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The reactions yp p2vr+2x m and yp n37t+27} have been studied in three exposures of the
SLAC 40-inch hydrogen bubble chamber to a positron-annihilation radiation of energies 4.3,
5.25, and 7.5 GeV. Cross sections for 6++(1236), ~, q, and p production are given. The
associated production yp 6 '~ m is discussed in terms of a double-Regge exchange model
and compared with the reaction yp a++p7( .

I. INTRODUCTION

This is the third part of a final report on a pho-
toproduction experiment carried out with the e'e
annihilation beam' in the SLAC-40-inch hydrogen
bubble chamber. The exposure has been carried
out at three mean annihilation photon energies of
4.3, 5.25, and 7.5 QeV, taking a total of 1.5 mil-
lion pictures. The experimental details concern-
ing these three exposures have been published
elsewhere, together with our results on the thxee-
prong events. ' The results on the reaction

have been described in another paper' where the
role of resonance production present in the reac-
tion was discussed in some detail. In this work we

present the analysis of the five-prong events lead-
ing to six nonstrange particles, namely,

(3)

Experimental details and cross sections are giv-
en in Sec. II. Single- and associated-resonance
production in reaction (2) are described in Secs. Ill
and IV, respectively. Finally, reaction (3) is dis-
cussed in Sec. V.

II. CROSS SECTIONS

The presence of a neutral particle in the final
state of reaction (2) and (3) leads to a one-con-
straint (1C) hypothesis in the annihilation-beam
regions where the incoming-photon energy is

known to within +2.5% and to a OC hypothesis in

the bremsstrahlung regions. There exist two main
sources of contamination in the fitted samples of
reaction (2) and (3). The first is due to the assign-
ment of a multineutral final-state bremsstrahlung
event to a single neutral annihilation-photon hy-
pothesis, and the second, a wrong-hypothesis as-
signment of an ambiguous event where the ioniza-
tion information is not useful. In order to obtain a
cleaner sample of events, we adopted here the
procedure already utilized in our three-prong
data, ' namely, we imposed cuts on the confidence
level (C.L.) of the fit and on the calculated missing
mass (MM) of the outgoing neutral particle. We
thus accepted an event as coming from an annihila-
tion photon and belonging to reaction (2) if it yield-
ed a 1C fit with C.L. & 0.5% and a missing-mass
value of -0.1S & MM'&0. 10 GeV'. For reaction (3)
we have used the same confidence-level criterion
and a cut of 0.6& MM' & l.2 GeV' for the missing
neutron mass. For the cross-section calculations
a correction has been applied corresponding to the
loss of events due to the MM and C.L. cuts.

The cross-section values for reactions (2) and

(3) were obtained as in Refs. 2-4 with the well-
known pair-production cross section. The cross
sections are given in Table I and Fig. 1 and they
are compared with the cross-section values re-
ported earlier by the SBT and SB coQaborations'
using an almost monoenergetic polarized photon
beam. A general agreement exists between the
various experimental cross-section values, which
for reaction (2) rise from threshold to a value of
-6.5 p.b at about 6 QeV and then seem to level off.
The cross-section values for reaction (3) level off
somewhat sooner.
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TABLE I. Cross sections obtained for reactions
(2)-(8).
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The normalized cross-section values of the two
reactions shown in Figs. 1(c) and 1(d) as functions
of the photon energy, lie on a straight line in the
log-log plot. A fit of the data to the expression

c~ =0 x (flux/Lorentz-invariant phase space)
-n

y

yields a value of n = 4.7 a 0.3 and n = 3.9 ~ 0.4 for the
reactions (2) and (3), respectively. These values
compare favourably with the values 4.1&n& 5.6 ob-
tained for ~'P, K', Pp, and PP reactions leading
to six particles in the final state. '

III. SINGLE RESONANCE PRODUCTION

A. yp~ 6"m'xmm'

FIG. 1. Cross section and normalized cross sections:
(a) and (c) for reactionyp-p2m+2n 7).0; (b) and (d) for
the reaction yp -n3x+2n . The full circles are from the
present experiment; the crosses and triangles, re-
spectively, are from the SBT and SB collaborations
(Ref. 4).

