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Bound States of QED

- Hydrogen atom (pTe™)

» Positronium (eTe™)

* Muonium (u*et)

* “True” Muonium/Dimuonium  (u"p™)

- More exotic di-leptonic resonances (r*/¢F),(r777)
» “Molecular systems” (eTe™)(eTe™)

- Other atoms (7%, F)

Bohratom F, = _—24& T'n = oo n*-fold degeneracy

Higher order corrections (fine and hyper-fine) e.qg. relativistic, spin-orbit,
Lamb shift, spin-spin, lift degeneracy



Hydrogen atom
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True muonium

Rescale positronium. Mass is 2m,, — E;
Ei(H) =—-13.6eV Ej(ete )= —6.8eV FEi(u"p~)=—1407eV

ri(H) = ap = 53000 fm 7y (eTe) = 2a9  r1(puTp~) = 530 fm

Unlike positronium there are fermionic decays (for S levels)
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Muonium decays

v (1.53 ns)

eTe” (14.5 ps ‘ Y

7&7 (0.602 ps)
[Brodsky, Lebed PRL102, 2009]

Decays/transitions short compared to muon lifetime (~2 microsec)



Muonium Production

Fool’s Intersection Storage Ring

Alternative schemes included production in meson decays (eg
LHCD), or radiative production (TM+gamma)

» Produces n3S, states with relative rate n-3
2m,, 1

* For symmetric beam energies p. = —; and boost v =

tan 6

Boost is critical for separating signal from background (Bhabha)

cT(°S1) ~ 0.5 mm



Muonium Production
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After production

If muonium transits material it can be destroyed

Odissoe. & 137%barn

If muonium exposed to intense laser it can be put into P-state

If transits regions with strong B-field, level mixing can also populate
other states

Spectroscopy: measure Lamb shift, hyperfine etc
Decay lifetimes and branching ratios



New Physics

Ongoing anomalies in muon sector: g-2, muonic Hydrogen, Rk
New physics coupled to muons?

Great probe of short distances, no nuclear effects to contend with

New forces can change size of muonium, altering production/

decay
(W) = Vip —ere”

and provide new decay channels

(Wp™) =X (W) — XX

X —=>SM SM
or change energy levels (spectroscopy)

2S-2P transition

Strong constraints from other muon measurements



New Decay Modes

[Vidal, Ilten et al PRD100, 2019
1904.08458]
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Spectroscopy [Ji,Lam; 1712.03429]

Transition Eheory [MHZ]
13S, = 1'Sy  42329355(51),,4700)
238, - 1°S,  2.550014(16) x 10"
23Py — 2°8 1.002(3) x 10’
23P, — 238, 1.115(3) x 10’
23P, — 238, 1.206(3) x 10’
2'P| —235| 1.153(3) X 107
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Muonic forces/contact interactions can alter energy levels: Lamb shift,
hyperfine, 2P-2S, 2S-1S, etc

QED prediction known to O(m o
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Conclusions

 Dimuonium is a bound state of QED, never seen before!
 Provides a precision laboratory to test QED and muons
 Existing anomalies: g-2, proton radius, R_D, R_K

 FISR produces relativistic dimuonium in 3S1 states

» Opportunity for detailed study of its properties — production
rate, decays, transitions

» Some calculations to be done, no apparent “show stopper”
- Constraints on new physics...



