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I. INTRODUCTION

Radiative meson decays have been used to test va
models of nonperturbative QCD, such as the quark mo
and vector dominance. The family of radiative vector mes
to pseudoscalar meson~or vice versa! decays includes 11
different decays. Of these, the decay

v→hg ~1.1!

is the focus of this experiment. The decayr0→hg is also
poorly known, but because of the largerr0 width, is more
difficult to measure. Because both vector mesons are co
ently produced inpp̄ annihilation, the measured branchin
ratio must be corrected for interference and mixing effec
even if the contribution ofr0→hg is small compared to Eq
~1.1! because the cross term in the coherently summed
plitude is significant.

These rare decays were measured relative to the w
known decayv→p0g with a decay branching ratio

B~v→p0g!5~8.560.5!31022 @1#. ~1.2!

We use thev production channelspp̄→vh and pp̄→vp0

with

B~pp̄→vh!5~15.161.2!31023 @2#, ~1.3!

B~pp̄→vp0!5~5.7360.47!31023 @2#. ~1.4!

We measure the ratio of events of Eq.~1.1! to the events of
Eq. ~1.2!, where thev’s are produced in the same initia
production channel~1.3!. The ratio is therefore free of th
uncertainty of the branching ratio of Eq.~1.3! or the absolute
efficiency of the detector. As a consistency check, we a
measure Eq.~1.2! absolutely through both Eqs.~1.3! and
~1.4!. We consider the neutral decays ofh andp0,

p0→2g, h→2g. ~1.5!

Thus in both cases the overall process is

pp̄→5g, ~1.6!

The main source of background is 6-g channels from
three-pseudoscalar final states~p0hh, p0p0h andp0p0p0!
which can feed through into the 5-g channels if a soft photon
is lost from one of thep0 decays, i.e.,p0→gg lost.

In addition to this large background, we propose th
additional backgrounds, the direct annihilation channels

pp̄→hhg, ~1.7!

pp̄→hp0g, ~1.8!

pp̄→p0p0g, ~1.9!

each described by a constant matrix element, thus appea
flat in the Dalitz plots. The background in Eq.~1.7! can
coherently interfere with the desired signal~1.1!; in this case
the effect is large because both are equal in magnitude.
low statistics and large feed-through background fromp0hh
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prohibits us from distinguishing this flat background from
similar broad-width background, such aspp̄→sg, s→hh,
where sigma is the very broadf 0(400– 1200).

A previous analysis by the Crystal Barrel@3# made thea
priori assumption that there was no such background. If
channel exists, the previous analysis would not have b
able to distinguish the background~1.7! from the signal
channel@Eq. ~1.3! followed by Eq.~1.1!#. The present analy-
sis, by measuring thev peak directly, is able to distinguish
any nonresonant background from the signal.

II. DETECTOR AND g RECONSTRUCTION

The data reported here were recorded with the Cry
Barrel detector at LEAR. The detector has been describe
detail elsewhere@4#, therefore we give only a short descrip
tion of the relevant components. Antiprotons from t
200 MeV/c LEAR beam were stopped in a liquid hydroge
target and annihilate at rest. The target was surrounded
two coaxial proportional wire chambers, which were on
used as a charged particle veto in the trigger. Surround
the proportional wire chambers was the jet drift chamb
~JDC!, which was used offline as an additional veto agai
charged particles. The remaining photons were detected
the surrounding 1380 CsI detectors arranged radially
cover 95% of 4p in 6°36° units, and having a resolution o
2.5%/AE@GeV#1/4. The masses of reconstructed meso
have experimental Gaussian sigmas of 8.6 MeV/c2 for p0

→gg and 13.4 MeV/c2 for h→gg.
The online trigger required there be no signals in the in

proportional wire chambers, thus selecting ‘‘all-neutra
events which comprise approximately 3.9% of allpp̄ anni-
hilations. 20 million events were accumulated over nine r
periods spanning four years.

