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Energy frontier: LHC, ILC,...

Intensity frontier: B factory, muon, K, ...
Cosmic frontier: CMB,...

Precision / low energy frontier
Ovpp, DM, EDM,...

Temporal variation of fundamental constants

o, me/mp using atomic clock

YbT: dv/v~1071%, fv ~ sub Hz
Huntemann et al. (PTB) 2016

new neutron-electron interaction
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Transition frequency difference between isotopes
hvy = EY — EY, i)
IS:VA/A = UVUAr — VA £)

|~

No IS for infinitely heavy and point-like nuclei

IS =MS+ FS
Mass shift: finite mass of nuclei (reduced mass)
MS o ppar — pa (dominant for Z<20)

Field shift; finite size of nuclei
FS o< (r*) 4+ — (r*) 4 (dominant for Z>40)

Theoretical calculation of IS: not easy
IS ~ O(GHz) ~ O(10 ueV)
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King’s linearity
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King, 1963

IS of two transitions: t = 1, 2

HA’A — LA — LA
(r¥)ara = (r*)ar — (r¥)a
Modified IS: ﬂfél’A L= Vfél’A/:uA’A

szvA = Kt para + Fy <7“2>AfA

&Z’A :Kt+Ft <T2>A/A/MA/A

eliminating the nuclear factor
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Gebert et al. PRL115,053003 (2015)

Transition |: 397 nm *Py2(4p) —2 Sy /2(4s)

Transition 2: 866 nm P /2(4p) —2 D3/5(3d)

sotope pairs: (42, 40), (44,40), (48,40)

IS precision ~ O(100) kHz

-1970

King’s plot

(GHz amu)

within errors

866 nm

Modified Isotope Shift mov,,,

-1995
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Transition |: 369 nm Martensson-Pendrill et al. PRA49, 3351 (1994)
Py o (4)'*(6p) —2 Sy /0 (4)**(6s) v}y, 4, ~ O(1) MHz
Transition 2: 935 nm  Sugiyama et al. CPEM2000
°D[3/2]1 /2(4f) "% (5d)(6s) — D32 (4f)"*(5d)
6v4, 4 ~ O(10) MHz
Isotope pairs: (172, 170), (174,172), (176,172)

: Yb* modified IS [THz amu]
Kingsplot 7 IO

100 error bars (172,170) } |

within errors

174,172)
(176,172)
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Nonlinearities
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C S~ — Yukawa potential

h,Z st19INGge €
V() = (-1

mr

new particle Ar

X177 ..
(Z, A) I

Frequency shifts by particle exchange (Yb* g.s.)
10~ Hz Higgs (SM)
400 Hz  Higgs (LHC bound)

800 Hz /
10 MHz X7 17 MeV vector boson

<< theoretical uncertainties
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Delaunay et al. arXiv:1601.05087v2

IS = MS + FS+PS
PS by new neutron-electron interaction
V,tayA = Kipara + Fy <TZ>A’A‘|‘Xt(A/ — A)

Generalized King’s relation
~ 2 ~ 1
Vara = Kot + F21VA/A—|— cA'A

PS nonlinearity

X nYe
o I3 Xto<gg
X1 F;
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eps = X1 (



Single electron approximation

X, = Inde / r2dr— [R2 (r) — R2 ()]

A7 r

Wave function

R(r) inside the nucleus, -------. point charge
/ short range force finite size

outside the nucleus,
/Iong range force
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Non-relativistic (not bad for m<<100 MeV)

Thomas-Fermi model
semiclassical, statistical, self-consistent field

1.0

 Z =70, n. =68

exact in large Z limit
TF function

One-body problem in the TF potential
Z 1 1
Vrp(r) = OéX (i> — (Z — ne)amin ( , >
r b ro T
b= (972/2"Z)3ap, ap = Bohr radius
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One-body problem in the nuclear potential V4 (r)

