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Introduction



Energy frontier: LHC, ILC,E
Intensity frontier: B factory, muon,E
Cosmic frontier: CMB,E

Precision / low energy frontie
0" ,DM, EDM,E

Temporal variation of fundamental consta
" me/m, using atomic clocl

Yb* 1" /" 1 10 '8, 1" 1 sub Hz
Huntemann et al. (PTB) 201

new neutron-electron interactior
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Transition frequency difference between Isotof
hv, = Ejﬁl | E;]:l |

[ =,

IS=vapra:=val vy T

No IS for inPnitely heavy and point-like nuclel

IS =MS +FS
Mass shift: Pnite mass of nuclel (reduced m
MS! pa' " Ha (dominant for small Z)

Field shift: Pnite size of nuc
FS!1" r# $"r’# (dominant for large Z)

Theoretical calculation of IS: not ee
IST O(GHz)! O(10 peV)
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Introduction (2

KingOs linearity)(3
Nonlinearities (1)

Status and prospect |4
Summary and outlook {1
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KingOs linearity



King, 1963

|S of two transitionst =1, 2

t — 2n ! :
lata = KiHaa + Felreia,  FAA

Mat b HA
!r2"A!A : !I'ZHA! # | I'2"A

Modibed ISk, , == 14, /i ara

-1 _ 21
!'_A!A = K|+ [F: T A!A/HA!A

eliminating the nuclear factc

(52:a.Ea1a) 0N a straight line, KingOs [
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Gebert et al. PRL115,053003 (2015)

Line 1:397 nn°Py/»(4p) ! 2 Sy (4s)
Line 2: 866 Nn°Py /5(4p) —° D3 /2(3d)

2

Isotope pairs: (42, 40), (44,40), (48, -

IS precision ~ O(100) kH

-1970 .

KingOs plc
within errors

866 Nm

Modified Isotope Shift mdvy,,.. (GHz amu)

-1995
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modibed I$ka

397 nm

P1/2

866 nm

2
Dy,

S1/2

-1975

-1980

-1985

-1990 1

1

-1979.1¢

-1979.2}

-1990.1}

L]

90.2F 1
408.8 409.2
_{.:

350 360

370 380

390 400 410 42(

Modified Isotope Shift mdv,,,  (GHz amu)

397

nm



Line 1: 369 nn Martensson-Pendrill et al. PRA49, 3351 (19
Py o (4f) 1 (6p) ! 2 Sy 2(4f)1(6S) Suiia ! O(1) MHz
Line 2935 nn Sugiyama et al. CPEM2C
>D[3/ 2]y 2(4)>(5d)(6s) ! * D3y (4f)**(5d)
" 2, ~ O(10) MHz
Isotope pairs: (172,170),(174,172),(176,1

' +./0102/ 34 1567 8+9 "

KingOs plc e |
o - 100 error bars (172,170) g
within errors

(%

I"# $%
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Nonlinearities

Minoru TANAKA 10



"~ Y_— Yukawa potentia

P

hZ oo .y avs+l ONGe €
new particle V(N =0 D7 = —

X17’...
(Z,A)A

Frequency shifts by particle exchanget(y!s.)
10~* Hz Higgs (SM)
400 Hz  Higgs (LHC bound)

800 Hz Z
10 MHz X7 17 MeV wvector boson

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

IS =MS + FS+ PS
PS by new neutron-electron interactic
10 = Kiata + Felré"aa+ X (AL A)

Generalized KingOs relat

2 _ 1
Fara = Kar + Fabpia+ c A'A

PS nonlinearit

X2 o Un Ue
! — X — 1 = X | asm'" #
PS 1<X1 F1> t 2
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Single electron approximatic

) rmr o _'rl
X = e 245 RE(r)! Rf (r)

4] r
Wave function
R() Inside the nucleus.  ----.-.. point charge
/ short range force Pnite size

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

Thomas-Fermi mode
semiclassical, statistical, self-consistent

exactinlarge ZIlmr | z=70.n.=es
TF function e |
ﬂ :X! 1/2) 3/2 2:c2)051o 15 20
dx? | \
1 (0) =1, Xo! "(Xp) = ?e! 1, ! (xg) =0
One-body problem In the TF potentis
Z! 1 1
= | — I I
Ve (r) = r b I (Z! neg)! min T

b= (9! 2/272)'/3ag, ag = Bohr radius
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Comparison to experiments

Ca | EX TF Yot | EX TF
4p—ds | 397 475 6p—6s| 369 380
4p—3d | 866 -1610 6s—4f | 935 48.6

wavelength in nm

good for s and p state

poor for d and f state:
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One-body problem In the nuclear potentva (r)

d—(:zl !(!;;1) +2mAE ! VA rR(r) =0
| — angular momentum
Series expansiol Va(r)= v, v; =0
R(ry=  !ir'*! -
1=0

