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Recent experiments on positronium annihilation have confirmed QED calculations at
high orders of a and tested discrete fundamental symmetries. These measurements search
for rare modes of annihilation which are distinguished from backgrounds by their specific
decay signatures. New developments in beyond Standard Model theory provide motiva-
tion for new measurements of such decays. A brief history of searches for rare annihilation
modes of Ps is given. Recent experimental and theoretical developments are reviewed.
Experiments currently being planned are discussed.

Keywords: positronium; QED tests; symmetry tests.

PACS Nos.: 12.20.Fv, 36.10.Dr, 11.30.Er, 24.80.+y

1. Introduction —Hitor nd R 1

Psr m Ps, hea mcssem apsr a a elecr ,has ee se
e perme S ame alph scs rmre ha hal ace r s ce s rs
serva 151 e sch I s ce a 78 ¢ rm hepre c

he saea s asch r e ceer specr m, e perme s have

c e hma applca s he s mples chem cal eleme ler
ar a ms,Ps s saleaa s ma er/a ma era hla E perme s
hch eec hea hla ra a pr ce psr m es a

me alph scal he res Thec ec rmPsa hla es s ame

alph scs epe ssr 1 he s als mmer pr per es Ps L e her

a ms ace ralp e al,saes psr m are par Peesaes

Selec rles r hea hla m es Ps ase r a ala par sm

mer ere c sse severala h rseve e rePsha e e el serve

Psr m sals a e esae he char ec a pera r ¢ rresp
par cle/a par cle ercha e, Ever par cle/a par cle sae s

a e esae , a char e ame al par cles e S s ca eas
el Il psr m, he e eval es 1 , here s he r ala
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he alsp a larm me m The selec rle rall e a hla
m es as erve alms ¢ c rre | h he rs ¢ cl sve serva
psr m The ph s r scall ,8 hee eval e ra ph
saes 1 I char ec a S mmer s respec e he E pr
cess Psa hla , he psr mm s eca a eve r m er
ph ss ch ha 1 1 S cesaes Psaree e saes a
P,Ps sa ela ra r 1 es he scre e ame als mmeres ,P,
a T
L sel spea , he heelecr a psr aPsa m verlap, he
a hlaeS e Psa hla se he 1, 0Or saes Ps,
h alsp 0 paraPs a 1 rh Ps separae he h per e
spl 20 4 Thel e mea a s a hla p Ps sappr ma el
125 ps rs es mae reere ce4, hle hel e me Ps s appr ma el
140 s rs calc lae Orea P ell reere cebal h he hree ph
spect m Ths screpa ¢ sac se e ce he selec rles r a P,
r Ps 2 Thea hla rae, ,ca e avel ac re as he
pr ¢ a ee ph sca er  Cr sssec a he elec r es a

hepsr sps

Ps 5 1 0 4 1
here s he rela ve vel c hee a e Theelecr es a he
psr 1ca ssmpl hes are hePs ave ¢ , ,a er separa
il he ph s cs hea hla ampl e a herae s vere
a m Elecr amcs Fr he r sae 1 Ps, he ave ¢
ampl es 0 — , a r each he ph sem e, ep er
sa e he eca raeas em reph vere sa e a Fe ma
aram We avel e pec ha Ps,a hla hree ph S, has a eca
ra esmaller a ac r a ¢ sa s rerl ha pPs O ¢ rse,pPs
ca pr cplea hlae a eve m er ph S, a e see ha he
]l es rer eca rae r hepr cess pPs 4 sprpr al L e se,
r Ps, Ps 5
Thesrc eve selec rle rPsa hla v e eam a he
scre e ame al s mmeres P a ere ev lae Earl
searches r v la eca s Ps erem vae smlar es s search
r hch as r m vae he serva v la
a eca Schech er as he rs prpsea v la es he eca m e
p Ps ,S es ha a e perme m h se he ac ha he phase space
r s ch hree ph eca s er he ass mp L re vara ce m S
ersr | r m he phase space rall e Ps s sh  rare
eca s her e emer ¢ es ea e ech e e searches

