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Introduction



Development of precision spectroscopy / optical clock
Temporal variation of fundamental constants, o, me/Mmp
Yb': dv/v~ 1078 §v ~ sub Hz Huntemann etal. (PTB) 2016
Rate enhancement with quantum coherence =7 " e
Paired Super-Radiance (PSR): le) = lg) +v+~ |

M.Yoshimura, N. Sasao, MT, PRA86,013812 (2012)

macroscopic amplification by coherence peg

Para-hydrogen PSR experiment @Okayama U

Y. Miyamoto et al. PTEPI 13C01(2014), PTEPO81CO1(2015)
10'° enhancement achieved
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S FlCPo>TWBI &
sotope shift with high precision spectroscopy
search for new neutron-electron interaction

Yb atoms In an optical lattice
Takahashi group, Kyoto U

/,

light halo dark matter,

_ Cesmm vapor
e.g. axion, dark photon

@Okayama U
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|Isotope Shift



Level-splitting difference between isotopes |Z>
[S=vaa:=va —v4g f)

IS of two transitions: ¢ =1, 2

VX’)A — Kiiara + Ft<7°2>A/A

e Ty

UV

HUATA -— 1/mA/ — 1/mA

(r®)ara = (r®)ar = (r°) a

Modified 1: 78, := V0 /s a=[K | +[Flr?) ara/par a

: eliminating the nuclear factor King 1963

51(42,)14 = Ko + Fglﬂg,{él Koy := Ko — Fo1 K1, Fy =I5/ Fy

(51(41,)14, 51(42,)14) on a straight line, King plot
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Ex.Ybt K. Mikami, MT,Y.Yamamoto EPJC77:896 (2017)

Transition |: 369 nm Martensson-Pendrill et al. PRA49, 3351 (1994)
Py /o (4f)*(6p) —* Sy /2(4£)'*(6s) svY, 4, ~ O(1) MHz

Transition 2: 935 nm Sugiyama et al. CPEM2000
°D[3/2]1/2(4£)°(5d)(6s) — D32 (4f)**(5d)
5V124’A N O(l()) MHZ

Isotope pairs Yb* modified IS [THz amu]
( I 72’ I 70)’ ( I 74’ I 72)’ ( I 76’ I 72) 50 1 () error bars (172,170)
s
c 45%
a3
[@)) I
40

174,172)
(176,172)

lllllllllllllllllllllllllllll

Minoru TANAKA



1S b)’ new neutron-electron interaction Delaunay et al. arXiv:1601.05087v?2

~Ye—¢ W) = Kypara + F(r?) ara+X, (A — A)
X MS FS particle shift (PS)
(7. A)

Nonlinearity due to subleading FS

FS=F,(r*Yaa+ F[(r)aal® + Ger*)ara + - -
quadratic FS (FS22) higher moment (FS4)
(r*)aral” = ((r") ara,)” — ((r%) 4, )"
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+
Ex.Yb MT,Y.Yamamoto PTEP 103B02 (2020)

I,I/ Transition | . 369 nm Martensson-Pendrill et al. PRA49,3351 (1994)

10°%f ,/ | 7P1j2(4f)%(6p) =2 S1/2(4f)(6s) vy 4 ~ O(1) MHz
| 5th /// 1 Transition 2: 935 nm Sugiyama et al. CPEM2000
107°F force W D[3/2]1 /2(4f)"° (5d)(63) —2 D3 /o (4f)**(5d)
_ i : ov5 4 ~ O(10) MHz
10_8 I oV 10 MHz ! /// i
o | faet / | — Yb* bounds
S i - | 4 : :
© 0 | -mm--e- (r*) FS nonlinearity (SM BG)
FSNL dominance:
ov S 1 kHz

What about SM nonlinearity?
Precise calculation difficult

10 100 1000 10* 10° 10° 10’

mileV]
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K. Mikami, MT,Y.Yamamoto EPJC77:896 (2017)
S04 = Kepara + Fr?) wa + Fll(r?) aa)? + Xo (A — A)
3 transitions: t=1, 2, 3 FS22 PS

1
uz(él,) — X1(A" — A) K, F, F] LA’ A A A
V1<42,) — ( ) — K2 F2 FZ/ <7°2>A’A =: M <T2>A’A
/), — Xs(A — A) K3 F3 F3) \[(r*)aal]? (1) ara]?

