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The Precision Frontier

|
Proton structure LH (25-2P)

GHQ?), Gy(QY) 6=1x10"
Fi(x,Q%), F(x,Q?)
g1(x,Q%), g,(x,Q9)

HD*
S(rot)=1x 101
8(rot-vib) =3 x 10-12

DOI: 10.1146/annurev-
nucl-101920-024709

Best test of
H-energy levels

Best test of
higher-order
terms o< Z5-7

Best test of a
S(rot) =5 x 1071 three-body
S(rot-vib) =2 x 10~ molecule

Best test of
bound g-factors
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Precision Atomic Spectroscopy

. F=2
2P, ——
H
=
Y
F=0 v F=1
2P ,—— o
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Precision Atomic Spectroscopy

2P, -

3/2

LAMB
. SHIFT
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Leading QED Corrections

. I
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Electronic Vacuum
Polarization in pH

Correction

E‘JP‘?”

eVP?

eVP®

light by light eVP
recoil
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Dispersive Calculation of

the eVP Contribution
pleve) _ (Za)*m3 J‘” a0 a ImII(t) ’ ’
e 2m amZ (Ve + Zcxmr)4
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(eVP) __
Erp_zs =
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Dispersive Calculation of

the eVP Contribution
(Za)*m3 J‘” a0 a ImII(t) ’ ’
21 4m?2 (\/E+Zamr)4 4mg
I1
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Dispersive Calculation of
the eVP Contribution

> >
Eap—as = — > J dt 4
T amZ (\E+ Zam,.) 4mg

_a(Za)*m} 1joodt ImIT(4m? ¢t)
a

4m§ 2T m, 4
Vt + 5 Za)

e
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Dispersive Calculation of
the eVP Contribution

s o > >
Eéivpz)s = (Za)*m; J it a ImII(t)
21 amZ (VE+Z amr)4 4mg
k!
@(m)‘*mﬁ 1 jwdt ImIT(4m2 t) 11
N 4m2  2m), m. . \*
(\/f + 2m, Za)
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Dispersive Calculation of
the eVP Contribution

s o > >
21 amZ (VE+Z amr)4 4mg
L
@(m)‘*mﬁ 1 jwdt ImIT(4m2 t) 11
- 4mZ 2w ), m, .\
(\/f o 2m, Za)
K
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Dispersive Calculation of
the eVP Contribution

hoE e > >
E<eVP) - (Z(X) % J d a ImH(t)
S 21 amz (Ve + Zamr)4 4m?
!
4,3 S 2 I1
@(m) m} 1 j 4o M mZ o)
- 4m?  2m ), m, 4
(\/f + 2m, Za)
K
= a(Za)*k*m,
1 o k(2k® — 13x* + 44K?% — 24)  15k* — 20Kk? + 8A c
N — rcCos k
5 — .2)2 5
3K 127 (1 — k%) an(1 — k23
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(almost) constant as k changes
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The eVP Contribution By
Across Different Systems

E(eVP) my

opos X a(Za)*k*m,, k= Za

2m,
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The eVP Contribution
Across Different Systems

VP m
Eéi—z)s < a(Za)*k*m,, K = Zn”:e Za
System m, [MeV] K k’m, [MeV]
Mu 0.509 0.498 Za 6.71 X 1076
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The eVP Contribution
Across Different Systems

my

Eé?ﬁpz)s < a(Za)?*k’m,, =o Za
e
>
107 3%
System m, [MeV] K k’m, [MeV]
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The eVP Contribution
Across Different Systems
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One-Photon-Exchange Potentials
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One-Photon-Exchange Potentials

vy __ (Za)tm] J°° L aImi)
4mg (\/E+Zamr)4

p(OPE) _ _ (Za)*m; joodt ImP(t) 4
t (\/f + Zamr)
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One-Photon-Exchange Potentials

4m?
- EEV (Za)*m3 J a0 a ImII(t)
» 2T 4m?2 (\/E+Zamr)4
> >
/g to opey  (Za)*m} jood ImP (t)
t

EZP—ZS - t
! P ’ 2m o (Vt+ Zam,,)4
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One-Photon-Exchange Potentials

4mg

02.11.23

pleve _ (Za)*m; Joo dt a ImII(¢)
2P—25 = o %
amZ (Nt + Zam,)
£(OPE) _ (Za)*m3 joodt ImP(t)
2P—25 — o %
to (\/f + Zamr)
mr
K = YA
Vto
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One-Photon-Exchange Potentials

4mg

02.11.23

peVR) (Za)*m; dqr 2 ImII(t)
2P-25 = T T oo t 7
amZ (Nt + Zam,)
(OPE) _ (Za)*m3 ; ImP(t)
2P-25 — 2T t 4
to (\/f + Zamr)

m
v T larger m,.
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One-Photon-Exchange Potentials

4mg

02.11.23

‘md a ImII(¢t)
AL —— —(Za) i j dt 4
Ezp—ZS = 2T am2 (\/f + Zamr)
fm3 *® ImP (t)
(OPE) — _ —(Za) < j dt 4

my larger m,
K=—~72«a
Vo smaller ¢,
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Contributions can be
enhanced depending
on the system’s m,.!
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Dark Matter

Fermion

1 ¢
> > X 4
i & ,/
0.1f 2
ge j K4 o
i - Y
0.01f s V4
My ' I R
I ———— “' ,
& 0001} y
: ’
i ’
4
107% J _
. === Mu
Lamb Shift Measurements 102§ - HH
Mu: 4.3309(105) peV :
uH: 202.3706(23) meV m, [MeV]
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Sensitivity depends on experimental
precision, Bohr radius, BSM parameters
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Finite-Size Corrections
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Finite-Size Corrections

5 DOl:10.1103/PhysRevA.91.040502
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Finite-Size Corrections

= DOI:10,
Eéis_)zs — J dQ W(Q) GE(QZ) 1103/PhysRevA.91.040502
0

—

0.010 0.100 1 10

Q [MeV]

10+ 0.001
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DOI:10.1303
-1103/p
w(Q) / h3’5'*@VA.91.040502

Inv. Bohr radius:

al=Zam,

it = 373101 |
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DOI:10.1103
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W(Q) / hYSRevA.91.040502

Inv. Bohr radius:

al=Zam,
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Axion-Like Particle

’
1 >
L4
- = -
‘T ----------------
'> 0.100 |
)
=
. . o - e ow [
5 Contribution of the ALP to the form factor G > 0.010 F uH
1 — \ E g
1 i
— : \\ 0.001
] ' , ,
= 0.1 100
= -3t m, =1 MeV
S ‘ — - m,=1GeV mapp [MeV]
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Axion-Like Particle
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Conclusions

* Precision atomic spectroscopy holds potential for
New Physics searches
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Conclusions

Precision atomic spectroscopy holds potential for
New Physics searches

Sensitivity to New Physics depends on energy transition,
experimental precision, (exotic) atom, BSM model

Light BSM contributions are potentially enhanced

Variety of (exotic) systems with different scales
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