See references 6, , and 8 as early work with pion decay.
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er earl meas reme s search r v la Res 10a 11, scree
ame al s mmer s es Psa hla la rma 1 he era
he rhpsr ml e mepr lem Whe appeare ha here asalar e
screpa ¢ e e E calcla sa meas reme s Ps,a e
re hep ss 1 e ¢ serve eca m eS Ps U serve
eca m esc 1 epla e perme alres1s hch ash rerl e me ha
ha calc la e E E c¢cm esr mseveral e ph scspr cesses eres
ese: e massve S S,a s,s leph emss ,a mal sl lare E
all e ¢ T s rm Ps veph eca , r m ers
al s a e ph s, r her vs le eas T epla hel e mepr Ilem,
he ra ch ra r Ps eca e cm es 1 ee er hl
10 he s al hree ph eca 1 ,h ever,searches re ¢ eca
m es heal he reach e ee her a e perme r Ps ha ec me
SsT e e h reec all he m s h p heses e ph scs
Frhermre, 1 5, Escr a sh e ha eve here eres che ¢
eca m es Ps, he 1 eeraephscs hch l1 e sar c ¢
h hec rre sa sac r ers a prmr al cles hess E ra,
e c¢cc pl s ,  ,a l prv ee ra e rees ree m r he
cmp e s cle he earl verse
Ne er e perme s have meas re rare eca m e pPrv e ess E
a h h rers Sec Ne here cal eas r e Sa ar M el
phscsprv em va r T rare eca s Ps;a e perme sc e
e e herse s v e crare eca m es Sec 4
1.1.
eca se hema r he el ,severalreve ar cles haves rve e ess
ame alph scs hPsa hla Reve srml Res 14a 12 s m
mar e hesa s E calcla sa he rhpsr ml e me pr
lem a ha me hr h reame ha ss eappears Re 15 Ol er

reve s eperme alss cl eReere cesl a 1 Reere cel emphas e
he re cal evel pme s M rerece reve s rare ecas Ps cl eRes 20

a 21 arshe mrece | reve e sae E calcla s Psa

e perme alres |s, ma c mpars S E ess her S s ems

Reere ce 2 sa e celle s mmar ear]l here cala e perme al r
a Ps

The orthopositronium lifetime problem has been declared solved ( Resolution of the

rhtopositronium-Lifetime Pu le ) by the group most intimately involved in the experimental
side of the problem. n short, the discrepancy between the results by the Michigan group (gas and
vacuum measurements) for (o Ps) and theory was caused by incomplete understanding of the
thermali ation of the o-Ps sample.



March 5, 2004 16:21 WSPC/INSTRUCTION FILE psrevmpla

4 aul A. etter

. Producin P or nni i tion ri nt

Rarea hla e perme s pcall sera ac ves pesasaprmar s rce
psr s, hchare he m erae a s ppe rm Ps Them s ¢ ve
e s rces eca se herl hal 1ves are Na 22 ear, 054
Me a e/ a 2 a s, 1 0 Me S me r ps have
c srce 1 eer e e psr eams ase e her 1 lve ra
s pes rshr lve psr em erspr ce a accelera r Whe Ps
s ™me rml eer psr s hchcap reelecr s r m ma er als, h
Psa pPsare rme asa s cale sem le Psma epr «ce e ce 1
he ell ech e s pp psr s a slar h e remel
small m m ra s e Theppla s Psa pPs a e perme
ma e separa e meas r he me hea hla a erpsr emss
Thep s r emss mema e eerm e eec heeere cpsr ,
a ammara rma ece a hersae, r a pr ce eerec
eamp s r s mp a elecr emss srace Theppla s Ps
a pPsare e mperecl slae,h ever I pPs s es e , he
e are ece aPs m me m,sme Psa hla s ccr mme
ael Freee e a hla ra her ha saePsa hla ma e
serve ec psr s a ma er al hch Ps rma S T e
e ameal 1lh h hsa hla spre m a 1 ph emss
here sasmallc r hree ph a hla eve s rmP avee e
erac s O he herha |, maerals hch Ps s rme cp sl,
hereareal a s mp r es hchres 1 pc a hla | hch Pse
c ers a electr a hepsr he a hlaes h hselecr a
rela vesp s le clls Thsres 1s ph a hla s alsal
mes Care lmeas resm s e ae m mer a hepc e ec,
par c larl he meas reme s Ps There sals he av a leprac cal
cl acc e al eve ¢ am a Ps a p Ps samples, h ch
asar mes al psr emss rm e eca eve ec mes ass ca e
h he eca a hla a ee Psa m E perme s search rrare
eca m e e seh hs rceac v es m me alc me, s
sche ecsm s eacc e T

.QED¢t t
1.