(M) v+ (M) + (MY,
—{(M )11 X1 + (M )2 Xo+ (M1 )13X3HA — A) = para

(Vg as Vi Vi) [ 1iar 4 on a plane if X; =0

N transitions and N+1 IS pairs ~3

Minoru TANAKA
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Yb™"

3.77 eV
P39 ——F—

369 nm
E1, 19.6

)1

3.30
2P1/2 _A_eV_

(4f)**(6p

MHz

(4f)(5d)’

329 nm

1

1

(4£)13(5

3

D[3/2]y,
9 44 760 nm
\}BSTS.OQ eV (7.2 mgy” 935 nm E2
2D3/§ I 3.43 pm
2.35 eV(

53 ms)

N

D
D

5/2
3/2

5/2

3/2

d)'(6s)"

3.57 eV

1,60 ¢V LS coupling

28—|—1LJ

3.91 eV
2F 5 9 _ 90916V

638 nm

(4f)13“(gg)2 (1.6 yr)

___JMIT
ov ~ 300 — 500 Hz

: §| Count et al. PRL 125, 123002 (2020)
J| Hur et al. PRL 128, 163201 (2022)

231/2 -y y Yy @y @y

Xe] (4F)14(6s)’
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3.43 eV (6.7 us)
D, ————

Hie
3 (1) % 2.23 eV
21 s, A=171)
(4£)14(69)(
399 nm
H07 nm
M2
578 nm
1SO
Xe|(4f) 14 (68)2

Minoru TANAKA

1(6s)

J

2.88 eV (200 s)
(4£)1°(5d)(68)* ——F——

= 2

not Included

IN this te

1124
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LS coupling

28+1LJ

Kyoto

K.Ono,MT et al. PRX 12,021033 (2022)

Mainz

Fisueroa et al. PRL 128, 073001 (2022)

ov ~ O(100) Hz
7 Kyoto

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

NMIJAIST

A Kawasakl et al. PRA 109, 062806 (2024)




MIT+Kyoto K Ono,MT etal. PRX 12,021033 (2022)

)

2D analysis 3D analysis
@)

5 > —
if _ 4 170, 174)F2 & 5 E
) 2 %472, 174 S 3 |24 0 2 ( )"1 T (168, 170) "2 N
E 3_1 ( , ) :'El 21 (172, 174)_2% '+' 0 'S _+_ _13:
= 5 e ol 3.0 A 13 1%
= = = Or $ 19 0o N, BN
10 S41 511 /108 170) = S T10 1 2 27 o g
- < -5¢ -2 & p———— 19 2 A7 (10”Hz amu) Avg(107 Hz amu)
- p/mm— = 28 N A ! S
-2-10 1 2 Nl | Apz(10” Hz amu) 2.0 2
—~ AD (10° Hzamu) = A7 (10°Hzaglu) > : 5
o 2 = N
L 170,178/ |15 5 = 3
N OF o "~ ( c o
g < o6l o (174, 176)[72 z
N5 5y 2l -1
m N 4_ L
R 3r 12.4 0°c
o I y _
= 2f
5 1 U 10 1 22722
ol /0% 170) 271012459 Avs(107 Hz amu)
/aREN A (108 Hz amu)| < b u
‘%‘11 ‘9H1 2 14 1.5 16 1.7 1.8 1.9 2.0
Ar,(107Hz amu) 7,(10" Hz amu)

18, (652) — *Py (656p) x~/dof
x*/dof = 1.1 x 10*/3

Minoru TANAKA
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+QFS+PS

YeYnl/(hC)

10 '}
NP bound
10-9 - +QFS+PS
l -
O f“_
10 Ca* NP bound
-13 T
10 - Future prospect
-15
10
10’ 10° 10° 10"
m (eV)

New physics bound

K.Ono, MT et al. PRX 12,021033 (2022)
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Yb: 4 independent IS pairs

3D linearity is nontrivial, while 5 transitions available.
Combined fit of 3 iIndependent 3D relations
v3 = kst + faivr + faava, va = kap + faivr + faove, vs = ksp+ fsivn + fsavo
5X2/d0f — 35.1/3 (A’A omitted)
Assigning this nonlinearity to PS,
o~ /dof = 9.98/1

PS alone cannot explain the observed 3D nonlinearity.