The photon reconstruction searches for contiguous c
ters of fired crystals, requiring the clusters to have a cer
minimum energy sum~C1!. Within this cluster, each loca
maximum is considered a separate photon candidate.
highest maximum in a cluster is always considered a pho
while secondary maxima must have at least a certain m
mum energy in the central crystal~C2!. Finally, an overall
threshold~C3! was applied to all resultant photons. The
thresholds were necessary to suppress very soft fake pho
that were reconstructed due to shower fluctuations at
edges of the clusters.

As we will show, the primary backgrounds come from s
photon production sources which lose one photon due to
of the following three mechanisms;~I! a photon below the
threshold defined by C1, C2, and C3,~II ! a photon shower
that merges with another photon shower~conserving total
energy and momentum! but reducing the photon multiplicity
or ~III ! escaping through small gaps in the detector.

The mechanism I is highly sensitive to the set of minim
chosen for the photon cuts, while the others are not. Thu
reduce background due to the first mechanism, the three
ues C1, C2, and C3 were varied until the statistical er
quantityAsignal1background/signal in the final histogram
was minimized, resulting in C1510.0 MeV, C2518.0 MeV,
C3511.0 MeV. The events that are due to mechanisms
2-2
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and III cannot be directly cut, but are suppressed by
kinematic fit which requires total momentum and ener
conservation; only background events with very soft phot
can survive.

III. DATA SELECTION

The data cuts are summarized in Table I, and descri
briefly below. Beginning with 20.3 million all-neutral trig
gered events, unwanted events with charged tracks are
moved. Events with total energy and momentum consis
with annihilation at rest,ptot5(0,0,0;2mpc2), where 2mpc2

51876.54 MeV, are kept, if the difference for each comp
nent is less than 200 MeV/c. These cuts are liberally wide
because a kinematic fit is done in the end. Events with
actly five g’s over 11 MeV are retained.

A kinematic fit is done to the hypothesis,

pp̄→5g, ~3.1!

Events were rejected if they fail the 4C phase space hypoth
esis ~3.1! with x2/Nconstraints.5.0, Nconstraints54 ~equivalent
to C.L.,531024, see cut 5 in Table I!. If the phase space
hypothesis succeeded, events were subjected to the follo
6C hypotheses:

pp̄→p0p0g, ~3.2!

pp̄→p0hg, ~3.3!

pp̄→hhg, ~3.4!

Events must have satisfied at least one of the hypoth
~3.2!, ~3.3!, or ~3.4! with x2/Nconstraints,5.0, Nconstraints56
~equivalent to C.L..431025, see cut 6 in Table I!. Cut 7
eliminated any event which satisfied two or more of the
hypotheses. Thex2/Nconstraintsthreshold in cut 6 was chose
to be liberally high to identify~and reject! sources of back-
ground in cut 7. For example, many events of the typepp̄

TABLE I. Data events surviving each cut. The data is divid
into three independent groups at cut 6. A description of each c
found in the text.

Cut Events

0 All-neutral trigger 20298446
1 0 tracks in JDC 18223703
2 upi u,200 MeV/c 13525910
3 uE21876u,200 MeV 11699206
4 Ng55 , Eg.11 MeV 748441
5 4C Kin. Fit, x2/4,5 616155

hhg hp0g p0p0g

6 6C Kin. Fit, x2/6,5 113546 369689 380479
7 Only 1 solution 5763 136042 20429
8 6C C.L..101% 2260 93350 128838
9 m(gpg r)¹@80,180# MeV/c2 2146 82349 100369
10 g r.200 MeV - 79588 -
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→hv→hp0g which are of typepp̄→p0hg could have also
accidentally satisfied the hypothesispp̄→hhg. While only
reducing thep0hg andp0p0g event statistics by a factor o
2, this cut removed about 95% of the events from thehhg
group. After this cut, the three hypothesis groups were d
joint. Cut 8 required a 10% confidence level for the kin
matic fit of each group. The last cut helped reject the th
pseudoscalar backgrounds which have poor confidence
els due to lost energy from the missing photon.

