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Branching-ratio measurements of multiphoton decays of positronium
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Positronium(P9 decay to four- and five-photon final states has been measured. From a sample of 3.73

x 10° detected events of Ps annihilation, the QED-allowed branching ratios of para-Ps to four pRgtons
=1.14(33)(21)x 108 (stat., sys., 68% C.). and ortho-Ps to five photorRs=1.67(99)(37)< 10 ° (68%

C.L.) were measured. No charge-conjugation symmetry violating events were observed, establishing a branch-
ing ratio limit for (o-Ps—4vy) of Rf<3.7>< 10 ® (90% C.L) and a new limit for p-Ps—57) of R§<2.7

X107 (90% C.L). The experiment was performed using the Gammasphere array of Compton-suppressed
high-purity germanium detectors. Gammasphere’s segmentation, high efficiency, and excellent energy resolu-
tion allowed event discrimination sufficient to observe the rare decay modes in the presence of substantial

backgrounds.
DOI: 10.1103/PhysRevA.66.052505 PACS nuntber36.10.Dr, 11.30.Er, 78.70.Bj, 24.80y
[. INTRODUCTION These four- and five-photon decay measurements test QED

at ordera’ and o®, but the calculations do not yet require
Positronium(P9 is the bound state of an electron and aevaluating multiloop diagrams.
positron, and as in ordinary atoms, the physics of Ps is domi-
nated by quantum electrodynamics. While tests of QED in
ordinary atoms can yield precise measurementa,ofmea- Il. PREVIOUS WORK ON FOUR- AND FIVE-PHOTON
surements of annihilation lifetimes and branching ratios of DECAY
Ps test QED calculations to high orders @f But unlike

ordinary atoms, Ps is an eigenstate of the charge-conjugation The most precise measurement of tBeallowed four-
operatorC. For Ps in a state with orbital angular momentumphoton decay mode branching ratioRg=1.50(11)x 10~ ®

L and total spinS, the C eigenvalue iCpe=(—1)""% The  [2] compared to the calculated QED val(eith one-loop
photon is intrinsically C odd, so the eigenvalue of an correction of R,=1.4388(21)<10 ¢ [3]. The first mea-
n-photon state i€, =(—1)". The assumption of symme- s rement of this rare Ps decay mode fouRg1.30(31)
try .colnservatlon provides a selec.tlon.rule for annihilation., 107 [4]. The four-photon annihilation rate can be written
radiation from a state of P€ps=C,, impliesn photons such as ['(4y) =T o(4y)[1—14.5(6)/ m+ O(a?)], where the

_4\L+S_/_1yn : PR
';hatd( 1) ¢ t(h 1,,) [1] :!-eSth f(E)r.(édwolatlontl)n Ps ?ear:ch lowest order rate i o(4y)=0.013 895 (4)ma’ [3]. Mat-
or decays to the “wrong” C orbic gr) nUMDbErs ot pho- ?umotoet al. [5] found a single five-photon decay event,
tons. Measurements of Ps annihilation use the two lowes

L . . +2.6 _
energy states of P@oth with L=0): the ground staté$, establishing a. branchl.ng ratio ®s=2.2"7 ¢+ Q'SX 10°°,
parapositronium(p-P§ and 3S, orthopositronium (o-Ps. compared W|tr16 their _ tree-level calculathn ofRg
The mean decay lifetime gf-Ps is~125 ps, while the life- —0-9991(8)x 1075' Earlier (tree-leve) Caj‘é“|at'°”5 gave
time of 0-Ps is~142 ns. Because the dominant decay modd3s=1.00(6)<107" [6] and Rs=0.96<10"" [7]. At tree
of p-Ps is two-photon decay, while forPs it is three-photon 1evel, the decay rate to five photons i§5y)=I"\o(37)
decay, previous measurements to @st the annihilation of ~ X[0.0189(11)¥*], where the three-photon decay rate is
Ps search for the decays to four photons frofs. This  I'Lo(37)=2/(97)(m?*~9)ma®, yielding ' (5y)xa® at tree
requires preparing a sample of Ps, allowing pRés compo-  level [6].
nent to decay, and observing the remain@gs for forbid- The current limits onC-violating decays of Ps are
den four-photon decays as distinguished from backgroundl (p-Ps—37)/T'(p-Ps—2y)<2.8x10 ° (68% C.L) [8],
events. The result is a limit on@-violating branching ratio and I'(0-Ps—47)/T'(0-Ps—3vy)<2.6x10 % (90% C.L)