, 16
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MT,Y.Yamamoto @)JPS meeting, Mar. 2024

-------- FS22 sub

108 - FS,,+FS, sub. (3D)
—_— =[S, sub.

109, ———FS,,+FS, sub. (2D)

(g-2)e + n scattering

95% CL

1000
m [eV]
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Dark Matter Search



Axion (and axion-like particles)
Proposed solution of the strong CP problem

Lint O Ga~ry aFWﬁ’W x ol - B
2 parameters : mqa, Javyy

Dark photon

Minimal extension of the SM gauge sector Ux (1)

1 1 1
L= —3FuF™ = X, X" >2< Fu XM 4 Smy X, XF = A,

2 parameters : mx, x

19
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Standard model + inflation + dark photon

Graham, Mardon, Rajendran, PRD93, 103520 (2016)

» Dark photon dark matter

- 1/2
(xy = ()
e ()

. . 1
H; : Hubble scale of inflation ]
1073}
- precision
- EM
TRl CMBG-y)
_ stellar
X _ production

coherently oscillating N
XHP eimx t 1075 Xenon 10/100

high—scale
inflation

v
IIIIIIIIIIIIIIIII

neV ueV meV eV keV

Search with atomic process 4«
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7DS/Q 39 ns ‘€>

target spec.

n=1x 10" cm

V=0.1x0.1x1cm°

—3

6 P35, 30.5 =)

3.198 eV \\\ / Feff ~ 22 % 10—5 ev
d.; = 7.175eap .71.455 eV (>> natural width)
dse = 0.488¢a
9) 6512
X \° n [ PFi\?
F:1.6><1()3< ) ( ) ( ) Hz
102 1012 ¢m? 0.25

2
cf. single atom rate: I'o = 3.7 x 10~ (1()X—9) Hz
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YDM MW7T e)
—_— |

|Z> ANNNN Vg
Liouville - von Neumann pump Ias;em\\\ ¥— f)
eguation with relaxation puMp laserW_‘\:;;x’

g) ———

Oy Pij (t) — _i[H(t)v p(t)]ij — Z L5, mnPmn

By [ %
Cs parameters with 0.4 pril
radiation damping only 0.3
Q

CW laser power: TW(g-i), TmW(g-f)  °*
Laser cross section: Tmm? ot |

_ 0.015 %

|,0f7;| ~ 1/4 pOSSIble 0 50 100 150 200 250 300
t [nS]
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].Wang, MT et al. PRA 110, 012804 (2024)

i) 8P3/2 7\ % 27 25

274 ns 20 ® 82P, 5 — 62Py), _
\\ G P3/2 ‘ f> 1.5 ;—
3.198 eV \\ 30.5 ns 1.0

st il ]
\\ 0.0 L HMI - Lﬂ ” 1

‘g>—_ -05
| T S T —

651 /2
709 710 711 712 713
Wavelength [nm]

['(e — f) ~a few Hz

Rate measurement with coherence P fi
applying the second pump laser, ongoing

: 23
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Summary



and &1(42,)14 = K91 + Fglu( )
IS=MS+FS, linear relation of mIS of two transitions
: New physics and/or SM higher order

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

Yb* ion O( | O) Hz, MPI-PTB Deoor etal,PRL 134 063002 (2025)
improvement of MIT data and Yb masses

Yb atom <O(10) Hz, Kyoto
1S0(65)* — (41)*?(5d)(6p)* (J = 2) 431 nm, 'Sy (65)% —>P5(65)(6p) 507 nm
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macrocoherence and momentum conservation
significance of Pfi

Cs pilot experiment at Okayama U
coherence generation and Pfi measurement ongoing

more realistic simulation of signal and background
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