Confidence levels are directly related to measurement
rors and estimated errors of the particles’ momentum.
cause of varying run conditions, the estimated errors nee
to be corrected on a run-period basis. It is necessary to h
flat confidence levels for true signal events, for both Mon
Carlo simulated events and true data events. The cha
pp̄→hv→hp0g was chosen for tuning the kinematic fi
because it is the strongest signal in the reduced dataset. S
it is impossible to distinguish the signal from background
the data events until the final fit was done, the kinema
fitting and final fitting procedure was iterated, with new sc
ing factors at each iteration, until the final fit procedure
turned a constant branching ratio value independent of c
fidence level chosen. This correction affects the branch
ratio less than 5%.

Some of the background was caused by feed through f
wrong pairwise combinations ofg’s forming a fakeh. Con-
sider the true decayv→p0g r→gpgpg r ; it is possible that
the invariant mass of one of the pairsgpg r could acciden-
tally be near theh mass~547 MeV/c2!, which would also
satisfy thev→hg hypothesis. Most of this background wa
removed by requiring only one solution to the kinematic
~cut 7!. However, it is also possible that the measured inva
ant mass ofgpgp was sufficiently far from thep0 mass~135
MeV/c2! that the event would fail thev→p0g hypothesis,
and thus not be tagged as background. These events
these ‘‘latent pions’’ were removed by rejecting events
which any pairing of theg r with the remaining fourg had an
invariant mass in the interval@80,180# MeV/c2 ~cut 9!. Fig-
ure 1 shows the invariant mass of the combination closes
135 MeV for thehhg groups of data and of the simulate
background channel,hv→hp0g. The simulated hv
→hp0g events showed significant feed through from late
pions, which were removed by cut 9. This latent-pion anti
is discussed again in Sec. VI.

For thehp0g group only, the unpairedg was required to
have an energy greater than 200 MeV. This suppressed
small background from the channelpp̄→hp0 where a fake
fifth g was caused by a splitoff. However, removal of th
background is not so important because it does not influe
the measurement ofv’s in any case because all events
near the phase space boundary of the Dalitz plot, far from
v peak.

The efficiencies for the signal channels as determined
Monte Carlo simulation~see Sec. IV! are e(hhg)5(27.5
60.8)%, e(hp0g)5(30.060.9)%, ande(p0p0g)5(25.9
60.7)% where the errors are statistical.

IV. MONTE CARLO SIMULATED BACKGROUND
AND SIGNAL SIMULATION

In this section we describe the procedure for weight
the simulated events for both the background and the sig

is
2-3
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T. CASEet al. PHYSICAL REVIEW D 61 032002
All events were generated flat in phase space using the C
tal Barrel programCBGEANT which is based onGEANT @5#.

The two reference channels,pp̄→hv, v→p0g and pp̄
→p0v, v→p0g, were generated using a nonrelativis
Breit-Wigner parametrization of thev line shape.

The rare signal channel,pp̄→hv, v→hg coherently in-
terferes with the equally rarepp̄→hr0, r0→hg channel
and should coherently interfere with the direct three-bo
annihilation,pp̄→hhg, if it exists:

pp̄→K hv
hr0

hv
L →hhg, ~4.1!

There is no interference from the 4g or 6g backgrounds,
because these are different final states, and no other sig
cant 5g channels are known. Even though the overlap
tween ther0 andv line shapes~modeled as a Breit-Wigne
resonance! is only about 1% of the total integratedv width,
the cross term between the two terms is significant, and
change the net rate630% depending on the interferenc
phase and amplitudes. Even more significant is interfere
with the flat backgroundhhg, whose effect can be up t
6100% depending on the complex phase.