The a hla p Ps r ph s ca e characer e he ra ch
ra ——  , hepr al ha pPs a hlaes r ph
S sea Calc la s hs ra ch ra 1 es r er have

ee per rme several r ps Res 24, 25, 26, 2 , 2  These calc la s
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a ree, a he m s precse Re 2 ave 4 001 6 The
el p rer c rrec he rph eca rae ascalclae e
4 4 1 1456 - ,a 4 ar crrec , el
14 21 10 There have ee  ve meas reme s These are
sh F re 1c mpare h he calc la al e rera he calc
la h el pc rrec s The rs r erc rrec 4 clear]l mpr ves
167 T
b c L -~

N
~
|

. 1 Expt. Avg.

a . O(0) QED

=
[N
|

Loy
=}
|
;
F
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Fig. 1. Measurements of the p-Ps branching ratio, . References are a: 2 , b: 31, c: 32, d: 33,
and e: 34. For these measurements, 0 0, and the average is 1431(84) 10

a reeme h hee perme s, hcharec sse Thsreprese s a reeme
e ee E her a measreme a rer , heh hes r er he ¢
pl ¢ sa ever ese The m s precse meas reme as per rme
S he Cr sal allNal eec rarra,l cae a e el er armsa Ths
eperme a he e Re 2 asa e cae search r rph a hla

p Ps: hes rce as Nae cl se h a al m mshell The rma
Ps s real s ppresse c ¢ rs Thss ppresse he hree ph a
hla rae, hchc | pr <ce rph ac r eve S he aa
sca er e ph

he same me ha 4 as e calc lae , smlar calcla s r
Ps 5 ere e per rme The rs calc la s 5
001 11 Re 26 a 5 0011 Re 2 The

This calculation was performed in con unction with the measurement of Ref. 2 and used software
to evaluate the tree-level Feynman diagram for (p-Ps 4 ).
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m s precse calc la hel es r er veph eca rae s b
001 12 15 Re 5 S ce hel es rerrae r hree ph
eca s — , he ve ph raea l es rersprpr
al Theres 1 r m Ma s m Re b5 mplesa ra ch ra
051 10 T ae calcla s he rs rercr
rec shave ee per rme The ve ph ra ch ra has ee meas re
ce Mas m 22 05 10 , ase as le
serve eve ,a e era Free ma 16 10 , h hree
eve s he perme sarec sse h he reelevelcalc la s;alh h
he seem s es as me ha lar er ra ch ra  These meas reme s m
pl a reeme h E aeh res hec pl ¢ sa a vee er al
ph 1 es The T Merpl a U vers r preprs Re 6 ha
S mpr v he Ps s rce s UNI arra a ¢ 1 acheve asample hr
ve ph eca eve s W hasa s cal cera 1 , ma e
rh hee r calc lae he el pcrrec s Ps 5 Thepr
cess pPs 6 , hasa ra ch ra avel 10 1 re reher c,
perhaps mp ss le,e perme ale r serve The meas reme Ma s m
ha a ac s me 20 as, hle he meas reme e era
Free ma ha a ac s me 11 as, a he s ph eca m e
1 e m re rare he aa r hl a ac r emll Eval a
pss le ac r c T S h s case 1 ee remel cl

. T t odiert wund nt tri
1.