such aR$=T"(0-Ps—4y)/T'(0-Ps—37). Measurements to [9]. The other stringent limits of violation come from the

test the QED calculatecC-allowed branching ratioRR, ~ S€arch for fro—3y), with an upper limit on the branching

=T(p-Ps—47)/T (p-Ps—27) and Rs=I"(0-Ps I'atIOi of 3.1X10 (99% C.L) [10], and (p— +,LL_

—.54)/T(0-Ps—3y) are made with a similar technique. *# ) [11]. Our experiment has measured the branching ra-
tios R, and Ry and searched for C-violating

decays of 0-Ps—4y) and (p-Ps—5v) (the first search for
*Electronic address: pavetter@Ibl.gov this decay modge deriving limits for Rf and Rg.

1050-2947/2002/66)/05250%6)/$20.00 66 052505-1 ©2002 The American Physical Society



P. A. VETTER AND S. J. FREEDMAN PHYSICAL REVIEW A6, 052505 (2002

. EXPERIMENT electron capture t%Ga. %8Ga, while it has higher end-point
£nergy, requiring more stopping material, is a cleaner source
of positrons. Ay ray at 1077 keV is present in only 1.3% of
the 8" decays. The timing signal required to distinguisRs

The present experiment was performed using the Gamm
sphere array at the 88” Cyclotron at Lawrence Berkeley Na
tional Laboratory[12]. Previous measurements of multipho- _ ! ; !
ton Ps decays used Nal detector arrds4,5,d, and from p-Ps can be obtained by detecting the positron directly
Gammasphere has much better energy resolution, a signiff? the case ofGa. o
cant advantage in background suppression in searching for 10 séarch forC-violating four-photon decays a-Ps or
rare multiphoton Ps decays. Background events arise froff€ rare, but allowed five-photon decays, it is desirable to
photons from Compton scattering, bremsstrahlung, anfP™™ as mucho-Ps as possible. Silica aerogel has been
nuclear transitiony rays. Good energy resolution reduces SNOWn to be an efficient production mediya8]. The aero-
accidental summing of photon energies into an apparerfi€l Sphere had a density of 0.3 gftnand a diameter of 58
1022-keV event energy sum characteristic of annihilationmM- A 2-mm-thick plastic shell, 63 mm in diameter sur-
Gammasphere is made up of 110 Compton-suppressed higfﬁgu”d?d the aerogel. The mean range 9fmé5 from the
purity germanium(HPG8 detectors, which occupy 110 hex- a in the aerogel was calculated using electro_n gamma
agonal surfaces of a 122-element polyhedron surrounding a#'oWer(EGS software[15] to be 0.75 cm. EGS predicts that
18-cm-radius target chamber. Hundred detectors were fun@9-9% of the positrons are stopped within the aerogel. The
tioning during this experiment. The empty pentagonal surlO-«Ci source, a 3-mm-diameter spot between two
faces of the array are often used for additional detectorsl mg/cn? Kapton foils, was obtained from Isotope Products
such as thes detector in the present work. Each Ge detectorLaboratory. The®®Ge source was placed between two pieces
assembly consists of a7 cm diametex 8 cm long cylin-  of 0.2-mm-thick plastic scintillator. The positron detector
drical HPGe detector surrounded by six bismuth germanateonsisted of the two pieces of scintillator coupled by a 10 cm
(BGO) scintillators on the sides and one BGO scintillator atlight guide to a Hamamatsu R1450 photomultiplier tube
the back. Using the BGO detectors in anticoincidence im{PMT). The source an¢3 detector were inserted into the
proves the ratio of photopeak to Compton-scattered eventsenter of the Gammasphere array through an access port and
The BGO detectors were shielded from direct radiation bysupported by a flange mounted on the Gammasphere target
Heavimet(90% tungsten alloycollimators. The Ge detector chamber. The EGS software predicted that 90% of grse
