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Muonium Energy Levels
<latexit sha1_base64="Ec1Aa6zGOO2wSc219Y6+9Pdc6dM="></latexit>

• Hydrogen-like, but purely leptonic,

free of nuclear size e↵ects

• Can produce nearly 108/s

• Live 2.2 µs, linewidth 145 kHz

• Amenable and interesting for

precision spectroscopy

• Extract important constants

• Test bound state QED,

search for new physics
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Muonium Ground State Hyperfine Interval Theory Prediction
<latexit sha1_base64="UmVU+zYRLBKggTkk4qF+2RIpT08="></latexit>

�⌫(theory) ⇡ 8⇡

3
g0eµBg

0
µµ

µ
B

1

⇡a3µ

=
16

3
↵2 c R1

me

mµ


1 +

me

mµ

��3

(1 +�)

| {z } | {z }
EFermi Higher Order

= 4463.302 868 (515)MHz, (120 ppb)

= 4463.302 720 (511, mµ/me) (70, QED) (2, ↵) MHz (QED Contribution) +

�65 Hz (Weak Contribution, 15 ppb) +

232 (1) Hz (Hadronic Vacuum Polarization Contribution, 56 ppb) +

5 (2) Hz (Higher order Hadronic Vacuum Polarization Contribution)
<latexit sha1_base64="KvF2TdGx1I1dC4kxM33r6UzSGMk="></latexit>

• Largest error from uncertainty in mµ/me (120 ppb)

• Error from higher order terms ⇡ 70 Hz (16 ppb)

• E↵ort to reduce QED uncertainty to 10 Hz (M. Eides and colleagues)

Phys. Rev. A 86, 024501 (2012), PRL 112, 173004 (2014), Phys. Rev. D 89, 014034 (2014)



Muonium Spectroscopy, D. Kawall, UMass Amherst Workshop on a Future Muon Program at Fermilab, Mar27-29 2023, Caltech 4

Breit-Rabi Hamiltonian for Ground State Muonium Hyperfine Levels in a Magnetic Field 
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Hyperfine Hamiltonian for Ground State Muonium in a Magnetic Field 

- The two microwave transitions measured
roughly correspond to muon spin flip

x: measure of Zeeman, Larmor frequency 
compared to ground state hyperfine interval
frequency
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small

<latexit sha1_base64="wGtbYJVbkJUUsPEXiHuYeD06qfg="></latexit>

From ⌫12 and ⌫34 to �⌫, µµ/µp, and mµ/me
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From ⌫12 and ⌫34 to �⌫, µµ/µp, and mµ/me
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QED and Muonium Ground State Hyperfine Structure 

<latexit sha1_base6 4="BgOxMpODncyQmJMKRjpMDULpMLo=">AAAKB 3icpVZLjxtFEHYIC1nzSuDIpUQcsiuNjdfJZgl SpCiEKAghbd4RmWXT01PjaaUfk+4ee81ouPNX4 </latexit>

• Free particle tests of QED (ae, aµ) performed at 5 loops in QED

• Free particle QED is the most successful theory in all of science

• Bound-state QED investigated by hydrogen & muonium HFS, 1s-2s, ... calculations performed at 2-3 loops

• Muonium tests bound-state QED methods without complications of proton structure, electron-electron

interactions, or strong coupling (binding (Z↵)2mµc2 small)

• We extract mµ/me using bound-state QED and measurement of muonium ground-state hyperfine interval but:

“These two QED theories, the free QED and the bound state QED, are very di↵erent in their approaches,

problems and applications and it is worth to consider their tests separately... the bound state QED is not

a well-established theory and there are no published common prescriptions for the relativistic quantum bound

problem. It involves di↵erent e↵ective approaches to solve the two-body bound problem.”