We now discuss how the experimental resolution is fold
into the line shape of the omega. For this specific chan
Monte Carlo simulated events forhhg were generated uni
formly in three-body phase space. Each simulated event
two sets of particle momenta, the initial generated mome
and the final reconstructed momenta. The reconstructed
menta are equal to the generated momenta plus smearing
to the detector resolution. Each event is weighted by a
namic intensity as a function of the initial generated m
menta. Since the reconstructed momenta were used in
fits, the reference histograms contain the physical line sh
convoluted with the detector resolution. The amplitude

FIG. 1. The invariant massm(gg) of the best pair which could
form a latent pion.~A! is the distribution of the data and~B! is from
Monte Carlo simulation ofhv→hp0g. Events which fall within
the hatched region are removed.
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parametrized as a production amplitude A, followed by
propagator which mixesv andr0 mass eigenstates, followe
by a decay amplitudeT:

S;^hguTux8&^x8uHux&^xuAupp̄&, ~4.2!

wherex andx8 are mixed states ofv andr0, and the spec-
tator h meson has been suppressed from the equation
clarity. We assume that all the mass-dependent dynamics
contained only in the propagator termL, which we param-
etrize with a mass matrix with off-diagonal terms,d:

A5S m2Fmv2 iG/2 d

d mr2 iG/2G D
21

, ~4.3!

S5~TvTr!LS Av

Ar
D . ~4.4!

Thus the net intensityI calculated as

I 5 (
l561

ud1,l
1 ~Sv1eiaeifSr!1Ccoh/&u21uCincohu2,

~4.5!

Sx5
mx

A2p

uAxuuTxu
m2mx1 iGx/2

S 12
uAyu
uAxu

e6 iad

m2mx1 iGx/2
D ,

~4.6!

uAxu5AB~pp̄→xh!, ~4.7!

uTxu5AB~x→hg!Gx, ~4.8!

wherex(y) is v(r0) or r0(v). The helicity formalism gives
the angular dependence of thev decay in terms of the rota
tion matrices,d1,6l

1 5(16cosu)/2, wherel is theJz compo-
nent of the initialpp̄ state along thev momentum axis andu
is the Gottfried-Jackson angle. The decay phasef is the
phase difference between thev→hg and r0→hg decays,
and is set to zero based on the quark model. The produc
phasea is the phase difference between thepp̄→hv and
pp̄→hr0 production amplitudes, and is set to zero, based
a Crystal Barrel measurement of this quantity which w
consistent with zero@6#. The complex constantCcoh de-
scribes the coherent contribution of the flathhg background
to thev/r0 signal; the real constantCincoh describes the in-
coherent contribution. The6 sign ine6 ia is 1 for x5v and
2 for x5r. The mixing parameter isd52.5 MeV @11#. Nu-
merical values for the remaining values are given in Table
@3#. The mx are normalization factors, such that the integ
over the Dalitz plot of theuSxu2 with d50 andG→0 equals
the net branching ratio,B(pp̄→X→hhg). We chose this
definition of normalization to be consistent withe1e2 ex-
periments which generatev’s directly at 781 MeV; i.e., at
the nominal mass with an energy spread small compare
the r0 width. There is no further need for an additional am
plitude correction whenGÞ0, since the Monte Carlo~MC!
simulation, which was generated uniformly in phase spa
implicitly generates the mass-dependent acceptance co
tion. Annihilation branching ratios as determined by t
2-4



NEW ANALYSIS OF THE RADIATIVE DECAY v→hg IN . . . PHYSICAL REVIEW D 61 032002
TABLE II. ~Top! Literature branching ratios, used as references for the fits.~Bottom! Parameters used to describe the (hr01hv)
→hhg dynamical intensity.

Process B (1023) Ref. Process B (1023) Ref.

pp̄→hv 15.161.2 @2# pp̄→hr0 3.960.3 @6#

pp̄→p0c 5.760.3 @2# pp̄→p0r0 1763 @7#

pp̄→p0p0p0 6.261.0 @8# pp̄→p0p0h 8.261.0 @9#

pp̄→p0p0hh 2.060.4 @8# pp̄→hh 0.16460.010 @2#

v→hg 0.6560.10 @1# r0→hg 0.2420.9
10.8 @1#

v→p0g 8565 @1# h→gg 392.5 @10#

Parameter Value Ref. Parameter Value Ref.