T d 0+ 1)

dr? r2

F2me{ B — VA(T)}- rR(r) =20

¢ = angular momentum

Series expansion: V(r) =) wv;r’, v; =0
1=0
R(r) =) xir'"
1=0

B 1 =0, X3/xo = mevo/(2¢ + 3)
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p(r)/p(0)
1.0f

0.8l
0.6
0.4/

Helm distribution Heim 195¢ 02

A=173

—— t [fm]

Gaussian smearing of uniform sphere
3 1 12 02
ry = [ d°7 O(ra —7r' e IT—T 17/ (257)
pa(r) / Amrs, (ra )(27T82)3/2
r4 = c* + 7r%a?/3 — 5s?, s~ 0.9 fm
a >~ 0.52 fm, ¢~ 1.234 — 0.60 fm  Lewin,5mith1996

3 3
(r*) = 2(ra +5%), (') = 2(rls + 147} s° + 355°)

2
Vg = sZa <1 2 ) Erf (—TA ) + 28 oA/ (25%)
2
27 A % V25 TTA

v1 =0 no cusp at the origin
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Seltzer 1969

ZOz/dSTN/dB PAA TN pzf(re)

TN — T
para(r) == pa(r) — pa(r)
pir(r) == R:(r) — R?(r) — 2t fo;rk, ¢ = min(l;, )
k=0
fli < 20+ k-2
r ) A’ A

- ZO‘];) (201 k+3)(20+ k +2)
(r")ara = (r")a —(r")a

Ao
= F(r*)aa+-, F, = 758

Note: ¢/ =0 no cubic term
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map > 7, ag = Bohr radius ~ (4 keV)_l

Fy, X o< |7, (0)]2 — [, (0) | i F2) 0
1
Asymptotic behavior of PS
e—mfr 1 /
X, /drerpitft(r) — = WZ(%*’“*l)!mzﬁk N
k=0

| = 0 for nucl. charge distribution without cusp
Xo  Fy 1 1

~ 0~ <0
X1 I (m2> o (m4>

less sensitive to heavier particles

cf. Berengut et al. arXiv:1704.05068 eps o 1/ m°
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One of the sources of nonlinearity in QED
FS = Fy (r*) ara+ G, (r*) a4
DA g = Kop + For0g 4+ c A/ A
£ = Eps 1+ €FS

Wave function inside the nucleus is relevant.
p state dominant: Ca* 4p,Yb* 6p

d

dA< 4> 4.,

ers o Z |1y, (0)]7

inoru TANAKA |19



Status and prospect
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Data fitting with 2, , = Ko1 + Foi0, 4+ = A’ A

-1970 .

] I Ca* e = (—2.45+4.05)- 1076

-1975} ' .
@ 3574 357.8 a u

-1980 | ._%_l -1990.1} I
|t future prospect jv = 1 Hz

S N S | <4.5-1071

Modified Isotope Shift mov,,, (GHz amu)

N I
Yb* modified IS [THz amu]
so 100 errorbars - zim} e=(-1.264+1.35)-10"*
E .
3| future prospect v = 1 Hz
B FICZ8L e] < 4.2 - 10— H
(176,172)
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104 — Ca’

— Yb*
10°°
o8 Present
o
93 10—10
10-12 Jov :\1 Hz
1@_14_ ____________ ;“"\:’ ,/ i
— z FSNL dominant
1016 * | | | * *
10 100 1000 10 10° 10° 10’

mievV]
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FSNL dominance:

Cat v <0.01 Hz
Ybt dv < 4.7 Hz



Comparison to other constraints: vector

/
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Comparison to other constraints: scalar
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Summary and outlook
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and
ISSMS+FS, 044 = Ko1 + FoiUy 4
Linear relation of modified IS of two lines
V124’A — K21 + F215114/A—|— EA/A
E = EPS T €FS
Particle shift nonlinearity: eps ~ O(1/m*)
sensitive for lighter particles, m < 100 MeV
Other nonlinearities: more study needed

Yb* ion trap project by Sugiyama et al. (Kyoto)

ov < 1 Hz ~ 100 kHz
possible with proved technique
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