faces are 25 cm from the source at the center of the arragtom the source, which pass into the aerogel to form positro-
subtending a solid angle of 0.5% of#4 The probability that  nium give a start signal in the PMT. This figure was consis-
a detected 511-keV photon deposits its full energy is roughlytent with the observed rate in the positron detector (3.6
15%. The photon energy resolution is well characterized byx 10° Hz) and the source activity. Other studies of Ps for-
the relation AE (full width at half maximum)=1.5 keV ~ mation[13,14] suggest that, of the positrons which enter the
+1.0 (keV/Mev)x E(MeV), which givesAE=2.0 keV at aerogel, roughly 30% thermalize and form Ps, while the re-
E=0.5 MeV. Previous Nal experiments 8,4,5,9, used mainder thermalize and directly annihilate with electrons at
customized lead collimator inserts inside the arrays to shieldest without forming Ps. The free annihilation ®f ande™
detectors from Compton-scattered events, in which a photoat rest in either singlet or tripletwave initial states is iden-
scatters in one detector element, depositing partial energsical for this study to thegp-Ps oro-Ps annihilation process.
and is then scattered back into the array, leaving some or althe free annihilation takes place as soon as the positrons
of its energy in a different detector in a backward direction.thermalize, less than 1 ns after emission. Of the Ps which is
Although the Gammasphere has some collimation providefbrmed in the aerogel, 3/4 begins asPs and 1/4 ap-Ps.
by the Heavimet shields in front of the BGO(gach Ge The o-Ps is subject to pick-off losses in the source, which
detector is shielded from backward scattered photons frorshortens the observedtPs lifetime compared to the pre-
about 25% of the entire array by the Heavimet in front of thedicted mean lifetime of approximately 142 ns. The target
detector modulg such scattered events are suppressed in thehamber was evacuated to f0torr to remove oxygen from
Gammasphere by cuts on the energy sum and the vectgie aerogel to minimize the pick-off loss rate.
momentum sum of the detector hits in an event. The angular The experiment used a two-level trigger to detect Ps de-
segmentation and the good energy resolution allow distinceay events. The first-level Gammasphere trigger is based on
tion between scattered events from full-energy depositiora fast linear signal from the Ge detectors. An adjustable dis-
events. criminator level sets the minimum number of hits in the ar-

The source of positronium was made with aAGi%Ge  ray required within a Jxs time window to trigger an event
source between two silica aerogel hemispheres. Psacquisition. The trigger condition was set to two or more Ge
annihilation experiments usually use eithe®Na or detector hits. The main trigger was the presence of a Gam-
(°%Ge®%Ga) for positron sourceg?Na has a loweB™ end-  masphere pretrigger, a trigger from th# detector PMT
point energy(0.54 MeV, compared to 1.90 MeV fd®Ga),  within the 1.us Gammasphere timing window, and the read-
requiring less material to stop the positrons. The 1275-ke\but of two or more Ge hits, in which the Compton-
transition photon from the daughtéfNe present in nearly suppressing BGO detectors did not fitelean” Ge hits).
100% of the 8™ decays is an additional source of back- With the external timing trigger from thg detector with the
grounds, but this photon can act as a convenient timing staf®Ge source, detector-dependent timing offsets in the first-
signal for Ps decay?®Ge decays with a 288 day half-life by level trigger are canceled. A time to amplitude converter
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(TAC) for each Ge detector records the time betweenghe 10° {

