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Why Muonic Atoms?
❖ Muon 200 times heavier than electron—smaller Bohr radius 

❖ Precision probe of nuclear electroweak structure 

❖ Possible window into new physics beyond the Standard Model at the precision 
frontier
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Experimental Effort—Hyperfine Splitting
❖ HFS probes the magnetic structure of the nucleus 

❖ —CREMA, FAMU, J-PARC 

❖ —CREMA (Pohl et al. Science 353) 

❖ —CREMA, J-PARC
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Uncertainties in the HFS
❖ Uncertainty in energy levels dominated by 

nuclear structure 

❖ Polarizability contributions (inelastic nuclear 
excitations) start with two-photon exchange
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Polarizability from Two Photon Exchange
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Hyperfine Splitting
❖ Contained in spin-dependent (antisymmetric) part of lepton tensor 

❖ All of the low-energy nuclear effects are contained in the hadronic tensor 

❖ Several approaches: dispersion relations, phenomenological models, effective field 
theory

<latexit sha1_base64="huE3FPLMdX/Igj2uKUvSSsPt4GE="></latexit>

�E2�,HFS = �(4⇡↵)2 |�n(0)|2 ✏ijk�k

Z
d4q

(2⇡)4
1

(q2 + i✏)2
1

q2 � 2mq0 + i✏

⇥�
T 0i � T i0

�
qj + T ijq0

⇤

6
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Effective Field Theory: From the Top Down

SMEFT
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RG

Standard Model + higher dimension operators
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Why the EFT framework?

❖ Model independent 

❖ Power counting—systematically improvable 

❖ Quantify uncertainties (S. Li Muli’s talk)
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Pionless EFT
❖ Valid for  

❖ Only nucleon degrees of freedom 

❖ Tower of contact terms with desired symmetries, i.e. Galilean, gauge, isospin, parity, time-
reversal etc. 

❖ Lamb shift in muonic deuterium
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Emmons et al., JPG 48;  
Lensky et al. PRC 104, PLB 385, EPJA 58

Kaplan et al., PLB 424, NPB 534;  
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Chiral Perturbation Theory
❖ Pions realize chiral symmetry of QCD nonlinearly 

❖ Nucleons enter as isospin doublet 

❖ Power counting parameter
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Hyperfine Splitting of Muonic Hydrogen

Hagelstein et al. 2023



Chiral Effective Field Theory
❖ Extend ChPT to few-nucleon systems 

❖ NN potential = sum of “irreducible” diagrams                     

❖ Ab initio program: Construct chiral potentials 
and solve many-body Schrödinger equation 

Weinberg, Entem, Machleidt, Epelbaum, Meißner…

LChEFT = L⇡ + L⇡N + LNN + · · ·
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Electromagnetic Few-body currents

Bacca et al. PRL 126

Pastore et al. PRC 90
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Chiral EFT—A Tale of Two Power Countings
❖ Weinberg power counting—interactions ordered according to naïve dimensional 

analysis 

‣ Renormalization is unambiguous 

‣ Solve Schrödinger equation with full potential 

❖ Renormalization group invariant approach—additional operators may be required at 
leading order 

‣ Solve Schrödinger equation with LO potential 

‣ Treat the rest in perturbation theory
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Chiral EFT for Muonic Atom Spectroscopy

❖ Strategy: Calculate spectrum of Hamiltonian in A-nucleon sector, calculate matrix 
elements of currents 

❖ Sum includes all eigenstates of chiral Hamiltonian—need to truncate  

❖ Forces and currents need to be consistent (E. Epelbaum’s talk)
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Multipole Expansion
❖ Two-nucleon states and currents can be expanded in terms of partial waves and 

operators with good angular momentum quantum numbers
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Deuterium Response Functions
❖ Input from chiral EFT for dispersion relations
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Two Photon Exchange Contribution to the Lamb Shift

❖ Polarizability contribution to the Lamb shift
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Towards Two Photon Exchange for the Hyperfine Splitting

❖ Lamb shift requires 

❖ Need polarized response functions and different matrix element combinations 

❖ Technology is mostly the same as that used in the Lamb shift
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Connections to BSM
❖ EFT framework naturally facilitates connection between BSM physics and low-

energy phenomena 

❖ Precision electroweak physics (M. Gorchtein talk) 

❖ Search for light new particles
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Renormalization Group Approach
❖ Couple NRQED to pionless/chiral EFT 

❖ Renormalization group improvement in hydrogen 

❖  Lamb shift 

❖  Hyperfine splitting

α8 log3 α

α7 log2 α
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Manohar and Stewart, PRL 85



Summary
❖ Effective field theory techniques connect (beyond) Standard Model to low-energy 

observables 

❖ Chiral EFT for the Lamb shift in muonic deuterium is encouraging 

❖ Apply the same toolbox to the hyperfine splitting 

❖ Additional avenues: BSM physics, renormalization group
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