S. Karshenboim, Physics Reports 422, 1-63 (2005).
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QED and Muonium Ground State Hyperfine Structure 

<latexit sha1_base64="21QoZOLfVHpawjgMSvl5L5V4fM0="></latexit>

• We have to be careful: success of free particle QED doesn’t necessarily apply to bound state QED:

saying we know mµ/me to 22 ppb relies on:

• Bound state QED methods applied to Mu HFS are correct at the 22 ppb level

(need expert opinion for careful, conservative error estimation)

• New physics doesn’t perturb the hyperfine interval at the 22 ppb level

• We can extract mµ/me essentially directly from measurements of µµ/µp from muonium which relies

only on correctness of Breit-Rabi Hamiltonian, but still have some bound-state corrections

• Theory-independent ratio µµ/µp known to about 120 ppb: MuSEUM should improve this direct

measurement by a factor 5

• To test compatibility of model of new physics with aµ, just need to include its influence consistently

when extracting mµ/me from muonium
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History: E1054 Muonium Experiment at Los Alamos 

<latexit sha1_base64="76ca0IVc6tMdOrffeZuwuAaUsx4=">AAAFaXicpVTdbtMwFE63FU </latexit>

�⌫ = 4463 302 765 (53) Hz (12 ppb) (50 Hz (stat) and 21 Hz (syst))
mµ/me = 206.768 2830 (46) (22 ppb, CODATA 2018)
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Present: MuSEUM Experiment at J-PARC

<latexit sha1_base64="upRUx5Yyls1pmrH8gjtlhKzNyaM="></latexit>

Goal: Stat. and Syst. uncertainties on �⌫ ⇡ 5 Hz (1.2 ppb) each, 40 days running

Uncertainty on mµ/me ⇡ 12 ppb directly

If theory uncertainty ) 10 Hz, �(mµ/me) ⇡ 3 ppb using bound state QED theory
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Present: MuSEUM Experiment at J-PARC
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Muon Facility MUSE at J-PARC Materials and Life Science Experimental Facility (MLF)
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D2
• Completed (ZF)
• Beam intensity 6×106 μ+/s (0.6 MW)

H1
• In preparation (HF)
• Beam intensity108 μ+/s

3 GeV proton

25 Hz pulsed 

Beam Lines used for Muonium Spectroscopy at J-PARC MLF MUSE
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• Pion decays at rest yield 28 MeV/c muons, spin polarized opposite to momentum

• Transport µ+ to Kr gas target (0.3 atm or 1.0 atm) in 1.7 T field along beam axis

• Muons thermalize, picks up e� from Kr, forms polarized n=1 muonium in |mJ ,mµi = |+ 1/2,�1/2i and |� 1/2,�1/2i

Experimental Technique
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Experimental Technique

<latexit sha1_base64="/5iQA35ZY3EYPoe+ZI6QjdbuR78="></latexit>

• If we do nothing, muon decays: µ+ ! e+⌫̄µ⌫e

) Due to parity violation, highest energy e+ emitted preferentially in µ+ spin direction (upstream)

• NMR: apply a perpendicular microwave magnetic field at the ⌫12 or ⌫34 transition frequency:

) Zeeman transition flips the muon spin direction - highest energy e+ emitted downstream

) �⌫ determined from microwave frequency dependence in counts downstream/upstream
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Experimental Technique
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• If we do nothing, muon decays: µ+ ! e+⌫̄µ⌫e

) Due to parity violation, highest energy e+ emitted preferentially in µ+ spin direction (upstream)

• NMR: apply a perpendicular microwave magnetic field at the ⌫12 or ⌫34 transition frequency:

) Zeeman transition flips the muon spin direction - highest energy e+ emitted downstream

) �⌫ determined from microwave frequency dependence in counts downstream/upstream
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New MuSEUM Experimental Technique: Rabi-oscillation spectroscopy

<latexit sha1_base64="qU1H4M8bv3Hl7xuBR2wZlmO0poQ="></latexit>

• Signal depends on microwave detuning, microwave power, magnetic field, detector acceptance

• Los Alamos: looming systematic of asymmetry in microwave power across line

• MuSEUM: Rabi-oscillation: fit signal time dependence to get detuning, microwave power
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New MuSEUM Experimental Technique: Rabi-oscillation spectroscopy

MuSEUM Rabi-oscillation spectroscopy results at zero B field: PRA 104, L020801 (2021)
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MuSEUM Improvements, Comments
<latexit sha1_base64="A7ScmXmJJycrpAaVjC4rBLcAMhg="></latexit>