detector PMT pulse and the Gammasphere detector hits. The 10

timing resolution of the setup was determined from events — 6

with a valid 8 detector hit, and two photons detected by § 105

Gammasphere, one of which was 511 keV in an arbitrarily _g 107 1

chosen reference detector. The Gaussian width of the TAC g 10°

timing peak with respect to this reference counter was pa- 2‘103 :

rametrized by "= (1794/E) — (448E) — 3.25, whereE is in g 107 |

keV and o' is in nanoseconds. AE=511 keV, o' S 10 1

=4.6 ns, and aE=100 keV, ¢'=11.0 ns. The energy de- . Do

posited, the TAC value, and the detector identifier are re- 107 1 m f¢ N

corded for each hit detector. The data were written to tape for -100 0 100 200 300

off-line analysis. The 15-day run had a lifetime of 9.45(1) Time after B trigger (ns)

X 10° s, compared to a lifetime of 210’ s in the experi- o . .
ment in Refs[5,9]. Approximately 1.1& 10'° events were FIG. 1. Ps-annihilation events passing all cuts as a function of

4 time after theB decay €=0). The dashed lines are &t20 ns.

78% of the 3y events have>20 ns, and 83% of the 2 events
a9scur within —20<t<20 ns. The TAC scaling for the horizontal
Gaxis is =244 ps/channel. Five-photon counts have been offset for
visibility.

written to tape(0.8 TB of data at an acquisition rate of 12.
kHz. A total of 3.73<10° qualify as Ps-annihilation events.
The data were compressed and sorted in a preliminary p
in which two-photon annihilation events were counted an
events withn=3 which passed a simple sum-energy cut

were saved for later analysis.
decays cannot hit detectors less than 180 ° apart unless the

photons scatter, because the Ge detectors are 7 cm in diam-
eter. To reduce backgrounds from two-photon events in
The object of the data reduction is to distinguish real four-which one or both photons scatter out of one detector and hit
and five-photon annihilation events from backgrounds. Thenother, events with=3 must contain no two detectors that
number of p-Ps—2y) and (0-Ps—37y) events are counted are 180 ° apart. ReabfPs—37) events have all three pho-
for determining branching ratios. All potential Ps- ton momenta in a plane containing the source. For three-
annihilation events must pass three basic cuts. photon candidate events, we require that the distabce,
(1) The sum energy of the/'s in the event must pass the origin (the center of the Gammasphere ajrépm the
|={_1Ei—1022 ke\|<5.3 keV (16 analog-to-digital con- pjane containing the three hit detectors be less than the ra-

verter channels _ _ dius of the aerogel2.9 cm. To reduce ¢-Ps—37y) gener-
(2) The TAC value(time betweeng hit and Gammas- 4ieq backgrounds in=4 sample, the distance to the origin
phere pretriggermust be in a 448-ns acceptance window 0.5, the plane containing any three hits is required to be

avoid pileup at the end of the-PMT trigger wmdovy . greater than 2.9 cm. For the=5 sample, any event which
.(3) The photons in t'he' event must'have arrival tmeshas three hits coplanar with the origid €0) is rejected.
within one standard deviation of the weighted average tlmel_he different criteria forD for n=4 versusn—5 events
of the event. That is, the residual time of an evéxt,must C R . .
satisfy qptlmlze the d|spr|m|nat|0|j agamst backgrou.n.d events. Wlth
five detectory hits, there is a higher probability to obtain a
n smaller minimum distancB among any three detectors than
Rr= /E (t _<t>)<1.0, (1) with a four-photon event. Five-photon background events are
ni= aiT more strongly peaked @ =0 than are simulated real five-
photon decay events, and the allowed kinematic distribution
where(t) is the weighted mean time of the event anflis  of D for real five-photon decays is more strongly peaked at
the time resolution of théth photon in the event. D=0 than for the four-photon decays.
The width of the energy and timing cuts were chosen to Finally, a cut is made on the vector momentum sum of the
maximize the number of accepted real four- and five-photorevent. Forn=2 events, the momentum sum distribution is
annihilations, while minimizing the number of accidental dominated by the energy resolution of the Ge detectors and
background events. The width of the TAC acceptance winnot the granularity of the Gammasphere, and the colinearity
dow (448 ng is an artifacf[ of the electronics setup reqL_Jirin_g requirement is effectively a momentum sum cut|§15i|
an overlap of the PMT trigger and Gammasphere main trig— 34 yavjc. For n=3 events, finite source and detector

