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Precision frontier in particle physics
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Isotope shift new neutron-electron interaction

Yb
+
: �⌫/⌫ ⇠ 10

�18, �⌫ ⇠ sub Hz

Temporal variation of fundamental constants
⍺, me/mp using atomic clock

Huntemann et al.  (PTB) 2016

g-2, EDM,…

Implication on new light particle
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Isotope shift (IS) and King’s linearity
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electronic factors
nuclear factor

King, 1963

(⌫̃1A0A, ⌫̃
2
A0A) on a straight line, King’s plot

King’s linearity eliminating the nuclear factor

⌫̃2A0A = K21 +
F2

F1
⌫̃1A0A K21 := K2 �

F2

F1
K1

Modified IS: ⌫̃tA0A := ⌫tA0A/µA0A

⌫̃tA0A = Kt + Ft hr2iA0A/µA0A

IS of two transitions: t = 1, 2
⌫tA0A = Kt µA0A + Ft hr2iA0A

mass shift
µA0 � µA
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field shift (FS)
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Breakdown of the linearity
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Xt(A
0 �A)⌫tA0A = Kt µA0A + Ft hr2iA0A+

MS FS particle shift (PS)
Generalized King’s relation w/ nonlinearity
⌫̃2A0A = K21 + F21⌫̃

1
A0A+ "PS A

0A
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Nonlinearity due to subleading FS

IS by new neutron-electron interaction
Delaunay et al.  arXiv:1601.05087v2

(Z,A)
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FS = Ft hr2iA0A+
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Gt hr4iA0A + · · ·
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⌫̃2A0A = K21 + F21⌫̃
1
A0A+("PS + "FS)A

0A
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Wave function inside the nucleus is relevant.
support of �A0(r)� �A(r) : r . rA
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electron density

NR 6p
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6p 1
2
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Rel.
Rel.

Yb+
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Dirac eq.  with 
Thomas-Fermi model
+ Helm distribution

gives larger FS nonlinearity than NR.p 1
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Present constraint and future prospect
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�⌫ = 1 Hzfuture prospect
|"| < 4.5 · 10�11

�⌫ = 1 Hzfuture prospect
|"| < 4.2 · 10�11

⌫̃2A0A = K21 + F21⌫̃
1
A0A+ "A0AData fitting with

K. Mikami, MT,  Y. Yamamoto, Eur. Phys. J. C (2017) 77:896 

when comparing two different transitions and can be
eliminated in a King plot analysis [28,29] as shown in
Fig. 3 for the two transitions considered here. Each axis
shows the modified isotope shift mδνA;A

0 ¼ δνA;A
0
gA;A

0
,

where gA;A
0 ¼ ð1=mA − 1=mA0Þ−1, for one of the two

transitions. A straight line fit to the three data points
provides linear combinations of the field and mass shift
constants for the two transitions. An important result from
this fit is that there is no evidence for a deviation from a
straight line, confirming that (2) is a good parametrization
of the isotope shift even at the high experimental accuracy
of the measurements presented here.

A comparison of the high resolution results with pre-
vious experimental data based on collinear laser spectros-
copy [10,11] shows systematic deviations, which can be
used to calibrate experimental parameters of this technique.
Following Ref. [12] we performed a three-dimensional
King plot analysis to extract the fitting parameters kMS and
F for the two transitions. Two dimensions are those shown
in Fig. 3. In the third dimension we plot the modified
change in mean-square nuclear charge radius δhr2iA;A0

gA;A
0
,

using the previous values of δhr2i from [30], which are
based on muonic atom spectroscopy and electron scatter-
ing. The three-dimensional King plot constrains the mass
and field-shift constants, and under the assumption that (2)
is correct (i.e., the three data points are connected by a
straight line) can also be used to extract improved values of
δhr2i. To find the parameter estimates and their uncertain-
ties an acceptance-rejection Monte Carlo method was used
to generate samples consistent with the measured values
and associated uncertainties [31]. The measurement dis-
tributions were assumed to be independent uncorrelated
normals. The likelihoods of three randomly generated
points, constrained to be collinear, were used as the
acceptance criterion in the algorithm. The extracted param-
eters are shown in Table II.
The extracted field-shift and mass-shift constants pose a

strong challenge for many-body atomic theory (fourth
column of Table II), where the mass shift in particular
has proven very difficult to calculate even in the “easy” case
of single-valence-electron ions [32,33]. A comparison to
the experimental field and mass shift constants given in
[10,11] proves difficult since the derived uncertainties
depend strongly on the analysis technique and input
parameters for δhr2i. Evaluating the field and mass shift
constant from isotope shifts given in [10,11] using the
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FIG. 3 (color online). Two-dimensional King plot showing the
modified isotope shift of the 866 nm and 397 nm lines. Red
squares, previous experimental data from [10] and [11]; blue
circles, this Letter. The insets show the relevant ranges enlarged
by a factor of approximately 30 to illustrate the quality of the fit.

TABLE II. Parameters of three-dimensional King plot seeded with values of δhr2iA;40 taken from [30]. The units
for the field Fi and mass ki shift constants and the changes in mean square nuclear charge radii δhr2ij;40 are
MHz fm−2, GHz amu, and fm2, respectively. For comparison the second column for the previous data shows results
for the analysis using isotope shift data taken from [10] and [11] analyzed with the methods used in this Letter.

Parameter Previous This work Theory

F397 −283ð6Þa −281ð34Þ −281.8ð7.0Þ −285ð3Þa
−287b

k397 405.1(3.8)a 406.4(2.8) 408.73(40) 359b

427d

F866 79(4)c 80(13) 87.7(2.2) 88a

92b

k866 −1989.8ð4Þc −1990.9ð1.4Þ −1990.05ð13Þ −2207b
−2185d

δhr2i42;40 0.210(7) 0.210(7) 0.2160(49)
δhr2i44;40 0.290(9) 0.290(9) 0.2824(65)
δhr2i48;40 −0.005ð6Þ −0.005ð6Þ −0.0045ð60Þ
aMårtensson-Pendrill et al. [10].
bSafronova and Johnson [32].
cNörtershäuser et al. [11].
dThis work, based on the methods in [33].

PRL 115, 053003 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
31 JULY 2015

053003-4

Ca+ " = (�2.45± 4.05) · 10�6 au
�⌫ ⇠ O(100) kHz
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Ca+ rel.
Yb+ rel.

present

�⌫ = 1 Hz
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Suppression of FS nonlinearity using P3/2
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Summary
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 Isotope shift and King’s linearity

Linear relation of modified IS of two lines

⌫̃2A0A = K21 + F21⌫̃
1
A0AIS=MS+FS,

 Nonlinearity ⌫̃2A0A = K21 + F21⌫̃
1
A0A+ "A0A

" = "PS + "FS
 Relativistic effects 
Signal enhancement for m>1 MeV
But, FS nonlinearity also enhanced

 Suppression of FS nonlinearity 
avoid , use e.g. p 3
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