B. yp ~ pun'n and yp ~ pox'n

The ~'m r' invariant-mass distributions for re-
action (2) are shown in Fig. 3. The data were fit-
ted to ~ and q Gaussian-shaped resonances, their
self-reflection, reflection of other resonances
present in the data (h", p), and LIPS. The fits
(solid lines in Fig. 3) yielded a total width of -40
MeV for the ~ and -20 MeV for the g meson. The
cross-section values for the reactions

One of the characteristics of reaction (1) is the
strong production of the b "(1236)resonance with
an almost constant cross section. ' The same fea-
ture is also present in the reaction (2). The pII'
invariant-mass distribution is shown in Fig. 2
where two combinations per event are present.
These data were fitted to a linear combination of
Breit-Wigner (BW) shape for the A resonance,
Lorentz-invariant phase space (LIPS), and self-
reflection of h, as well as reflections due to other
resonances (p, &a) present in the data. The best fit,
illustrated by the curve in Fig. 2, indicates that
about 40% of reaction (2) proceeds via

y p ~ p m+ sr+ m- m- m 4
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at all the three photon energies under study here.
The cross sections calculated for this reaction,
which are given in Table I, are approximately in-
dependent of the photon energy. Here it should be
noted that these cross-section values as well as
other cross-section values given in Table I also
include the contributions from the decay products
of associate resonance production such as yp- b, (dm

(see shaded area of Fig. 2).

1.2 1.6 2.0 1.2 1.6 2.0 2.4 1.2 1.6 2.0 2.4 2.8
M(p m+) (Gev)

FIG. 2. M(pm+) distribution in the reaction pp
-p2~'27l x at three photon-energy intervals: (a) 3.7-
4.7 GeV, (b) 4.5-5.8 GeV, and (c) 6.8-8.2 GeV. The
curves represent the best fit to the data (see text). The
shaded areas are the pm+ combinations for which the
other z'm x -mass combinations fall in the co region
[0.74 &M(m' w Il ) & 0.83 GeV]:
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pointing to the presence of the reactions
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To estimate the cross section for these reactions
we have fitted the mass plots to a superposition of

BW resonance shape, p' self-reflection, LIPS, and

reflections of other resonances present in the data.

The ~ cut introduced in the data was introduced in

the LIPS distributions.
Finally, we have searched for the presence of

other bosons in reaction (2) decaying into more
than three pions and, in particular, in the 2~'2m

and (d~ combination. No obvious structure in the
mass plots of these multipions systems have been
observed and their distributions were found to be
well-described by LIPS and the p and v mesons.
In addition, no evidence has been found in the data
for the presence of baryon resonances other than
the n "(1236).

0.5 0.9 I.3 I.7 2.l

M(~ ~-~-)(Gev) IV. ASSOCIATED RESONANCE PRODUCTION

FIG. 3. M(w'r w } distribution in the reaction yp
p27t+27f 7) at three photon-energy intervals as defined

in Fig. ,2. The curves represent the best fit to the data
(see text). The shaded areas are the 7f+~ no combina-
tions for vrhich the other pm+ is inside the 4(1236)-
mass region f1.15 &M(p7t+) & 1.35 GeV].

The pn' and m'm 7l' mass distributions in the re-
action yp- p2m'2m m have been jointly fitted in or-
der to estimate the amount of associate 6" and e
production through the reaction

yP- b "vw (8)

yP- Pen'w

and

yP -Pqw'm-

(5)

(6)

pp ~ pp1f1T1f

Figure 4 shows the dipion mass distributions
with negative, neutral, and positive charge combi-
nations, respectively. After the removal of the co

events (shaded areas) an enhancement in the p-
meson region is seen in all charge modes and in

are presented in Table I. These values are cor-
rected for unobserved decay modes by the factor
of 1/0. 9 for the e and 1/0. 237 for the q produc-
tion. ' The values obtained in this work are in
agreement with the previously reported results. ' "
The shaded areas in Fig. 3 represent the n'w ~'

combinations for which the remaining p7t' invariant
mass lies in the A''(1236) mass region (1.15-1.35
GeV). These shaded histograms show that a sub-
stantial amount of the ~ is produced in association
with n "(1236)(see also Sec. IV).

The cross-section values for this reaction using
the results of the fit are given in Table I for the
three annihilation-photon energies. A similar as-
sociated resonance production yP- b, "p'm' has
been observed in the channel yP-P2m'2m which
was analyzed in terms of a double-Regge model. '"
In that analysis the baryon-exchange contributions
were neglected and the p-dominance model was as-
sumed in the initial state. For comparison, we
have used the same method outlined in Ref. 3 in
order to carry out a double-Regge-type analysis
for the reaction (8). Again neglecting the contribu-
tion from baryon. exchanges, we were left with two
possible multiperipheral diagrams (see Fig. 5) to
which the events were assigned according to the
longitudinal momenta I'I, of the outgoing mesons.
Events with P~(co) & P~(v ) were assigned to dia-
gram A of Fig. 5 where the ~ is coupled to the pho-
ton vertex, and events with P~(u&) &PL, (v ) were as-
signed to diagram B of Fig. 5 where the pion is
coupled to the photon vertex.