%eur'cx\l;g?eterg;?rtiég\?esﬁlrgne%etrﬁg S)J(t g;ﬁgﬁg%ksgzg]s solid angle effects dominate the momentum sum distribution,
P and cuts for the momentum su@ndD) are optimized with

using Na | arrays. . .
Candidate Ps events must also pass geometric cuts. Twpimulated signal and background events. Rer3 events,

photon candidate events must involve two detectors exactijhe final momentum sum cut |& pi| <150 keVk, while for
180° apart in the Gammasphere. The source of positronium=4 and n=5|3p;|<100 keVk. The events surviving
is 5.8 cm in diameter and 511-keV photons from off-centerthese cuts are illustrated in Fig. 1 and enumerated in Table I.

IV. DATA REDUCTION
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TABLE |. Counts passing all cuts of eackphoton decay mode  ps-annihilation photons is randomized to agree with%i&e
observed in time bins-20<t<20 ns andt>20 ns. Some tWo- posjtron range distribution obtained from the EGS simula-
photon decays occurring after 20 ns are accidental: events with a 4 Tegts of possible displacements of the Ps source from
B detector timing trigger from one positron for which all photons . .
; . : the geometric center of Gammasphere were performed in the
are missed, and a subsequeptRs—2y) decay in the TAC win- . . . . .
simulations to estimate position-dependent systematic uncer-

dow. tainties ine(nvy). No statistically resolved change é{nvy)
n —20<t<20 ns 26<t<315 ns was found for displacements less than 1 cm from the center
of Gammasphere.
2 3.010x10° 5.311410° Different event generating softwares are required for dif-
3 1.090%<10" 4.4302¢10° ferent numbers of final-state annihilation photons. Two-
‘5" 116 ;' photon annihilations are simple, requiring only two ran-

domly generated angles,and ¢. Three-photon annihilation
events were generated using a recursive algorithm described
in Ref. [17], which produces two correlated angléa a
The effects of the cuts on the data is shown in Table Il,plane between two of the three photons according to the
compared to the efficiency of the cuts on simulated decayhysics of the ¢-Ps—3vy) decay, and then generating Euler
events. angles to randomize the orientation of the decay plane in
Gammasphere. Four- and five-photon decay events were pro-
duced using theRACE/BASES/SPRINGSOftware packagEL8].
This software generates all tree-level Feynman diagrams for
Determining branching ratios for four- and five-photona QED process and calculates matrix elements by Monte
decay requires knowledge of the multiple photon detectiorCarlo integration of the graphs. After the phase-space inte-
efficiencye(ny) of Gammasphere. These detection efficien-gration, the packagePRING can be used to generate events
cies were determined by using a standard simulation of Ganwith probability weighted by the allowed phase space in the
masphere adapted to Ps-annihilation photons. The Gammaisitegration. The software requires as input an appropriate
phere simulation softward 6] (based orGEANT3.2) accounts  description of the kinematic phase space for the process. The
for active and passive regions in the Gammasphere, thkinematic description encodes the transformation from
source geometry and the composition, detector energgummy integration variables to kinematic variables. For
thresholds, energy resolution, and any nonfunctioning ofour-photon decay, eight integration variables are required
missing detectors during the run. Identical cuts were appliedof which three are trivial Euler angless described in the
to the simulated and real data. The point of origin of thecalculation ofR, in Ref.[3], and for five-photon decay, 11
variables are requiref5]. Generated events from this pro-
TABLE Il. Events remaining after each cut is made on the datacess were used in thgEANT simulation to determine (4 )
for four- and five-photon events. The number of simulated event@nd e(5vy). The output of the event generator fop-Ps
passing the cuts is also given. The timing cut is not present in the~4+y) was checked against previous calculations of energy
Monte Carlo generated events: all detector hits in the simulation arand angular distributiong2,7], and the energy spectrum of
assumed to be simultaneous. The efficies¢y,5y) is then cor-  the generatedo-Ps—57) checked with that calculated in
rected for the acceptance cut(@f*1o. NA denotes not available. Ref. [7]. No disagreements in the angular or energy spectra
were found beyond the statistical uncertainty of the event