Gv 8.43 MeV @10# Gr0 150.7 MeV @10#

mhv 771.7 MeV mhr0 804.0 MeV
mp0v 1423.0 MeV mp0r0

1487.9 MeV
v
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Crystal Barrel and used in this analysis are integrated o
available phase space which may not completely cover
resonance width. In the case of ther0, about 3% of the
resonance is outside of phase space. This effect is s
enough to be ignored in this analysis, but becomes m
significant if resonances are on or near the edge of ph
space.

Figure 2 shows an example plot of the theoretical l
shapeI Eq. ~4.5! with Ccoh5(3ei120°)31024 and the other
parameters taken from the best fit discussed later.

The v and r0 amplitudes are weighted with the prop
angular factors for production from3S1pp̄→vh. The angu-
lar dependence of the amplitude on the Gottfried-Jack
angle is distributed according to thed functions d1,61

1 5(1
6cosu)/2 for Jz561. In the absence of background, the
two Jz states are summed incoherently, givingud1,1

1 u2

1ud1,21
1 u2511cos2 u. This distribution was verified by a fi

to the angular distribution frompp̄→vh, v→p0g, which

FIG. 2. The solid line ‘‘Both’’ is the total intensityI ~4.5! of the
coherent interference of thev,r0 and flat background. ‘‘BW’’ gives
the contribution fromuSv1Sru2 and ‘‘bkgd’’ gives the contribution
from uCcohu2.
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is copiously produced and from which thep0p0h back-
ground can be easily subtracted.

The background channels,p0hh, p0p0h and p0p0p0,
are weighted according to the dynamics of each event, ta
directly from the high-statistics three pseudoscalar Da
plots produced by the Crystal Barrel@8#.

V. FITS

The events in the three samples,hhg, hp0g, andp0p0g,
were plotted in Dalitz-plot histograms with two-dimension
bins of variable size, and fitted to a linear sum of distrib
tions derived from Monte Carlo simulation of the signal a
background channels. Because of limited statistics in b
data and Monte Carlo process, the following log-likeliho
function was used@12#:

22 ln~L !52(
j

S nj ln l j2l j1(
i

~mi j ln f i j 2 f i j ! D ,

~5.1!

wherej runs over the bins of the Dalitz plot,i runs over the
MC event samples which represent the constituent part
the data,n is the number of data events,m is the number of
unweighted, reconstructed MC events,f is theexpectednum-
ber of unweighted, reconstructed MC events, andl is the
expected number of reconstructed data events, defined a

l j5(
i

aiwi j f i j , ~5.2!

where ai is the strength of thei th channel andwi j is the
additional weight factor~such as angular distribution or dy
namical form!, normalized to average 1 summed over allj.
The method for finding the unknownf i j ’s involves a mini-
mization problem for each bin, and the algorithm is given
@12#. The initial values of theai are

ai05
btriggerNtrigger

Mi
B~pp̄→ i !, ~5.3!
2-5
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T. CASEet al. PHYSICAL REVIEW D 61 032002
whereNtrigger is the number of triggered data events,btrigger is
the all, neutral trigger enhancement@(3.9%)21# @13# andMi
is the number of generated events in thei th Monte Carlo
simulated data set.

The fitting of each channel’s contributionai is performed
by minimizing the negative log-likelihood withMINUIT @14#.
The fit error estimates were done using theMINOS algorithm,
or in the case ofB(v→hg) by inspecting thed„22 ln(L)…
51 contours.

The list of statistically significant components of the fits
given in Table III. The first fits were done without the fl
backgrounds,hhg, hp0g, or p0p0g, in each respective
group. The results are shown in the first column of Table
Some of the small contributions were fixed to the valu
given in the literature: these include the channelspp̄→hv,
v→p0g, pp̄→p0p0h, andpp̄→hh in thehhg group; the
channelpp̄→p0hh in the hp0g group; and the channel
pp̄→p0p0h, pp̄→p0v→p0p0g, and pp̄→p0p0 in the
p0p0g group. These contributions are so small that they
omitted from the figures for clarity. The values forB(v
→hg) and B(v→p0v) do not include errors propagate
from the literature of the intermediate statesB(pp̄→hv) or
B(pp̄→p0v), which are roughly 10%. This is because th
error cancels in the determination of the ratioB(v
→hg)/B(v→p0g). Most contributions do agree with th
literature values in Table II, but the fit contribution o
p0p0h was 50% higher than expected and is not consis
within the errors; the contributions fromp0p0p0 andp0hh
were higher too. This is possible evidence that there is
additional background contribution to each channel.