The rs e per me S mme r Psa hla asrep re Mlls a
er , h searche r ecas parapsr m hree ph s The ere
a are ha he all e phase space r ph s pr ce v la eca s
ms e ere rm hseem e he s al ¢ serv  pr cesses The
epl e hs es her eec rappara s hes al as eacha e
he eece rae  hreeph eve s, epe he eve pl ,as he
rac Psa pPs hes rce ascha e Mlsa er se apla ar
arra Nal ammara c ers, place eec hree pes eve s: ac
ac ammara h s ph p Ps eca , hree ph hs asmmerc
pa er a les e ee ph s 120 120 120 , a hree ph hs a
as mmerc pa er : 0 120 150 rh psr ms rce as sere
he eec r arra, a he meas re he ra c s h s mmerc
as mmerc e meres r hree ph eve s The he a e e ch as
her Pss rce, hch real re ce heam Ps rme hers rce
hepc pr cess: esse all all he Ps rme | epPs he

again performed using Standard Model Feynman diagram software in con unction with the mea-
surement of (o-Ps ) in Ref. 3 .



March 5, 2004 16:21 WSPC/INSTRUCTION FILE psrevmpla

Rare ositroniu  Anni ilation  odes

pr cess p Ps ] havem ch ere phasespace r heem e
ph s ase asp ar me I pPs cc rre , 1 crease he
me as mmerceve s Thse perme se alm
2 10 Thsappr ach aslm e h h ac r sa he ere ce
lar e m ers pr lem, a h s search r has ee repea e
I smpra e ha helm r sm el epe e I a e per
me hchsearches rh hm 1 plc ammara eve s e her all e r
r e a hla , he mer serve eve sm s e ra slae a
ra ch ra ¢ mpare he s al eca rae Fre ample he ra ch ra
r he Ps 4 s erve Tr m meas re a es a e perme

41 41

ere, 41 c rresp s he m er serve r ph eve s ccr
a lae mes a hsrm Ps ea , hle 41 s he m er
ac r c sepece rmalls rces I ssae ass me ha he m er
hree ph ac r eve ss el le Thee cec he eec rarra
serve a v la a hla eve , 4 ms e Thse ce c
epe ssr 1 he eec ra s rce emer I saece e er ac
cep a ce s, eec ra s rces es,a shel I rece e perme s,
he eec e cec rthh 1 a hla eve s S erve rm
eec rsmla s M eCarl eerae a hla eve s h a par ¢
lar sr phasespace all e cm a s ph m me a arer
hr h ammara eer raspr s are sm laee er ep s he
eec releme s The all e phasespace sr ph s T ra
ve ph eca m es epe S hesr c re he ph prpaa ra
ac ea E calcla s,a sec e S are eeraera m e
eve Sc sse h he all e phasespace eca se v la a hla s
m s have ere phasespace sr srm he E all e ecas, hecal
clae ee re cec ers rm heall e ecas,a sm el epe e
I hee per me Mlls a er ,aspec ¢ Vv la ,L re vara La
ra a asass me a e he e per me es N e ha hee cec
r eec heall e eca m e, ,ma e eerm e meas reme S
he Pss rceac v reere ce heremss sa eec rs e c
125 e ammas r ma Nas rcea meas reme s eerm e he Ps
rma rac

For three-photon decay, a closed form for the energy and angular distributions of the photons
may be derived from the re-Powell calculations.
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411 4

