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We have measuredthe annihilationof positroniumto four
and five photonsusing Gammasphere[1]. Thesemeasure-
mentstestQuantumElectrodynamicscalculationsat α7 and
α8, and test charge conjugation invariance. Positronium
is producedin two states,1S0 para-positronium(p-Ps)and
3S1 ortho-positronium(o-Ps),which have eigenvaluesof the
charge conjugationoperator(C) +1 and � 1. Since the C
eigenvalueof thephotonis � 1, thereis a C-invarianceselec-
tion rule for the numberof decayphotonsfrom eachstate:
p-Psannihilatesto an even number, while o-Psannihilates
to an odd number of photons. The probability for p-Ps
to decay to four photonshas a calculatedbranchingratio
R4

� 1 � 4388
�
21��� 10� 6[2], and the branchingratio for o-

Psto five photonsis calculatedto beR5
� 0 � 9591 � 10� 6[3].

The branchingratio R4 � Γ
�
p-Ps	 4γ ��
 Γ

�
p-Ps	 2γ � where

Γ
�
4γ � � ΓLO

�
4γ �
� 1 � 14� 5 � 6� α 
 π � O � α2 ��� , with the low-

est order rate ΓLO
�
4γ � � 0 � 0138957

�
4� mα7. The branch-

ing ratio for five photondecayis R5 � Γ
�
o-Ps	 5γ ��
 Γ

�
o-

Ps	 3γ � , with Γ
�
5γ � � ΓLO

�
3γ �
� 0 � 0189

�
11� α2� , and the

three-photondecayrateΓLO
�
3γ � � 2
 � 9π � � π2 � 9� mα6. This

yieldsΓ
�
5γ � ∝ α8 at tree-level.

Positroniumwasproducedin Gammasphereusinga10µCi
68Gesourceencapsulatedin athin plasticscintillator, andsur-
roundedby silicondioxideaerogel.Dataacquisitionwastrig-
geredby a positronpulsein the scintillator andtwo or more
“clean” hits in Gammaspheremodules. Of the 1 � 18 � 1010

eventswritten to tape, 3 � 73 � 109 passedcuts as positron-
ium anninilation.Cutsweremadeon energy andmomentum
sums,and time coincidencebetweenmodulehits. Geomet-
ric cutson colinearityandcoplanaritydiscriminatedagainst
backgrounds.

The detectionefficiency of Gammaspherefor 2, 3, 4, and
5-photondecayswasfoundfrom GEANT-basedMonte-Carlo
simulations.Simulationsaccountedfor theallowedkinematic
distribution of photonmomentain eachmode. The simula-
tion includedthe distribution of annihilationverticesinside
the 6 cm diameterPssource,deadandmissingdetectorele-
mentsin Gammasphere,anddetectorenergy resolution. We
studiedcontributionsfrom backgroundfour andfive-photon
eventsusingevent mixing on raw datafrom two and three-
photonevents. The main backgroundsarisefrom accidental
coincidencesbetweendifferentdecayeventsin which some
of the photonswere Comptonscattered.We expected0.35
backgroundfive-photoneventsand2.75four-photonevents.

Fromthetimedistributionof theannihilationeventsin Fig-
ure1, thepopulationsof o-Psandp-Pscanbeseparated.p-Ps
decayswith a meanlifetime of � 120ps,(promptlywith the
positrontrigger)while o-Pshada meanlifetime of � 112ns.
Measuredbranchingratios are summarizedin Table I. Our

TABLE I: Errorsarestatistical,systematic.

DecayMode 1σ errors 90%C.L. Limit

p-Ps� 4γ 1 � 14 � 0 � 33 � 0 � 21 � 10� 6 � 1 � 92 � 10� 6

o-Ps� 5γ 1 � 67 � 0 � 99 � 0 � 37 � 10� 6 � 6 � 4 � 10� 6

o-Ps� 4γ 2 � 0 � 1 � 0 � 7 � 7 � 10� 7 � 3 � 7 � 10� 6

p-Ps� 5γ 0 � 3 � 0 � 3 � 1 � 3 � 10� 7 � 2 � 7 � 10� 7

resultsagreewith QED predictionsfor allowedfour andfive-
photondecays.A previousmeasurementof the (o-Ps 	 5γ)
decay[4] observed a single event, with an expectedback-
groundof 0.4events.Thedecaymodes(o-Ps	 4γ) and(p-Ps	 5γ) would violate charge conjugationsymmetry, andour
limits for thenon-existenceof suchdecaysrepresentamodest
improvementoverpreviousmeasurements.
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FIG. 1: Psannihilationeventsasa functionof time aftertheβ decay
(t ] 0). Dashedlinesareat � 20 ns. Five-photoncountshave been
offsetfor visibility.
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