• Muon flux roughly 108/s, roughly 10⇥ Los Alamos, expect roughly 200 times more statistics

• Reduced MW-related uncertainties, improved MW power monitoring, Rabi-oscillation technique

• Longer cavity (more stopped muons), lower gas pressure (smaller uncertainty from pressure shift)

• Improved muon beam and stopping distribution measurements (higher resolution detector)

• High-rate capable segmented positron counters (reduced pileup systematics)

• Improved, higher resolution NMR system, reduced detector impact on magnetic field

• Improved, redundant pressure monitoring systems

<latexit sha1_base64="RpPIRAGf5WmnC56HW/jrW3EcX98=">AAAHT3icpVXdTtxGFHaghWT7k9BeVb0ZhY1CJOOsNwRKK6QIqgqparWNIETCiIxnjtdTPDPuzHhhGblP0Cfp2/Syz9GL3lU93p90WRBC6lzYx+c7Z+bMd36cloWwrtP5897C </latexit>

• Pressures shifts
d⌫12
dP

⇡ �16.4 kHz/atm,
d⌫34
dP

⇡ �19.6 kHz/atm

• HF pressure shifts in Cs (W. Happer, Rev. Mod Phys. 44, 169 (1972).)

• Combine Kr with He or Ne to produce target gas with near-zero presssure shift;

might also make more compact stopping distribution, reducing many systematics

• Telegdi: run at “magic” B=1.134 T where d�⌫ij/dB = 0, insensitive to B field
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Mu-MASS material:  Paolo Crivelli

Mu-MASS: Measure 1S-2S interval to 10 kHz, determine mµ/me to 1 ppb
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Mu-MASS: Measure 1S-2S interval to 10 kHz, determine mµ/me to 1 ppb

Meyer et al. PRL84, 1136 (2000), limited by frequency 
chirp of pulsed laser 

I. Cortinovis et al. (manuscript in preparation)

-Prediction limited by knowledge of muon mass
-QED calculation uncertainty at 6 kHz 

1S-2S

Irene Cortinovis et al., arXiv:2302.22883v3 
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Mu-MASS: Measure 1S-2S interval to 10 kHz, determine mµ/me to 1 ppb
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Mu-MASS: Experimental Technique (Paulo Crivelli)
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Mu-MASS Current Status

<latexit sha1_base64="MLh3zt82/D7dSIrz9D26u0Srgs8="></latexit>

• Extremely challenging, few events per days, low background required (and demonstrated)

• Have demonstrated >25 W circulating laser power in QCW mode

• Triggerable 355 nm pulse laser for ionization ready

• Took data Dec 2023, physics runs in 2023-2024
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Lamb shift measurements by Mu-MASS at LEM at PSI: Paulo Crivelli

<latexit sha1_base64="BNVbzPKxz+5fSixgfK0Rq2A7jNg="></latexit>

• Measured n=2 Lamb shift: 1047.2 (2.3)stat(1.1)syst MHz, factor 10 improvement

• Precision measurement of the Lamb shift in Muonium, B. Ohayon et al.,, arXiv:2108.12891v2



Muonium Spectroscopy, D. Kawall, UMass Amherst Workshop on a Future Muon Program at Fermilab, Mar 27-29 2023, Caltech 27

Lamb shift measurements by Mu-MASS at LEM at PSI: Paulo Crivelli

B. Ohayon et al., arXiv:2108.12891v2

Can search for new physics
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Measure magnetic moment at ppb level, get aµ at or below 1 ppm level

Determine Muon Magnetic Moment Anomaly from Muonium Spectroscopy 

<latexit sha1_base64="K4b7CW+c+sMBOCu5W6AeXDB61aY="></latexit>
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Muonium Spectroscopy: Summary 

<latexit sha1_base64="IP7RbWkoCx2DEx8rl7gxoLFZn2c="></latexit>

• Some extremely interesting, challenging, and consequential experiments underway

• Improvements by factor 10-20 in muon mass possible

• Long term possibility of sensitivity to new physics

• New, more intense source of low energy muons, surface muons would help


