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Nuclear corrections’ overview
Nuclear size

Depends on RN

Relativistic nuclear recoil

Depends on the mass

Nuclear shape

Depends on RN , nuclear density

Nuclear polarization

Depends on complete nuclear
spectra
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Atomic systems

Atoms

• Coulomb Z
• Coulomb e−

Highly charged ions

• Coulomb Z
• QED ∼ α
• nuclear effects

Muonic atoms

• Coulomb Z
• nuclear effects
• QED ∼ α
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How to measure rms radii?

Heavier than hydrogen
⇓

Binding and transition energies: ∝ Z 2

⇓
Transition rates: even faster

⇓
no precision spectroscopy

⇓
Muonic atoms

“Live fast, die young!”

Fig: https://www.particlezoo.net
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Muonic spectra importance
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Very basic theory

Fig: Niklas Michel

⟨r⟩ ∝ 1/m
mµ ≈ 207me

→ sensitive to nuclear structure

fit calculated spectra to
measured ones
→ determine nuclear parameters
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Access to muonic atoms

http://www.mdpi.com/2412-382-X/1/1/11/htm

• capture and cascade:
10−12 − 10−9 s

• lifetime:
0.1− 2.2 µs

• always H-like

• decay channels

µ− → e− + νe + νµ

µ− + p → n + νµ

P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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More theory (still basic)

• Muons are close to the nucleus, relativistic → Dirac equation
• Extended nucleus: sphere, Fermi, deformed Fermi distribution

ρa,c,β(rµ, ϑµ) =
N

1 + e[r−c(1+βY20(ϑµ))]/a

• QED: e-Uehling, Wichmann-Kroll, Källén-Sabry, SE, µ-Ue

µ− µ−

e− e+

µ− µ−

µ− µ+

• HFS: electric quadrupole (dominant) and magnetic dipole

A. S. M. Patoary and NSO, EPJD 72, 54 (2018)
N. Michel, NSO, and C. H. Keitel, PRA 96, 032510 (2017)

N. Michel and NSO, PRA 99, 042501 (2019)
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A frequently asked question:

What’s about electrons correlation and electron-muon interaction?

Two leptons ⇒ 1s for muons and 1s for electrons
• Electrons are far
• The electron screening effect has been calculated and negligible
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Dynamical splitting

and Nuclear polarization

• similar energy scale

|µ⟩ ⊗ |N⟩ → |µN⟩

• E2- and M1-HFS mixing
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VNP(r) = −α
∑
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|r − rNi
|

∆ENP =
∑
nN

|⟨aA|δV |nN⟩|2

EaA − EnN

• QFT for muon-nucleus interaction

• precise muonic description
• state-of-art nuclear input
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A fine-structure anomaly
A simultaneous fit of 2p3/2 − 1s1/2 and 2p1/2 − 1s1/2

muonic 90Zr, 112−124Sn, 208Pb: very poor fit, χ2/DF = 187
→ nuclear polarization correction as variable parameters

→ the root of the problem

2p1/2 is closer to a nucleus and should be affected more strongly
P. Bergem et al., Phys. Rev. C 37 2821 (1988)
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Nuclear polarization effect

Image source: www.universetoday.com

VCoul(r) = −αZ
r

Vext(r) = −α
∫

ρ(r′)

|r − r′|
dr′

VNP(r) = −α
∑
Z

1

|r − rNi
|

Longitudinal (Coulomb) part

H = HN +αp+ βmµ + V (r, rNi
)

∆EI =
′∑
N

⟨I |∆V |N⟩⟨N|∆V |I ⟩
EI − EN

Transverse part: only via field-theory approach
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Our goal

field-theory approach

full muon-nucleus interaction

precise muonic
description

state-of-art
nuclear input

NP
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Transverse part of muon-nucleus interaction

H = HN +αp+ βmµ + V (r, rNi
)

⇓

H = HN +α(p− eA(r, rNi
)) + βmµ + V (r, rNi

)

• Longitudinal (or Coulomb) interaction V (r, rNi
)

always |∆ENP
2p1/2

| > |∆ENP
2p3/2

|

• Transverse interaction A(r, rNi
)

contributes with the opposite muon-spin dependence

• However, the anomalies still persisted (for more than 40 years)

Tanaka and Horikawa, Nucl. Phys. A580, 291 (1994)
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Total leading-order nuclear polarization

summations over entite muonic (i ′) and nuclear (I’) spectra
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Muonic spectrum

Dirac equation:
[αp+ βmµ + V0(r)]ψ(r) = Eψ(r)

V0 from Fermi nuclear charge distribution

Fig: Igor Valuev
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Nuclear spectrum

Fig: Igor Valuev
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Skyrme-type nuclear interaction

Fig:

https://en.wikipedia.org/

wiki/Tony Skyrme

V (r1, r2) = t0(1 + χ0Pσ)δ(r)

+
1

2
t1(1 + χ1Pσ)[P

†2δ(r) + δ(r)P2]

+ t2(1 + χ2Pσ)P
† · δ(r)P

+
1

6
t3(1 + χ3Pσ)ρ

λ(R)δ(r)

r = r1 − r2,R =
1

2
(r1 + r2)

P =
1

2i
(∇1 −∇2),Pσ =

1

2
(1 + σ1 · σ2)

10 parameters
Nuclear wave functions
dependence
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Calculations details

• complete muonic Dirac spectrum

• 9 different parametrizations of the Skyrme interaction

• Covers all realisitic ranges for nuclear properties

• 0+, 1−, 2+, 3−, 4+, 5− and 1+ excitation modes

• RMS value changes the NP predictions

• Comparison between theory and free-parameter fit of the
experimental data
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40 years later: Nuclear polarization correction 208Pb

around 150 eV, or 4σ standard deviations gap
⇒ have to go back to χ2/DF = 187 and much higher error bars
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What is left behind? An elephant in the room
• RMS: high importance

• From muonic spectra

• High accuracy:
0.02% for lead

• Fine-structure anomaly (NP)

• Poor fit χ2/DF = 187

• Estimation for theory

• How much can we trust it?...

NSO
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Current challenges

• NP for deformed nuclei • NP for atoms for the
physics beyond the Standard
Model

• Search for simple models: one order of magnitude discrepancy
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Challenging muons in muonic atoms

• Asocial far from e−, always H-like

• Unhealthy lifetime 0.1− 2.2 µs

• Destructive µ− + p → n + νµ

• Non-cooperative passive spectroscopy
5g − 4f − 3d − 2p − 1s

• Demanding complicated QED

• Unreliable Every muonic atom is different

• Co-dependent highly sensitive to nuclear structure: dynamical
structure/splitting |µ⟩ ⊗ |N⟩ → |µN⟩

• And now to the bad part... nuclear polarization: includes the
complete muon and nuclear spectra

• Why don’t we ignore it? Give best probes of the short-ranged
interactions
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Summary

Atoms

QED

Nucleus

HCI

Muonic atoms

New physics

1 I. A. Valuev and NSO, PRA 109, 042811
(2024)

2 V. A. Yerokhin and NSO, PRA 108, 052824
(2023)

3 NSO, PRR 4, L042040 (2022)

4 I. A. Valuev, G. Coló, X. Roca-Maza, C. H.
Keitel, and NSO, PRL 128, 203001 (2022) A.
Antognini et al. PRC 101, 054313 (2020)

5 N. Michel, NSO, and C. H. Keitel, PRA 96,
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