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Charge-conjugation (C) invariance demands that ortho- and parapositronium decay into an odd number and
an even number of photons, respectively. For the test of theC invariance, we searched for aC-violating
process, i.e., four-photon decay from orthopositronium, using a multi-g-ray spectrometer. NoC-violating
process was observed leading to the upper limit as 2.631026 at 90% confidence level for the branching ratio
of four- to three-photon decays from orthopositronium.@S1050-2947~96!02909-5#

PACS number~s!: 36.10.Dr, 12.20.Fv, 13.10.1q, 11.30.Er

I. INTRODUCTION

Positronium~Ps! is a bound state consisting of leptons
only, i.e., an electron and a positron@1,2#, and thus allows
precision tests of quantum electrodynamics~QED! @3–6#. As
a fermion-antifermion bound state, Ps has simple properties
under the discrete symmetries ofC, CP, andCPT transfor-
mations, whereC denotes charge conjugation,P parity, and
T time reversal. This offers us good opportunities to study
the violation of these invariances@7–11#.

Since Ps is an eigenstate ofC, theC invariance imposes
restrictions on the decay of Ps into photons, i.e., Ps→ng.
The eigenvalue ofC of n photons is~21!n while that of Ps
is ~21!l1s, where l represents the relative orbital angular
momentum ands the total spin. TheC invariance thus gives
rise to the relation of (21)l1s5(21)n. Since the eigenvalue
of C is 21 for orthopositronium~o-Ps! and 11 for para-
positronium~p-Ps!, o-Ps andp-Ps should decay into an odd
number and an even number of photons, respectively@1,2#.
Therefore, theC violation can be studied for the process with
(21)l1sÞ(21)n. Mills and Berko @9# investigated the
three-photon annihilation of singlet state~1S0→3g! and ob-
tained the upper limit of the branching ratio,
l1S0→3g /l1S0→2g , as 2.831026 for the 68% confidence
level ~CL!. Mani and Rich@10# and Marko and Rich@11#
performed experiments to search forC-violating four-photon
decay ofo-Ps~o-Ps→4g! using four NaI~Tl! counters placed
at the corners of a tetrahedron. They obtained the upper limit
of the branching ratio,lo-Ps→4g /lo-Ps→3g , as 831026 for
the 68% CL. TheC invariance has also been investigated in
hadron decays: the upper limits ofC-violating p0 andh de-
cays were measured aslp0→3g /l total53.131028 @12# and
lh→p0m1m2 /l total5531026 @13# for the 90% CL, respec-
tively. Although no C-violating processes were found in
these experiments, it is important to study it with better sen-
sitivity, since theC invariance is a principal discrete sym-
metry in fundamental processes.

In this paper, we present a precise measurement of the
C-violating o-Ps→4g process using a multi-g-ray spectrom-
eter ~MGS! together with measurement of theC-invariant

1S0→4g process for the check of the experimental system. In
Sec. II, we describe the experimental apparatus and data col-
lection process in the experiment. Section III contains the
data selection and event analysis. In Sec. IV, we present the
detector performance and detection efficiency of the1S0→4g
process obtained by a Monte Carlo simulation. The estima-
tion of backgrounds is also contained in this section. Section
V is devoted to the results and conclusions.

II. EXPERIMENT

A. Experimental apparatus

In order to search for theo-Ps→4g process, we employ a
MGS @4# consisting of 32 NaI~Tl! scintillators with lead
shields and photomultiplier tubes~PMT: Hamamatsu R1911,
with a diameter of 3 in.!. Each NaI~Tl! scintillator is placed
on a surface of an icosidodecahedron. The size of the NaI~Tl!
crystals is 76.220.15