V. SIMULATIONS

n=4 The calculated Gammasphere detection efficiency for

Input events n/a 110575 (p-Ps—27y) is s(2y)—3.964(48)>< 104, and trleé efficiency

D _ for (0-Ps—3%) events ise(3vy)=5.66(20)x 10" °. The er-
etectn=4 2.6018% 10° 577 7 .

SE=1022 keV 143977 210 rors are statistical, limited by the number of Monte Carlo

. events. The total number of two- and three-photon decays

Prompt timing 67583 NA . - .

No colinearit 45117 179 within the 448-ns TAC window is simpl(n)/e(n). In the

Pl i >y29 20 30 experiment, we observed 3.6400°2y events and 5.710
anarity ©>2.9 cm) 20 20 X 1073y events, corresponding to 9.18(14)0 (p-Ps

|2p[<100 keVi —27v) and 1.010(36% 10'° (0-Ps—3y) decays. This im-

n=>5 plies an 11% ¢-Ps—3y) counting fraction relative to the

Input events n/a 120000 total number of observed annihilations. The pick-off loss

Detectn=5 3.0445% 10’ 168 fraction ofo-Ps in our source can be estimated by comparing

2E=1022 keV 859 61 the lifetime of the observedjdevents to the QED calculated

Prompt timing 109 NA o-Ps lifetime in vacuum of 142 ns. Fitting they3ime data

No colinearity 71 49 in Fig. 1 to a single exponential decé@yith a Gaussian time

Planarity ©>0.0 cm) 10 35 convolution of 12 ns to account for the experimental time

|=p|<100 keVk 3 32 resolution, we find the mean lifetime of the-Ps in the

source to be 112#41.3 ns. In this fit, we use only data from
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t=+20 ns to+310 ns to avoid any contribution from free ~ TABLE lll. Sources of background counts fory4and 5y Ps
positron-electron annihilation. The observed 112 ns lifetimed€caysB, the number of expected background events is calculated
is consistent with other Ps sources using silica aerog(—ﬁs the product of the absolute number of events of each event type

[13,14 and implies a pick-off probability fo-Ps of (1 estimated to have occurred during the run, and the efficiency for a
_ T' ool Tuad = 21% simulated eventderived from event mixingto pass 4 or 5y cuts.
Obs’ ‘vad — .

R e a0 ! §
For the (p-Ps—4y) events, we obtaim(47)=1.60(30) The uncertainty in each entry i 30%, dominated by the uncer

_ L . . - tainty in the source activity and the statistical uncertainty from
4
X 10" (statistical uncertainy From the simulations, only simulations to derive detection probabilitie€Some event types

13.8% of the detected four-photon events having the Prop&lith <0.01 events are omitted in the tabulation but included in the
sum energy pass the cuts on geometry and momersem