Next, the fits were repeated with inclusion of these fl

TABLE III. The final fit values. The errors include internal sy
tematics, but not errors propagated from the literature of thev
intermediate states; see the text.

No bkgd Incoh. bkgd Coh. bkgd

Grouphhg
B(v→hg) @1024# 3.761.1 1.761.0 4.221.8

11.3

B(pp̄→p0hh) @1023# 2.5460.08 1.6660.16 1.8060.08
B(pp̄→hhg) @1025# - 3.461.3 3.561.3

hhg phase - - (130210
130)°

22 ln(L) 164 131 126
Nd f 13322 13323 13324

Grouphp0g
B(v→p0g) @1022# 85.960.9 88.460.9

B(pp̄→p0p0h) @1023# 12.361.6 7.160.3
B(pp̄→hp0g) @1024# - 2.560.3

22 ln(L) 2704 2592
Nd f 80122 80123

Groupp0p0g
B(v→p0g) @1022# 85.060.9 85.960.9

B(pp̄→p0p0p0) @1023# 7.060.12 6.160.12
B(pp̄→p0p0g) @1025# - 8.860.8

22 ln(L) 1181 1054
Nd f 42422 42423
03200
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backgrounds~added incoherently in all cases!, and in all
cases the log-likelihood improved significantly. Indee
when this new background is introduced into the fit, the co
tribution fromp0p0h drops to a more expected value. Sim
lar results are seen in thehhg andp0p0g channels.

However, we see a dramatic change in the branching r
of v→hg if the hhg background is added incoherentl
With Ccoh50 ~allowing only an incoherent contribution
from thehhg background! we find B(v→hg)5(1.761.0)
31024. This change in the fit is due primarily to the exce
of events to the left of thev peak, which the fit tries to
attribute to thehhg background rather than the low mass t
of the v resonance.

Since thehhg background affects thev peak so strongly,
we should properly allow the two to coherently interfer
thus CcohÞ0. There are four real parameters describing
coherent contributions to thev peak: B(v→hg), B(r0

→hg) and the magnitude and phase of the complex cons
Ccoh for the hhg background. Because the fit is not ve
sensitive toB(r0→hg), we must fix it to the value from
Table II. B(pp̄→p0hh) andCincoh are allowed to be free in
the fit. The remaining values are iteratively scanned in pa
over a suitable range. The log-likelihood plots of the thr
scans are shown in Fig. 3. The fitted value forCincoh goes to
zero when all values are allowed to be free.

The projections of the best fits to the three Dalitz plots
shown in Figs. 4, 5, and 6. The strongv peaks in the later
two plots are well fit, and indeed the fitted values for t
B(pp̄→hv→hp0g) and B(pp̄→p0v→p0p0g) agree
with each other and to the tabulated values. Figure 4 sh
that the fit to the rarev peak in the reactionpp̄→hv, v
→hg is satisfactory. The apparent mass shift of thev peak
by a half bin is not deemed statistically significant.

We have determined the branching ratio of thepp̄
→hhg direct channel to be

B~pp̄→hhg!5~3.560.5stat61.2sys!31025. ~5.4!

This value is found to be totally independent of whether
hhg background is assumed to coherently interfere or
with thev signal. However, this quantity is correlated to th
amount of thep0hh background, because both backgroun
are relatively broad. The systematic error on this quan
was determined by the variation incurred by either fixing~to
the tabulated values in Table II! or releasing the intensity o
p0hh in the fit. The fit favors a phase ofCcoh of (130210

130)°,
as seen in Fig. 3. Finally, the branching ratio ofv→hg is
determined to be

B~v→hg!54.221.8
11.331024 ~5.5!

from the 1s contour in Fig. 3.