10 mm in diameter and 101.621.0
10.5 mm in

length. The front face of each NaI~Tl! scintillator is located
at a distance of 261.660.6 mm from the center of MGS
covering a solid angle of~0.52160.005!% of 4p sr. There
are 16 couples of collinear NaI~Tl! scintillators, which are
utilized for the measurement of two-photon decay of Ps.
MGS also contains 15 planes including the origin of the
MGS with eight NaI~Tl! scintillators, as shown in Fig. 1~a!,
which are utilized for the measurement of three-photon de-
cay of Ps. The lead shields are designed to prevent Compton
scattered photons in a NaI~Tl! scintillator from entering other
NaI~Tl! scintillators except for backward scattering. A pho-
ton scattered in a NaI~Tl! scintillator must penetrate at least
30 mm of the lead shields to enter another NaI~Tl! scintilla-
tor. Hence we can achieve a suppression factor of 1026 for
Compton-scattered photons of 300 keV, which corresponds
to the maximum energy of scattered photons when incident
photons have a maximum energy of 511 keV. Signals from
32 PMT’s are independently fed to discriminators, scalars,
analog-to-digital converters~ADC’s! and time-to-digital con-
verters~TDC’s! in the standard NIM and CAMAC systems.
Data from ADC’s, TDC’s, and scalars are collected with a
personal computer~NEC PC-H9801!. The energy and time
resolutions for the NaI~Tl! scintillators are expressed, respec-
tively, as sE~keV!/E5(40.2/AE11.9)% andst~ns!534.0/
~AE26.5!210.2/(E238.0) ~E in keV!, resulting insE519
keV andst52–8 ns at the energy of 120–511 keV.
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A target region at the center of the MGS contains a pos-
itron source, plastic scintillators, light guides, and silica aero-
gels, as shown in Fig. 1~b!. The positron source,68Ge ~73
kBq on average during the experiment! with a diameter of 4
mm, a thickness of 0.5 mm, and a density of 1.39 g/cm3, is
placed between two plastic scintillators~NE102A, with a di-
mension of 0.5310315 mm3!. In the decay scheme,68Ge
decays into68Ga only through orbital electron capture with a
half-life of 288 days. Then68Ga decays into the ground state
of 68Zn with a branching fraction of 89% throughb1 decay
whose maximum kinetic energy is 1889 keV. Transition pho-
tons with 1077 keV are emitted from the excited state of
68Zn populated in theb1 decay with a fraction of 1.3%.
Positrons passing through the plastic scintillators radiate
scintillation light, which is transmitted through two acrylic
light guides~a dimension of 43103320 mm3! to two PMT’s
~Hamamatsu, R647! at both sides, as shown in Fig. 1. The
coincidence of the signals from the two PMT’s gives a
trigger-counter signal with which one can get the number of
positrons and a start signal of the TDC. The two pieces of the

silica aerogel, produced by Gadelius Co. Ltd. with a density
of 0.3 g/cm3 and a dimension of 19310.6319 mm3, are
enclosed with the two hard-vinylchloride cases attached out-
side the two plastic scintillators. The positrons losing their
energies stop in the silica aerogels and formo-Ps. Some-
times,o-Ps collides with electrons of surrounding materials
or unpaired electrons of oxygen in air, and annihilates into
two photons on account of pick-off effect. In order to sup-
press this effect, we let N2 gas flow continuously~50 ml/min!
in the hard-vinylchloride cases.

B. Data collection

For the measurement ofo-Ps→4g events, the trigger con-
ditions for the data taking to the personal computer are pro-
vided as follows:~a! any four hits of the NaI~Tl! scintillators
should coincide in the time window from 0 to 400 ns, which
begin at the trigger-counter signals;~b! events that contain
the collinear hits are rejected. After applying these trigger
conditions, the four-hit events of 515 602 are obtained dur-
ing the data-taking period of 2.023107 s.

We obtain the production rate ofo-Ps as 0.13260.004 for
positrons stopped in the silica aerogels by measuring the
three-photon decay ofo-Ps as described in Ref.@6#. The
lifetime of o-Ps in the silica aerogels is measured to be 120.6
62.0 ns. We also measure both three- and two-photon anni-
hilations of free positrons and free electrons, and then obtain
the branching ratio of three- to two-photon prompt annihila-
tions as~1.260.3!/372 @6#, which is consistent with the QED
prediction of 1/372.

III. EVENT ANALYSIS

Although a large number of two-photon annihilation
events are effectively suppressed in the trigger condition~b!,
many other backgrounds still remain in the four-hit events.
Candidates ofe1e2→4g events are selected by applying the
following criteria: ~i! rejection of the four-hit events, which
contain three hits in one of the 15 planes arising from the
e1e2→3g process;~ii ! selection of each photon with the
energyEi , 120<Ei<450 keV, to reject bremsstrahlung pho-
tons emitted from the positron and noncollinear two-photon
annihilations in which one of the two photons scatters by
Compton effect in the target region;~iii ! selection of four
photons emitted simultaneously with a residual timeRt

shorter than 1.0,Rt being defined asA1
4 ( i51

4 (t i2t)2/s t i
2

where t i represents the time interval between the trigger-
counter signal and the NaI~Tl! hits, t is a mean time among
the four photons ast5( i51

4 (t i /s t i
2)/( i51

4 (1/s t i
2), ands t i

is a

time resolution of the NaI~Tl! scintillators;~iv! selection of
events based on the momentum conservation with
P5u( i51

4 PW i u<80 keV/c and the energy conservation
with E5u( i51

4 Ei22meu<30 keV, wherePW i and me are
the momentum vector of thei th photon and electron mass,
respectively.

In each step of~i!–~iv!, the number of collected events,
515 602, is reduced to~i! 312 768,~ii ! 100 297,~iii ! 12 107,
and ~iv! 40. We divide the events into those witht <10 ns
and those witht.10 ns after applying the selection criteria
~i!–~iv!. The former consists of ap-Ps→4g process and a
free annihilation of singlet state, i.e.,1S0→4g. The latter

