.1(9.0) 50(15)

FIG. 9. Product of couplings jyeynj of a new boson as a
function of the mass m. The black shaded region represents
the 95% confidence interval of the new physics coupling obtained
from the fit using Eq. (11) with h ¼ hPS. For comparison, the
constraint from electron anomalous magnetic moment (g − 2)
measurements combined with neutron scattering measurements is
shown as the orange shaded region, as in Fig. 8. In addition, the
favored regions and constraints from Ybþ analysis [12] are
shown as red and blue lines and shaded regions, in exactly the
same manners as in Ref. [12].
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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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Recent experiments (cont’d)
Hur et al. PRL 128, 163201 (2022)
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Yb+
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By rearranging Eq. (S6), we obtain the expression for
inverse-mass-normalized 3D King plot as follows:

⌫
AA0

� = K��↵ + f��↵⌫
AA0

↵ + f�↵�⌫
AA0

� + Y��↵y
AA0

(S7)

where z
AA0

⌘ z
AA0

/µ
AA0

(z 2 {⌫↵, ⌫� , ⌫� , y}) are inverse-
mass-normalized quantities [1],

f��↵ =

F�

F�
� X�

X�

F↵
F�

� X↵
X�

=
X��

X↵�
and (S8)

f�↵� =

F�

F↵
� X�

X↵

F�

F↵
� X�

X↵

=
X�↵

X�↵
(S9)

are the slopes of the plane in 3D the King plot along the
axes corresponding to transitions ↵ and �, respectively,

Z��↵ = Z� � f��↵Z↵ � f�↵�Z�

= Z�↵ � X�↵

X�↵
Z�↵

= Z�↵(z�↵� � f�↵�)

(S10)

where Z = K,Y are the z-intercept of the plane and the
electronic factor associated with the nonlinearity source
y
AA0

, respectively, and z�↵� ⌘ z�↵/z�↵ (see the main
text for the definition of z� and Z� for � 6= ). There
is only one source of nonlinearity in the 2D King plot
(namely X↵x

AA0
) if all the points in 3D King plot lie in

a plane, barring the case that y can be decomposed to
µ, �hr2i, and x (see Sec. II E for the vector notation), or
Y↵, Y� , and Y� cancel out in Y��↵. Therefore, fitting the
points in the 3D King plot serves as a test if there are
one or two contributions to the IS besides the MS and
the FS.

We fit 3D King plots in a similar way as 2D King plots
(see Sec. IID). Uncertainties and correlations in the x

and y values are propagated to the z direction, and iter-
ative GLS fits are performed.

An example 3D King plot and the linear fit are shown
in Fig. S7 for the (↵, �,�) transitions.
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(170,172)

(172,174)
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FIG. S7. Plane fitted to a 3D inverse-mass-normalized King
plot constructed from isotope shifts measured on the ↵ =
411 nm [1], � = 436 nm [1] and � = 467 nm (this work) tran-
sitions for nearest-neighbor pairs of even Yb+ isotopes, as
described by Eq. (S7). Insets display magnified view of each
point to show deviation from the fitted plane. The origin of
the inset axes has been set to the center of each point. The
red ellipsoids depict 1� confidence intervals of the data. The
fit to the plane gives 3.2� significance of nonlinearity (see Ta-
ble S9). Each point in the King plot is correlated with other
points (see Sec. IID).

FIG. S8. Two-source-nonlinearity analysis in the (�+,��)
map with reference transition ↵. Thick black arrows indicate
the measured ⌫� and ⌫� . The nonlinearity from xAA0

(yAA0
)

is coded with red (blue) color. The blue dotted line shows the

direction of �± due to yAA0
. The 3D King plot corresponds

to stretching the nonlinearity from ⌫� (dashed black arrow;

f��↵⌫�) and moving along yAA0
’s direction (thin black arrow;

Y��↵y) to form a triangle with nonlinearity for ⌫� .