Table Il). For (0-Ps—5v), we obtain ¢(5y)=1.63(29) sums)
X 10™* (statistical uncertainty A 32% correction is applied gyent type Absolute B
to the efficiencies(4y) ande(57) to account for the tim-
ing cut onRy, which would reject some real events occur- [t|<20ns  t>20ns
ring outside the & time window. ForC-violating (o-Ps  Four-photon decays
—4y) or (p-Ps—57y), the detection efficiencies are not 2¥+ Yoremt Yorem 1.33x 10" 0.016 0.003
necessarily the same ag4vy) ande(5v), because the event  3¥+ Yorem™ Yorem 198 <0.05 <0.05
topologies are different for th€-violating and C-allowed 2y+2y 2.26x10° 0.079 0.014
QED decays. Limits orC-violating branching ratios from  2y+3y 1.44x10° 0.065 0.24
Ps-annihilation experiments are therefore, model dependent3y+3y 9.14x 10° 0.074 0.27
A previous Ps-annihilation experiment addressed this issue3y+ yyem 2.23x10° 1.3 0.01
by using aC-violating QED-like model to provide event  3y+ 577 9.34x 10° 0.34 0.01
topologies, which guided the experiment desi@8]. 29+ 29+ Yorem 9.44x 10¢ 0.08 0.012
2y+2y+ Y1077 3.95x 10° 0.015 0.002
VI. BACKGROUNDS >4y 2.1 0.65
Five-photon decays

Several mechar]lsms generate bag:kground four- or flve-37+ Yoot Yorom 10 001 001
photon events, which pass the experimental cuts. Reference2

) . . o y+3y 7.99x 10* <0.03 <0.03

[4] lists many such potential accidental contributions. The 3wt 3 1.35¢ 10° 0.04 0.1

dominant contribution(in four-photon eveniscomes from YTy ) ) :

bremsstrahlung of the detected positron as it stops in the2? 2T Yorem 1.88x10° 0.004 0.004
aerogel and then decays to three photons. If one or more of2Y+2YT Y1077 87 g'ggl 060101

the annihilation photons deposit only partial energy in a Ge 25y
detector, the detected bremsstrahlung photon can move the

summed energy and momentum into the accepted ranges. In

an EGS calculation, 4.1% of th&Gag*'s produce brems- are normalized as the number of event-mixed events passing

strahlung photons with energies higher than the 10 keV de(_axperimental cuts, multiplied by the ratio of the number of

tector threshold. Another source of background arises fyom simulated events to the number estimated to be in the dataset.
rays from the transitiorP®Ga(1")—®zn(2") at 1077 keV

in 1.3% of theB* decays. The Gammasphere detector re- VII. MEASURED BRANCHING RATIOS

sponse to input bremsstrahlung and nucteaays was simu-
lated to produce spectra of detected photons from suc
events. The other major background source is the accident[;(
summing of a second two- or three-photon Ps decay withiqro
the ~16 ns time window. Background contributions from
accidentals and bremsstrahlung were estimated using
“event-mixing” technique. Using the raw experimental data,

we constructed artificial background events by combinin hoton events occur in the firgtshort” ) time region. The
two- or three-photon events with a simulated bremsstrah_umber of events is given in Table I. Subtracting appropriate

I | rav hit d t Th b fbackgrounds from Table Il and using Monte Carlo simulated
ung, a nucieary-ray it, or a second event. 1€ NUMDET Of yoraction efficiencies, we calculated branching ratio§as
these = (¥+2y), (2y+3y), (3y+37), v+ ¥oen).  oyample

etc. events in the experimental dataset was estimated as tﬁe

product of the square of the source activity, the time accep- [N(4,shor — B(4,shori]e(27)
tance window, the total data acquisition time of the experi- R,= ! ’ ,
ment, the probability for a positron to decay by r 2y N(2,shorje(4y)

annihilation, the probability for Gammasphere to detect . o
=2 or 3 photons, the probability to emit and detect a bremsWhereB is the summed background contribution for the ap-
strahlung or transition photon, and the relevant combinatorigPToPriate time window. The resultncluding 90% confi-

factor. The estimated counts from each background mode adence level limits as in Ref20]) for R,, Rs, Rf, and Rg

enumerated in Table Ill. The simulated background countsre shown in Table IV. Systematic uncertainty comes from