VI. SYSTEMATICS AND CONSISTENCY CHECKS

An important check of the Monte Carlo simulation is th
fit stability versus confidence level. The fit value is consta
within 1% for the signal channels, (hr01hv)→hhg, hv
→hp0g andp0v→p0p0g as the confidence level is varie
from 10% to 100%.
2-6
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FIG. 3. The contours of22 ln(L) over a scan ofv parameters.
~a! B(v→hg) vs phase ofhhg, ~b! B(v→hg) vs B(hhg), and
~c! B(hhg) vs phase ofhhg. Contour lines are drawn at half-sigm
intervals; i.e.,22 ln(L)522 ln(L)min1(i/2)2 where i is a positive
integer. The second contour line is equivalent toDx251.
03200
If the backgrounds~1.7!, ~1.8!, and~1.9! are omitted, the
fit values of the backgrounds fromp0hh, p0p0h, and
p0p0p0 increase with increasing confidence level, wh
they should be fixed constants for any cut. This indicate
problem in the characterization of the background. T
problem can be eliminated by two methods. The first is
include the backgrounds~1.7!, ~1.8!, and ~1.9!. With this
inclusion, the fit values of the three-pseudoscalar ba
grounds remain constant regardless of confidence level
The other alternative is to artificially increase the errors in
into the kinematic fit by 5–10 % for the three-pseudosca
channels while keeping the other channels the same.

FIG. 4. Them(hg) projection of thehhg Dalitz plot. ~a! The
data ~error bars! and fit result~solid line!. ~b! The three principle
components of the fit, based on Monte Carlo simulation and fit
relative intensities. The coherenthhg component~dashed histo-
gram! consists of the narrowv, broaderr0, and flat three-body
background. Only the ‘‘best’’ combination ofhg whose invariant
mass is closest to thev mass is shown.

FIG. 5. Them(p0g) projection of thehp0g Dalitz plot fit.
Shown are the data~error bars! and total fit~solid histogram!, su-
perimposed with the three principle components of the fit,hv
~dashed!, p0p0h ~dotted! andhp0g ~dash-dotted!.
2-7
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achieves a similar satisfactory result, but casts some d
on the legitimacy of the backgrounds given in Eqs.~1.7!,
~1.8!, and ~1.9!. Nevertheless, because this untenable pr
lem only appears to affect the backgrounds, we attribute
additional systematic error to thev→hg or v→p0g mea-
surements.

The only resonant background that can appear under
v→hg peak is leak through fromhv→hp0g, where the
p0 is not identified because of noise~a so-called latent pion
described in Sec. III!, and a fakeh is formed from a different
permutation of the photons of thev decay. The three photon
from thev decay still reconstruct to thev mass. It is crucial
to thoroughly remove this background channel from the d
To verify that thehv→hp0g background was sufficiently
suppressed, the width of the latent-pion anticut interval w
varied from 10 MeV/c2 to 170 MeV/c2. The expected num
ber of leak through events drops to 0 at an interval width
90 MeV/c2, and the final result is constant for all width
above 90 MeV/c2.

The entire analysis was redone with lowerg thresholds~3
MeV cluster threshold, 3 MeV secondary maximum thre
old, 20 MeVg threshold!. These low thresholds were chose
to minimize the background from six photon channels,
unfortunately reduced the signal by a large amount, t
There were larger fluctuations in the consistency checks
a larger disagreement with previously published values
the backgrounds. We attribute this to the inaccuracy of
Monte Carlo simulation regarding very soft photon intera
tions with the barrel. However, the measurement of thev
→hg signal was not affected.

To verify that the fit handles bins with low statistics we
the projections of the Dalitz plots where fitted as well. T
resultant values were all consistent with the two-dimensio
fits within typically 0.5 sigma or less. The statistical erro
however, dominate the final result, so no extra system
error is added.