FIG. 1. ~a! Cross section of the multi-g-ray spectrometer
~MGS!. ~b! Target region consisting of the positron source, the
plastic scintillators, the light guides, and the silica aerogels con-
tained in the hard-vinylchloride cases.
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contains theo-Ps→4g process if theC violation takes place
in the decay ofo-Ps. Because of the short lifetime~;0.12 ns
@1,2#! of p-Ps, the contamination of thep-Ps→4g process in
the events witht.10 ns is negligible. Among the 40 events,
we observe 3 events witht.10 ns as seen in Figs. 2~b! and
3~b!.

IV. MONTE CARLO SIMULATION

A. Detector performance

In order to clarify the behavior of positrons and photons
in the materials, we simulate the interaction process of pos-

itrons in MGS using a Monte Carlo program of the electron-
gamma shower code~EGS4! @14#. In the simulation, we gen-
erate the events ofe1e2→3g and 4g based on QED using
GRACE @15# andBASES/SPRING@16# codes.

First of all, it is observed that positrons of 79.3% hit one
of the two plastic scintillators to generate the trigger-counter
signals; the others annihilate in the source material or escape
from the gap between the two plastic scintillators. Further-
more the program clarifies detailed behaviors of the posi-
trons after hitting the plastic scintillator as follows:~1! those
of 31.9% stop in the silica aerogel, forming Ps or annihilat-
ing promptly; ~2! those of 45.8% stop in the plastic scintil-
lators and the hard-vinylchloride cases, and then mainly an-
nihilate promptly;~3! the remaining 22.3% escapes from the
silica aerogel. We also obtain the detection efficiency of the
1S0→4g process as~3.360.7!31025 in MGS after applying
the selection criteria~i!–~iv!.

B. Estimation of backgrounds

Two types of backgrounds are considered in the analysis.
The first type~Nos. 1–3 in Table I! for t<10 ns is caused by
an incident positron, which annihilates into three photons in
association with the bremsstrahlung photon or the transition
photon. Here, one of the photons in the three-photon annihi-
lation is scattered by Compton scattering in the target region
and accordingly cannot be rejected by the selection criterion
~i!. The second type~Nos. 4–20 in Table I! is due to acci-
dental coincidence of two incident positrons. In the back-
grounds of Nos. 4–6, the first positron hits the plastic scin-
tillator and all annihilated photons are missed in the NaI
scintillators. In the time window of 400 ns, the second pos-
itron annihilates promptly into three photons in association
with the bremsstrahlung photon or the transition photon.
These four photons are measured as an imitated event of the
o-Ps→4g process. The three backgrounds~Nos. 4–6! cannot
be rejected with the selection criterion~iii !, since the start
and stop signals in TDC are generated by the first positron
and the photons annihilated from the second positron, re-
spectively. Backgrounds of Nos. 7–20 are due to two inci-
dent positrons that annihilate into two different events with
Rt.1.0.

Using the simulation, we estimate the relative contribu-
tions of all backgrounds under the selection criteria~i!–~iv!
as shown in Table I. After applying the selection criteria
~i!–~iii !, we plot the distribution of total energy of four pho-
tons for P<80 keV/c in Fig. 2 and the distribution of the
momentum sum of four photons forE<30 keV in Fig. 3.
The events of the1S0→4g process are observed as the en-
hancements around 1022 keV in Fig. 2~a! and for P<80
keV/c in Fig. 3~a!. Figures 2~b! and 3~b! demonstrate that the
events witht.10 ns are consistent with the backgrounds.
The enhancement around 1180 keV in Fig. 2~b! is caused by
the background of No. 4 in Table I.

V. RESULTS AND CONCLUSIONS

After applying the selection criteria~i!–~iv!, we obtain 37
events for theC invariant 1S0→4g process, which includes
the background events of 2.061.4~stat.!60.1~syst.! esti-
mated from the simulation as shown in Figs. 2~a! and 3~a!.
Then we obtain the branching ratio,l1S0→4g /l1S0→2g , as

FIG. 2. Distribution of the total energy of four photons for~a!
t <10 ns and~b! t.10 ns under the selection criteria~i!–~iii ! ~see
in the text! and P<80 keV/c. The histogram shows the back-
grounds estimated from the simulation.

