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• Pohl et al. measured muonic Lamb shift between 2S1/2
F=1 and 

2P3/2
F=2 levels. 

•      Extracted charge radius 
 
 
 
•      2013 Update (Science 339, 417-420) 
 
 
 
•      Both are 7σ smaller than CODATA value of 0.8775(51) fm. 
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• Perhaps new physics is producing an energy shift presently 
misinterpreted as a contribution to the proton size : 

 

 

 

 

 

 
 

 

 

 

 

 

Could discrepancy be due to new muonic physics? 
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• New physics must also respect muon’s anomalous magnetic 
moment discrepancy: 

 

 

 

 

 

 

• It is a challenge to find new physics models that simultaneously 
account for a 2 ppm and 104 ppm discrepancy. 

• Meson decays will also set constraints. 

 

 

 

[PRL 109, (2012) 111808] 
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Lepton Universality-Violating Models 

• Tucker-Smith and Yavin [PRD 83, (2011) 101702] 
– New particle with either scalar or vector coupling. 

 

• Batell, McKeen, and Pospelov [PRL 107, (2011) 011803] 
– New gauge boson that kinetically mixes with Fμν.  The model also 

requires a new scalar particle to account for muon’s magnetic moment. 

 

 

 

• Carlson and Rislow [PRD 86, (2012) 035013] 
– New particles with fine-tuned scalar and pseudoscalar (or polar and 

axial vector) couplings to the muon.   

 

 

All leptons Muons only 
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Our Model 

• Scalar-Pseudoscalar Langrangian 

 

 

 

 

 

 

 

• We consider the case where Cp = Cμ and the masses of ϕ and φ 

are the same.   

• We also construct a Polar-Axial Vector Lagrangian 

 

p 

µ 

New Particle 
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Model Construction:  Lamb Shift Constraint 

• For a new particle with scalar couplings to the proton and 
muon, 

 

 

• For vector couplings, the sign in the potential is positive. 

• The shift in energy is given by 

 

 

  which simplifies to 

 

 

  where M is the new particle mass and a is the Bohr radius. 

Adjust so that ΔE = -0.3 meV 
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Model Construction:  δaμ Constraint 

• For scalar and pseudoscalar couplings 

 

 

 

• For polar and axial vector couplings 

 

 

 

 

 

• Sign difference allows fine-tuning. 
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Couplings 

Scalar-Pseudoscalar Polar-Axial Vector 

Black:  Scalar 
Blue:  Pseudoscalar 

Black:  Polar 
Blue:  Axial 
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Kaon Decays at JPARC E36 

• The decay channel 

 

      could distinguish and eliminate models. 

• Previously measured for mee > 140 MeV, calculated by Bijnens 
et al. [Nuc. Phys. B396 (1993) 81-118]. 

• If Standard Model holds, E36 experiment expects to see 
200,000 such decays, 1000 decays per 1 MeV bin. 
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• Batell et al. model:  additional axial couplings, different 
couplings to electrons and muons. 

Red Curve:  Standard Model 
Black Curve:  Additional Modified Dark Photon 
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• Carlson and Rislow model:  additional fine-tuned couplings, 
different couplings to electrons and muons. 

Red Curve:  Standard Model 
Black Curve:  Additional Dark Photon 
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HFS in Muonic Hydrogen 

• The measured HFS in 2S muonic hydrogen is 

 

 

• The theory value is  

 

 

• Thus, HFS contribution from new physics must  not exceed   
5.1 µeV. 

• Pseudoscalar and axial vector couplings will contribute.  

[PRA 83 (2011) 042509] 
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Comment on muonic 4He 

• Yesterday we performed a back of envelope prediction for 
Lamb shift  contribution of our model. 

• Reminder: 

 

 

 

• After some algebra: 

 

 

 

 

                                                                            ; 

 

• Particle mass < 1 MeV. 17 



Conclusion 

• There are several new physics models constrained by the 
Lamb shift, magnetic moment, and HFS of the muon. 

• A new particle, if it exists, will have a mass of a few MeV. 

• Kaon decay measurements at JPARC could help further 
constrain or eliminate models. 
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Kaon Constraint 

• Pang et al. (PRD 8, 1989 (1973)) looked for the multibody 
decay    K -> μ X(invisible).  They found the experimental limit 

 

 

 

 

• For our case 
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Mass Limits (Shaded region is allowed.) 
 

Scalar-Pseudoscalar Polar-Axial Vector 

Black:  Full Result 
Blue:  Pseudoscalar Part 
Red:  Scalar Part 

Black:  Single Particle 
w/polar and axial couplings 
Blue:  Two Particles           
w/equal masses 

•  Batell et al.’s model evades this constraint because their new 
    particle decays into e+e- pair. 20 



Model Tests 

• Dark photon: 
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• Dark photon: 

Red Curve:  Standard Model 
Black Curve:  Additional Dark Photon 
Error Bars:  Simulated Data 22 
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