FIG. 6. Them(p0g) projection of thep0p0g Dalitz plot fit.
Shown are the data~error bars! and total fit~solid histogram!, su-
perimposed with the three principle components of the fit,p0v
~dashed!, p0p0p0 ~dotted!, and p0p0g ~dash-dotted!. Only the
‘‘best’’ combination ofp0g whose invariant mass is closest to th
v mass is shown.
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VII. DISCUSSION

We discuss why this analysis led to a different result th
the previous measurement, and how it is possible that
low value for the number of events in the peak is due
interference effects with thehhg background.

The previous work@3# relied on the Monte Carlo simula
tion and previously published branching ratios to calcul
the absolute amount of background. It also assumed
there was only one source of background (p0hh). These
assumptions could not be directly checked.

The present analysis relies on Monte Carlo simulated d
to generate the correct shape of the distributions but does
depend on it to calculate the correct overall efficiency.
does not rely on previously published branching ratios of
six-photon channels to subtract the background. Unfores
incoherent broad backgrounds are also not a problem,
cause the final measurement is based on thev peak, which
floats above all backgrounds and does not depend on
absolute size of the background itself.

The value measured in the earlier analysis of the Cry
Barrel was B(v→hg)5(6.661.7)31024 @3#. Using the
same technique as done in this previous analysis but inc
ing an incoherent background fromhhg of the same magni-
tude from the present analysis, we have revised this valu
B(v→hg)5(2.860.8)31024 ~statistical error only!. In the
present analysis, if we assume the background is incohe
~see the first column of Table III!, we found B(v→hg)
5(1.761.0)31024, which is in satisfactory agreement wit
the revised earlier analysis. This shows that the differenc
the two analyses is due primarily to the additional nonre
nant background, and not due to a numerical mistake.

The second issue is the reality of thehhg background.
There are four reasons to believe that the flat backgrou
exist. First, the measured branching ratios of all flat ba
grounds~see Table III! are small enough to be consiste
with a radiative process. An independent partial wave ana
sis has measured a value ofB(pp̄→p0p0g)5(8.860.7
60.6)31025 @19# which is in good agreement with the re
sult given here. Second, thex2 of the Dalitz plot fits of all
groups are significantly improved with the addition of th
type of flat background~added coherently or incoherently!.
This argues against the hypothesis that the ‘‘addition
background is simply due to an incorrect overall efficien
factor of thep0hh feed-through rate as expected based
the Monte Carlo simulation, because the flathhg back-
ground does not contain the resonant structure of thep0hh
feed-through background. Third, all the fitted contributio
of the backgrounds from the three-pseudoscalar backgrou
(p0hh,p0p0h,p0p0p0) become more in line with predic
tions from published branching ratios when the flat ba
grounds are included.

There are two experimental reasons for favoring the
pothesis that thehhg background interferes coherently rath
than incoherently with thev. First, the22 ln(L) improves by
5 units~a 2-s effect!, and second, the fit drives the incohe
ent contribution~Cincoh! to zero when allowed to be free
Theoretically, all final states arising from the same initialpp̄
state interfere coherently, so this is a third reason. In ad
2-8
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tion, the result of the coherent hypothesis is greatly favo
in comparison to the results of Dolinksy@16#, Alde @17#, and
the recalculation of Alde by Benayoun@18# ~Table IV!.

In summary, we have corrected our measurement
B(v→hg) to account for a flathhg background. We have

TABLE IV. Previous measurements ofB(v→hg) in compari-
son to this work.

Reference Reaction B(v→hg) @31024#

@15# 6.7–10gCu 3.021.8
12.5

@16# e1e2→v 6.424.7
17.0

@17# p2p→vn 8.362.1
@18# e1e2→v 6.622.6

12.4

This worka pp̄→vh 1.761.0
This workb pp̄→vh 4.221.8

11.3

aWith a flat hhg incoherent background.
bWith a flat hhg coherent background.
N

03200
d

of

also presented first evidence for the channelspp̄→hhg and
pp̄→p0hg, as well as additional evidence forpp̄
→p0p0g.
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