In considering the relative importance of the p
and (d components of the photon in the reaction yP
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-6"(dn, we were guided by the experimental
findings of the yp- p'p and yp- ~p reactions. "'"
In these reactions it has been observed that while

the p production is strongly dominated by a dif-
fractive process, even at relatively low energies,
the e production has a substantial contribution
from a pion-exchange mechanism even at interme-
diate photon energies. Thus, in the case of the (d

production in the reaction yp -6"(dm we have
considered the contribution of the p as well as the
co components of the photon.

In performing the double-Regge calculations,
following the procedure outlined in Ref. 3, we have

.considered at the pb, "vertex the exchange of the
m and p trajectories for both diagrams A and B of
Fig. 5. Note that conservation of G parity at each
vertex in the multiperipheral diagrams implies

that the m exchange is connected to the ~ compo-
nent of the photon, whereas the p exchange corre-
sponds to the p component. At the photon vertex,
we have used in each case two different possible
exchange trajectories as is shown in Fig. 5.

The center-of-mass angular distributions of the
outgoing particles of the reactions yP- ~"en are
shown in Fig. 5 (for both diagrams A and B where
the data of the three annihilation-photon energies
was added together). The angular distributions of
the particles coupled to the incident photon and

target proton served to estimate the free parame-
ters present in the double-Regge amplitude. " The
predictions of the double-Regge model are com-
pared with the data by the continuous and dashed
curves in Fig. 5. As seen from this figure, an
adequate description of the data assigned to dia-
gram A of Fig. 5 is obtained for the .exchange pairs
(f', w) and (w, p). For diagram B data the exchange
pairs (p, |')(A„p) and (w, p) are acceptable.

A comparison between yp- 4"p m and yp
can be made if one assumes the p-domi-

nance model for the first reaction and the v-domi-
nance model for the second. In this case it follows
from this work and that of Ref. 3 that the exchange
pairs describing the data of the two reactions are
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FIG. 4. The M(m m ), M(m+n' ), and M(~ m. ) distribu-
tions in the reaction pp p2~+2m no at three photon-
energy intervals: (a) 3.7-4.7 GeV, (b) 4.5-5.8 GeV,
and (c) 6.8-8.2 GeV. The shaded areas correspond to
7171' combinations after removing the ~-mass band. The
curves represent the best fit to the shaded data (see
text) .

FIG. 5. Production angular distributions in the over-
all center-of-mass system for the outgoing particles,
combining the data of all photon energies in the re-
action ~—LV'~7r assigned to either diagram A or
diagram B. The solid and dashed curves represent
the results of a double-Regge exchange model using
several possible exchange trajectories (see text).
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yp- 6am.

6x ll7 Comb. 6xll6 Comb. 6xl83 Comb.

('I V. THE REACTION yp ~ n3g'2x
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FIG. 6. M(7r'7l ) distributions in the reaction
n3n+2x at photon energies: (a) 3.7-4.7 GeV, (b)

4.7-5.8 GeV, and (c) 5.8-8.2 GeV. The curves represent
the LIPS predictions.

identical for diagram A of Fig. 5 and equal for dia-
gram B in the framework of the exact exchange-
degeneracy model, i.e., (A„v)—= (p, v). The ratio
of the cross sections R =c(yP- hpv)/c(yp- harv) is
then essentially determined by the difference in
values of the coupling constants in the two reac-
tions. Since the dominant difference arises from
the coupling of the photon to the p and the e me-
sons, the expected value of A is -9, whereas ex-
perimentally we find the value of -2 for both dia-
grams A and B of Fig. 5. This disagreement sug-
gests, therefore, that indeed both the p and the (d

In contrast to reactions (1) and (2), most of the
reaction yp- n3~'2n features are adequately de-
scribed by LIPS. This observation has already
been noted for this reaction at lower energies. "
Figure 6 illustrates the ~'m mass distributions
at the three photon energies of this experiment,
where they are compared to the LIPS predictions.
Although there is a general agreement with these
predictions, one should remember that it would be
very difficult to detect in the mass distributions a
wide resonance due to the large combinatorial
background. If one includes, nevertheless, in the
mass fit a BW shape for the p resonance in addi-
tion to LIPS, one obtains p productions of 30+ 10%,
10+20%, and 50+20% at the three photon energies,
respectively. Consequently, one cannot exclude
the presence of p meson in the data. Finally, in
the M(nv ) distribution of reaction (3) no signifi-
cant evidence for the presence of b, '(1236) was
found.
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