To extract the branching ratios, the total number of decays

appropriate time regions shown in Fig. 1 was used. Events

the region between-20<t<20 ns come predominantly

m p-Ps(and freee™ —e™) decay, while events in the re-

ion 20<t<315 ns come frono-Ps decay. We observe that
% of the total three-photon events and 83% of the two-

2
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TABLE IV. Measured branching ratios for four- and five-photon al. observed three events with an estimated 3.4 background

decays of Ps. Errors are statistical, systematic. events, and ar-Ps sample of 4210 and ¢(4y)=3.3
_ - é
Decay mode & errors 90% C.L. limit X 10 °. The new !|m|t o.nRS.from (p-Ps—5v) would rgla}te
to more speculativ€-violating processes than the limit on
_ — 6 —6 i

p-Ps—4y 1.14+0.33+0.21X 1076 <1.92x 10—6 R?(’; from (p-Ps—31y) as in Ref[8].
0-Ps—5y 1.67+0.99+0.37X 10 <6.4X 10 L . . . "

7 6 The limiting factor in this experiment was the acquisition
o-Ps=dy 2.051.0%7.7x 10 =3.7x10 time, although past experiments to search @wiolatin
p-Ps-5y 0.3+0.3+1.3x10°7 <2.7%10°7 ' gh p P 9

Ps-annihilation modes had total data acquisition times more
than a factor of 10 longer. Further Ps-annihilation experi-
the uncertainty ire(ny). ForRs, the entire timing range of ments in Gammasphere could have higher Ps decay detection
—20<t<315 ns was used. This measurementRaf im-  efficiency. On-line hardware based cuts can be made in the
proves the previous result given in RE8] and agrees with  data to prevent readout when the sum energy of an event is
the QED calculations. TheotPs—5y) events are expected |ess than a user-defined energy threshold. This technique
to follow the time distribution of the ¢-Ps—3y) events.  could reduce the readout dead time of the system and could
The normallze_d likelihood for the .obsgrved time d'St”bUt"?”increase the maximum data rate by 40%. The backgrounds in
of the three five-photon events in Fig. 1 is 78%. That is,qch an experiment could be reduced by roughly a factor of

given three events occurring at random tin[onsistent 3 by using a source with less activitjo reduce accidental
with the distribution of 0-Ps—3y) eventd, 78% of such 5104 by better rejection of bremsstrahlung photons in

event triples have a probability less likely than for the threeanalysis, and by using more complex, detector-dependent

five-photon events in Fig. 1. In the value fcﬁtf, 3.11  timing resolution analysis.
+0.58 background counts fronp{Ps—4vy) occurring att
>20 ns have been subtracted. These events come from pick-

off decay ofo-Ps to 2y and accidental {-Ps—2vy) decays ACKNOWLEDGMENTS
occurring within the time window. The uncertainty in this i . )
background comes from the uncertaintyeifdy). Similarly, A. O. Macchiavelli and R. Clark helped in Gammasphere

. . data acquisition. G. S. Adkins kindly provided his calculation
In Rg' 0.4£0.2 events from ¢-Ps—5y) occurring be- ¢ 4o five-photon decay kinematics for the Monte Carlo
tween —20<t<20 23 have been subtracted. The 90% cony;y jations. M. Cyrier worked on early phases of the experi-
fidence limit for R; is slightly worse than Ref[9]: the  ment. Ocellus Corp. provided the custom aerogel materials.
present experiment observed four potent@violating  This work was supported by the Director, Office of Energy

events with an estimated background of 3.75 events, with aResearch, Office of Basic Energy Sciences, of the U.S. De-
observed sample of t$20 ns) 0-Ps—3y)=N(3vy)/ partment of Energy, under Contract No. DE-ACO03-

e(3y)=7.8x10° and &(4y)=1.60x 10" 4, while Yanget 76SF00098.
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