FIG. 3. Distribution of the momentum sum of four photons for
~a! t <10 ns and~b! t.10 ns under the selection criteria~i!–~iii !
~see in the text! andE<30 keV. The histogram shows the back-
grounds estimated from the simulation.
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@1.1960.14~stat.!60.22~syst.!#31026, which is in good
agreement with both the QED prediction,
~1.479660.0006!31026 @4#, and the previous experimental
values, @1.4760.13~stat.!60.12~syst.!#31026 @4# and
@1.5060.07~stat.!60.09~syst.!#31026 @5#. Therefore we con-
clude that our experimental system and the Monte Carlo
simulation work well as expected.

In the measurement of theC-violating o-Ps→4g process,
we obtain 3 events after applying the selection criteria~i!–
~iv! as demonstrated in Figs. 2~b! and 3~b!. The number of
events agrees well with the number of backgrounds, 3.4
60.2~stat.!60.1~syst.! estimated from the simulation. We de-
rive the branching ratioF4g as

F4g5
lo-Ps→4g

lo-Ps→3g
5
Nexpt2Nback

No-Pseo-Ps
4g . ~1!

Here various quantities used are defined as follows:Nexpt53,
the number of observed events;Nback53.460.2~stat.!
60.1~syst.!, the number of estimated backgrounds;No-Ps
5(4.9260.11)31010, the number ofo-Ps formed in the
silica aerogels; andeo-Ps

4g 5(3.360.7)31025, the detection
efficiency of theo-Ps→4g process. Since the 32 NaI~Tl!
scintillators are arranged rather homogeneously on the sur-
face of the MGS, it may be assumed thateo-Ps

4g equals the

detection efficiency of the1S0→4g process although the an-
gular distribution of the photons for theo-Ps→4g process
may be slightly different from that for the1S0→4g process.
We then obtain

F4g52@2.561.3~stat.!60.8~syst.!#31027. ~2!

Hence we derive the upper limitF upper limit
4g for theo-Ps→4g

process under the assumption that the events are observed in
a Poisson process that has two components, i.e., signal
~Nexpt! and background~Nback!, as described in Ref.@17#:

Fupper limit
4g 5 H 1.531026 for 68% CL ~3a!

2.631026 for 90% CL ~3b!

The upper limit for the 68% CL is improved by 5 times
compared with the previous result of 831026 for
l (o-Ps→4g) /l (o-Ps→3g) obtained in Ref.@11#, and is also im-
proved by about twice compared with the result of 2.831026

for l (1S0→3g) /l (1S0→2g) obtained in Ref.@9#.

TABLE I. Relative contributions of 20 different backgrounds in the experiment. The backgrounds due to
one incident positron and two incident positrons are represented by the notations1 and3, respectively. The
2g Compton and 3g Compton mean two- and three-photon annihilations in which one of those photons is
scattered in the target region by the Compton effect. The notationg, gb , and gT represent annihilation,
bremsstrahlung, and transition photons, respectively. The notationgb(gb) represents two bremsstrahlung
photons in which one photon in the parentheses is missed in the NaI~Tl! scintillators. The two- and three-
photon annihilations are denoted asg~g!, gg~g!, andg~gg! in which the photons in the parentheses are not
detected.e1 means that a positron passing through the target region hits a NaI~Tl! scintillator.~e1! represents
that a positron hits the plastic scintillator and all photons annihilated from this positron are missed in the
NaI~Tl! scintillators.

No. Background Fraction~%!

t <10 ns t .10 ns

1 3g Compton1gb 79.9
2 3g Compton1gT 13.4
3 3g Compton1gb(gb) 5.8
4 ~e1!33g Compton1gb 55.2
5 ~e1!33g Compton1gT 9.2
6 ~e1!33g Compton1gb(gb) 4.0
7 3g Compton3g~g! 0.3 9.6
8 gg~g!3gg~g! 0.2 6.8
9 3g Compton3g~gg! 0.1 3.5
10 gg~g!32g Compton 0.1 3.1
11 3g Compton3e1 0.07 2.3
12 3g Compton3gb 0.05 1.6
13 2g Compton32g Compton 0.02
14 3g Compton3gT 0.008 0.3
15 3g Compton3gb(gb) 0.003 0.1
16 gg~g!3„g~g!1gb… 0.06 1.8
17 gg~g!3„g~gg!1gb… 0.03 1.1
18 gg~g!3„g~g!1gT… 0.01 0.5
19 gg~g!3„g~gg!1gT… 0.008 0.3
20 gg~g!3(e11gb) 0.02 0.6
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In summary, we get the most stringent upper limit of the
C-violating process in the pure leptonic system. Comparing
with the hadron decay processes, the limit is less stringent
than that of 3.131028 for lp0→3g /l total @12# while it is more
stringent than that of 531026 for lh→p0m1m2 /l total @13#.
Finally, we say that theC invariance holds in the pure lep-
tonic system up to the experimental sensitivity.
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