Consistent with our result

3D analysis
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�⌫ ⇠ O(100) Hz

Figueroa et al. PRL 128, 073001 (2022)

αNP=α (α ≈ 1=137 is the fine-structure constant) represents
the strength of an additional neutron-electron coupling
mediated by the exchange of a light boson of mass mϕ, and
γAA

0 ¼ A0 − A is the change in neutron number. The elec-
tronic factor Di must be calculated (see the Supplemental
Material [29]).
To help distinguish between potential NL sources, and

allow us to compare with other transitions in Yb=Ybþ,
we use the “frequency-normalized” King plot and non-
linearity measures ζ# introduced in Ref. [21]. In this
procedure the isotope-pair-dependent quantities in Eq. (2)
are normalized to the reference transition a: x̄AA

0 ≡
xAA

0
=νAA

0
a for x ∈ fδνc; μ; δhr2i2; δhr4i; γg, leading to the

linear relationship

δνc ¼ Fca þ Kcaμ̄þGð2Þ
ca ½δhr2i2' þGð4Þ

ca δhr4iþ
αNP
α

Dcaγ̄;

ð3Þ

where the electronic factors are Fca ¼ Fc=Fa and to lowest
order Pca ¼ Pc − FcaPa for P ∈ fK;Gð2Þ; Gð4Þ; Dg. The
frequency-normalized King plot is constructed by plotting
δνc ¼ δνc=δνa against μ̄. This plot has a very small slope,
so mass uncertainties along the horizontal axis μ̄ have
negligible effect.
Vertical deviations of points in the frequency-normalized

King plot from the line of best fit dA are characterized, as in
Ref. [21], using the nonlinearity measures

ζ# ¼ d168 − d170 # ðd172 − d174Þ

where the subscript A refers to the isotope pair ðA; Aþ 2Þ.
In Fig. 3 we plot ζ− against ζþ for different transitions (in
all cases we use transition a, Ybþ 6s → 5d5=2, as the
reference). Also shown are directions in the ζþ − ζ− space
expected from different NL sources. The current data do
not support the majority of NL being due to new physics or
a quadratic field shift; however, the possibility of nuclear
deformation as the main cause of NL, as discussed in
Ref. [26], is still open. To determine the ratio suggested by
nuclear deformation, we use experimental values of the
nuclear parameters hr2i from Ref. [9] and calculate hr4i
using nuclear deformation parameters β [32]. We find that
δhr4i has a ratio of arctanðζ−=ζþÞ ¼ −0.9ð0.5Þ, consistent
with our experimental value of −0.99ð0.13Þ. We discuss
this further in the Supplemental Material [29].
Generalized King analysis—To place limits on NP we

employ the generalized King analysis (GK) [16]. This data-
driven method combines the three high-precision transi-
tions in Yb and Ybþ with the calculation of Di factors (see
the Supplemental Material. [29]). In the absence of NL, the
modified IS ν⃗i ≡ δνAA

0

i =μAA
0
for each transition form

FIG. 3. Nonlinearity measures ζ− vs ζþ (1σ range) for next-
neighbor isotope pairs. Straight lines show the directions ex-
pected from different NL sources: green line, new physics; blue
line, quadratic field shift; pink line, nuclear deformation. The
shaded region indicates the 1σ confidence level for the ratio
ζ−=ζþ from this Letter.

FIG. 4. 95% confidence limits on NP from IS bounds in
Yb=Ybþ. Blue-shadowed area, range of α=αNP (value and bounds
indicated by dashed blue lines) from analysis of two Ybþ lines
[21], where there is a 3σ NP signal. Gray-shadowed area, range of
α=αNP (value and bounds indicated by black lines) from gener-
alized King-plot analysis of all three lines, which reduces
the significance of NP to 2.3σ at small mϕ and 1.8σ at large
mϕ. The reduced significance of NP decreases the lower limit of
the allowed NP region. The absence of lower bound indicates that
vanishing αNP is consistent with experiment below 2σ.

PHYSICAL REVIEW LETTERS 128, 073001 (2022)

073001-4

3D analysis: reduced significance
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Summary and outlook
■Isotope shift and King linearity

IS=MS+FS, linear relation of mIS of two transitions
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⌫̃(2)A0A = K21 + F21⌫̃
(1)
A0A

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

SM nonlinearity removed, improved sensitivity to new physics

Yb+ ion O(100) Hz，Yb atom O(1) Hz
New Yb O(1) Hz data expected

■Precise Yb IS measurements

■Data analysis
Unifying the 5 transitions of Yb, Yb+ (ongoing)


