Radiative Effects in Bound States
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Positronium and its decays

POSITRONIUM

0-Ps decay into 2 photons
Is forbidden: Landau-Yang
theorem: Bose statistics
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Can p-Ps decay
into 3 photons?



POSITRONIUM

Para-positronium to 3y: C-violating channel
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POSITRONIUM

Para-positronium to 3y: W-boson effects

PHYSICAL REVIEW D 96, 093002 (2017)
Parapositronium can decay into three photons

Andrze;j Pokraka and Andrzej Czarnecki'
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Z-boson contribution to pPs 2 3y
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Parapositronium decay into three photons and implications
for the neutral pion

Andrzej Czarnecki®,” Divyesh Dagia,” Ting Gao,* and Ripanjeet Toor’
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POSITRONIUM

Two mass scales in Z-diagrams: m, (hard) and m_ (soft)

* To emitthree photonsrequires four powers
of photon momenta (for gauge invariance)

* The hard contribution like in W-diagrams,
suppressed by 1/m.°

* The soft contribution, for less clear reasons,
has no 1/m,2, 1/m,*; also only 1/m.°

* Amplitude enhanced only by In(m,/m_) relative to W
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Spectra of 3-photon positronium decays

POSITRONIUM
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POSITRONIUM

Spectra of 3-photon positronium decays
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Muonic atoms




Bound muon decay: why do we care? MUONIC ATOMS

Muon-electron conversion searches: starting 2027 (hopefully)

MuZ2e
Fermilab
s [ e
Pt
COMET
J-PARC Al | New Physics

v 71~ Production

background:

Muonic Atom Formation ,u» €

D e e M e Proton \ ‘ ut-e Conversion g

J-PARC p,j;l.o:%ii; ) g

Signal | Magnet
Target Secondary Beamline Spectrometer *'II.!L]-

e

iy |




MUONIC ATOMS

A really rare process: muon-electron conversion
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Variety of mechanismes:

Background: high energy electrons
from the bound-muon decay.



MUONIC ATOMS

Muon decay: electron energy spectrum
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MUONIC ATOMS

Muon decay: electron energy spectrum
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Free muon decay
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MUONIC ATOMS

Electron spectrum in a mu-decay near nucleus
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Electron energy can
be as large as the

whole muon rest energy




Bound muon decay has been measured: TWIST/TRIUMF MUONICATONS
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MUONIC ATOMS

What about the upper half of the spectrum?
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It is the main background for the expected conversion signal



MUONIC ATOMS

What about the upper half of the spectrum?
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Origin of the (Za)® and (E,__ -E)° suppressions HuoNCATOMS
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Neutrinos get no energy;

The nucleus balances electron’s momentum, takes no energy.
Near the end point:
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MUONIC ATOMS

Bound muons: total decay-in-orbit rate

Binding effects distort the
electron spectrum

éFree 1l e
U
vV
v
Convérsion
signal
COMET, Mu2e
high-energy region
s
: r (aZ)? ;
but largely cancelin the totalrate - =1-"7~+0(a2)’



MUONIC ATOMS

How to find the total decay rate
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MUONIC ATOMS

How to find the total decay rate
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Bound muons: total decay-in-orbit rate

MUONIC ATOMS

Numerical calculation
pioneered by
Watanabe, Fukuli,
Ohtsubo, Morita
1987-1993.
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MUONIC ATOMS

Bound decay rate as an atomic-like observable

Example 1: Lamb shift for an electron in the hydrogen ground state
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> m\/l — (Za)?

o 4 I;)ethe 1947
+; [(ZCE) (111 Zo+ C) + .. ] Feynman

Schwinger...

Appelquist+Brodsky
Barbieri, Magnaco, Remiddi 1970

S
b

_I_

_I_
N s

210 AR
~—
w

Melnikov + van Ritbergen 1999
Pachucki, Pachucki et al.



Example 2: Bound-electron g-2 MUONIC ATOMS
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Radiative Corrections in Bound States: summary

Positronium
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C-forbidden channel; full
SM rate now complete,
47 orders of magnitude
smaller than estimated
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Bound muon lifetime:
old puzzle of oxygen
discrepancy resolved.
Next step:

Improve the analytical
prediction
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