Them s h r hl searche v la eca m es Ps 4 |Im he
ra ch ra ——— Frma e perme alp ve , hs
s perhaps he s mples v la eca m esearch sample Ps s e erae,
a he p Ps rac sall e eca a a vera e s, leav 1 he
Pscmp e I hscase, e ac r r he esre r ph eca s s
m m e he E al e pPs 4 eca sre ce he Ps pPs
pc raesm m e O he herha |search r he v la eca p
Ps ss scep le ac r srm Ps eca s e erae he
s rce Reere ces 11 a are he rs searches r he Ps 4 eca m e
The e cesseve sa esa lshe helm 1 10 Ths
e per me se r eec rsarra e a erahe ral e mer ,a a ar
ha hs emer as par c larl se s ve v la r ph eca s
h ch preserve L re var a ce
The e e perme s search r ere per rme c c h mea
S reme s he all e ra ve ph eca m es The r pa T
Merpla U vers , s a e cae arra ¢ ame UNI 2 Nal e
ec rsa c¢ llma rs, mpr ve. helm r 26 10 0 CL The
m s rece search r v la eve s,a La re ce er ele Na alLa ra
r, se he ammasphere arra C mp s ppresses h hpr erma m
eec rs,a a c c h a meas reme he all e ra ve
ph eca m es Thse per me alm 10 ,a als a
Im r he eca m e pPs 5 , 2 10 Ths s hesmalles
lm ra e c¢ rach ra Ps, ma espec s I seems 1 el
ha a e ale her 1l pre c a eca pPs 5 hle al
1 her v 1la ehav r eva herlm s, vr e «cacella s
al er rers
i hese e perme s ass me ha he eec e cec v la
r ph eve s he arra s as e al he e ec e cec r E
all e eca eve s Thsass mp sh 1 em reval rarra s h e er
a larres ,as here sal erpr a 1 reve s h e emer
c r e he veralle ce ¢ e he r eec r erahe ral arra M lls
a Rchha a e cec appr mael er rall e r ph eca s
1 he e per me s ra ve ph eca s ce ach share cer
a ea res TheUNlarra a T Merpla U vers , heCr sal alla
e el er ;a  he ammaspherea er ele areall4 arras hh h ra lar
Thsprv esma m m eec e cec rh h 1 eve sa s ppresses
sca ere ph ac r s, hch l1 e rse h eec rseme s h
lar es1 a les I hesee perme s, eec rsmla s erecrcal M e
Carl r es eerae ra m e eve s r m he phase space sr
he E all e ra ve ph eca s Sm lae eca ph S erepr p
aae hr heer rasprr es ase E NT hchc a e he
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eec r emer Schsmla s l1 eerm e he eec e cec
r ra ve ph eve s, als es mae ac r pr cesses, p m e
aac s,a ese s sema Cerr rs
I hee perme a , he alac s me as 20 as
Threep e al Ps 4 eve s ere eece ha es mae ac r
4 eve s, a he eec e cec ra pPs 4 eve as 4
10 I hee perme e era Free ma s ammasphere, he
ac s me as 11 a s, a rp e al Ps 4 eve s ere e
ece, ha es mae ac r 5eve s The e ec e cec ra
pPs 4 eve as 4 16 10 Frcmpars , he e el er Cr s
al all e per me meas re pPs 4 ha a ac s me 20 asa
c e 406 pPs 4 ca aeeve s ha ac r a 10eve s I
hse perme Re 1 4 4 10 N e,h ever, ha hse perme
se as rce hchpr ce a Ps rac 1 10 he alpsr
a hla ra e I searches rrare eca s, ac r ¢ am a he aa
s v sl a sse The rs ves a Ma a Rch he Ps 4
eca  sc sse  pes ac r ss v e ¢ ¢ e ph eve Sa
acc e al ph eve s The rea me ac r s smres phs cae
ach , cl a a la s me 2 ere pes amma, ra
S mm pr ceeve s hcheca e s she r mreal rph
eca s h heCr sal alla TUNIarra s se er allea ¢ llma rs sems
S ppress e ec eve s hch ammaras ep s par ale er e
eec rm le,a sca er a her The ammasphere arra has sm h
erma aesc lla rsrr each erma mm le hchca reec s me
pes sca ere eve s, he e ereer a a larres] he er
ma m eec IS ammasphere all e mres e e me r ¢ selec
ca aeeve S
I Re 2, helar es s rces ac r are e ra ph sem e r
he em Ss rm hes rce e : remss rahl ph sem e r
hepsr m era pr cessa ph Ssrma ras he a her s
pe O hers ca ac r s a l mesa erpsr emss , he
heeve sarepre m a 1 Ps eca c¢me r m C mp sca er a
hla ph S rm separa e a  hla eve s T m m e heses rces
ac r , he T Merpl a U vers r p e s se as sem
splace hera ac ves rce r m hece er he eec rarra a ma
e call eSpsTr 8 ar s he Ps rm me ma hece er Ths
m m esmaeral a he ceC mp sca er a hece er he arra , a
rem ves a her ra s ammara s r m rec ve he eec rs
The res e Sa ar M elphscsprv e e m va r r her
searches r v la eca m es S ch he res see a ress ell
ececes heSa ar M el e a eherarch a a m rav O e
class m elsssr Jraeher L ee Ilms sr he resca mpl
cmm a veeec ve el heres N cmm v s ma el rela e
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1 cal L re vara cev la I cmm a vee €8 S E , rec