B ! =0, 15/ 5= mevo/ (2" +3)
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(n/ (0)
1.0f

0.8}
0.6}
0.4}

Helm distribution Heim 1956 0z,
Gaussian smearing of uniform sph

3
Ia(r)= o
A( ) 4" ri
ra =c°+7!%a%/3! 5s%, s" 0.9 fm
a! 052fm, ¢! 1.23A" 0.60 fm Lewin, Smith199

A=173

r [fm]

1 Wy !
H(r | r!) o Irr 12/ (25°)

3 3
(7“2> = g(ri + 5 5%), <7’4> = ?(rﬁ +14ri32+3532)
3z! s2” (A 2SS 20
Vo= —— 1! = Erf "= + ¢ "2/
21 A rs 25 [ A

vi =0 Nno cusp at the origir
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Seltzer 1969
Co . 2
FS=412" drn ré #ara(rn) dre re! =5 #: (re)
0 0 N
Lara(r) = Far(r) b Ta(r)

e (r) == R2(r)! R(r)=r* "o, #=min(#, #)

k=0
= 7| ' nl!( |r2!+k+2 "A!A
| (2#+ k+3)(2#+ k+2)
k=0
!r”"A!A .= !r”"A! #1lr""
21 z L 7 ZI n(
:Ft!r A!A+aaa|:t: ?O

Note:!; =0 no cubic term
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mag ! Z, ag = Bohr radius " (4 keV)' 1

.. X F
Fy, Xe o |t i Q) = 1! £, (0)]* ==m 21 2 =0

X1 Fy

Asymptotlc behawor of P

mr 1 " #f( o
X | drr 2! (r) = — (2"+ k+1)! m2!+k+a°
k=0
17 =0 for nucl. charge distribution without cus
Xo B 1 1
Zcyp £ 0 — lps! O —
X1 Fq m? oo m*

less sensitive to heavier particl
cf. Berengut et al. arXiv:1704.050! eps o 1/m’
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One of the sources of nonlinearity in QED
FS = F} !TZ"A/A—I— G !r4"A!A

"iA— K21"'|:21 At cATA
' = lps * lFs
Wave function inside the nucleus iIs releve

p state dominant: Cadp, Yy 6p

d
EFS | Z‘wnp (O)|2_" 4#A
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Status and prospect
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Data I:)t“ng W|th'—§\lA = Ky + F21!:—;AL\!A+ cA'A

-1970 .

Modified Isotope Shift mov,,,, (GHz amu)

-1995

-1975}

-1980

-1985}

-1990

-1974.0f
® —» -1974.1} + C al_
357.8

_+_o

350 360 370 380 390 400 410 42(
Modified Isotope Shift mdv,,,,, (GHz amu)

- ' +./0102/ 341567 8

+9 n

(%

I"# $%

100 error bars

174,172)
(176,172)

(172,170) | -

Y+
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H‘!#

$% $  $%

&)# *+

”

‘$.

| = (—2.45+ 4.05) &410' ©
au

future prospect!” =1 Hz
Il < 45410

l =(! 1.26+ 1.35)410 *

future prospect!” =1 Hz
1| < 42410
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104 — Cat
— YDbt
107
10_8present
//I
//I,
10-10 ] ,/ ,I
YL
/
1y /
10-121 1" =1 Hz | £
\ I F /
I / /
\ i /,
0%/ ;,'\‘,/ e i
............. FSNL dominan
10-16 | | | | | ‘
10 100 1000 10* 10° 10° 107
ml[ eV ]
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FSNL dominance

0.01 Hz
4.7 Hz

Ca- !" |
Yot 1" !



Comparison to other constraints: vector

1074
10°°
1078 e

> (9! 2)e&

< 10-10 n sc?tterlng
N ‘ '
10-14 JV

1071

10 100 1000 104 10°> 10° 107

m[ eV ]
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Comparison to other Constramts scalar

(9! 2)e&
n scatterln

/
' '
1071

10 100 1000 104 10°> 10° 107
m[ eV ]
25

10°4

10°°




Summary and outlook
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and
|IS=MS+F¢ '-/i A= Kop + I:21 A A
Linear relation of modibed IS of two lin
Hoia = Ko+ Forkaia+ =474
' = 1ps * ks
Particle shift nonlinearity!ps ! O(1/m *)
sensitive for lighter particlem! 100 MeV

Other nonlinearities: more study needse

Yb* ion trap project bySugiyama et al. (Kyot

" <1 Hz! 100 kHz
possible with proved techniqu
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