ph ph vere ¢ pl sareall e hch preserve ph m er

Ths esr s he s al eve selec rle rPs eca,a 1 res 1

l es rer he eca m e pPs ,  ha hreeph e er specr m

s ¢ rm heOreP ell Psspecr m

412 2

The eca m e Ps 2 hchv laesa larm me mc serva a
he ce v laesL re var a ce as ell as as searche r he Mch a
Ps r p Thee per me researchers a he U vers T 1 r
eca s a e ral s Ps ca als e erpree asasearch r
Ps 2 Thesearch rspa ala s r p Mlls a c erma as escr e
asasearch r hs eca m eas ell he search as spec ¢ hs eca
m ea searche 1 ra ralvara he s al Ps ra e The
res | he Mch a e perme asalm _— 22 10
The e per me se hesame ascappara s r he Psl e me meas reme |,
a meas re heeer specr m he 1 1 ve Psa hla amma
ra s le searche 1 a pea hee er specr ma 511 e ,

e cess C sa hee p Th s e per me as ac r lm e ,as he
search as r e cess ¢ sa 511 e he ¢ s Ps e er
specr m, hch s seepl ecreas a 511 e Imprv h s search 1
re ree s e ers a hee er resp se he ammara eec r

serva leshave ee s ese as se le perme als a res e

ph scs he re cal rame r r escr rLre v la e ecs
ass ese Res 41a 42, s parameers ra eec ve E 1 em el
hch sal ee Im s me Sa ar M ele es Re er
eced p e ha e pre ¢ s hee ec ve. E m el rsca er

r eca pr cesses s ch as Ps have ee ese ,s cems | e er searches
r rLre v la serva les ¢ s ¢ mpara vema er/a ma er
pr per esa h hprecs ess LcalLre I vara ce E The re cal
mplca s he r ple ¢ rrela he eca p lar e Ps:

eres e Re 44, a hree e perme s Re 45,46,4 have searche r
s chac rrela ever,areapprasal p s r m serva les h he e
e ec ve E rmalsm smlar a a al ss Re seems esra le I eres

in simple terms because coordinate operators do not commute, meaning that some spatial direc-
tions are preferred.
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v la he resm vae he erele ammasphere e per me
,a a e e r v la apsr m r p r ch
I E a , S hesp vec r he rh psr m, a a
are he m me a he ms eere ca hla ph s The a
e esavec r rmal he eca pla e The ¢ rrela s
a p/ as mme r eca pla es h respec he sp rec he
Ps T e perme ssearche r hs eca c rrela a alevel a 2
he al eca rae search ra p as mme r pla ar arra s
s m e eca ph eec rs as he sp rec a Ps s rce
S reverse These e per me ssearche ra ampl e he eca
serva le he her ses mmerc sr a hla These
eperme s eece hem s e er e cph e eec r,a searche T
a as mmer e ee eec T8 he ¢ rae hesec ms eerec
ph La ell he eec rs pa , hese e perme s meas re he
as mme r I heavera ep lar a he
Ps as , he hea larc rrela e ee Sp a eca pla e s e
rve r m hemeas re ¢ as mme r The eec r e mer
hesee perme s eerm es heses v he ¢ rrela I he am
masphere e perme Re 4 ,all hreea hla ph s 1, 2,a ere
eece ,a he eca pla erec sr ce calc lae s re a h respec
he alsp a s eca sea he eec s hearra ¢ 1 eec a
he hree ph S, a ecase ¢ | eec eca plaesa a re a h
respec hesp ra her ha merel parallel ra parallel, hse per me as
lessse s ve emercas mmeres hec erarra eme rPss rce r
e al eec re ce ces Reere ce4 mpr ve helm he ¢ rrela
E 10 1
her serva les ese Re 44 s
4
T search r hs eca m e,al e Psms e se e per me he
Mch a r p se aPss rce ama ec el a a arra hree Nal
e ec rs,se alm ra eca ampl e 15 1 O ce
aa , hee perme es as e he ere phasespace rapar c lar
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