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Multipion Photoproduction at Energies up to 0 BeV)
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The photoproduction of multipion (&3) final states has been studied in a hydrogen bubble chamber
exposed to a 4.8—6.0-BeV bremsstrahlung photon beam. We find, in most channels, that the reactions are
dominated by the production of resonances. In particular, in the three-prong events we discuss the photo-
production of &' mesons and associated production of N*++(1238) and p . In the five- and six-body final
states we see the production of N*++(1238) and ~o mesons. We also discuss a slight enhancement of the
px+m+ and nm m system observed at about 1560 MeV.

I. INTRODUCTION

HIS is the last of a series of papers on the in-
vestigation of photoproduction reactions at an

incident photon energy of up to 6 BeV. It was performed
at the Cambridge Electron Accelerator (CEA), using a
12-in. hydrogen bubble chamber exposed to a brems-

strahlung beam of maximum energy between 4.8 and
6.0 BeV. Previously published papers described the
total cross sections and the experimental setup, ' photo-
production of p' and co' mesons, "photoproduction of
strange particles, e and photoproduction of the E*(1238)
nucleon isobar. ' A preliminary report on the photopro-
duction of multipion events was also published. '

In this paper we consider the following reactions in
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which three or more pions are produced:

qp ~ p~+~-ns,

Vp -+ ttn+sr+sr-,

7p -+ ps-+sr+sr-sr-,

'yp ~ psr+m'+sr sr s

(2)

(3)

(4)

yp ~ ttsr+sr+sr+s. sr—. (5)
In particular, we investigate the possibility that a
significant fraction of these events involve the photo-
production of meson or baryon resonances.

The most outstanding feature of reaction (1) is the
oP meson photoproduction, which was described else-
where. ' In addition to the or, there is clear evidence of
the production of Prts, Jlj'*p, and E*nsr in reaction (1).
In reactions (2)-(5), the main salient feature is the
production of the E*(1238) isobar. In reaction (4),
some cP production is also observed. In reactions
(3)—(5), a possible enhancement of the psr+sr+ (and
ttsr sr ) system is observed.

yp —+ p sr+sr srosro (3')

are analyzed as if only a single m' were missing and are
a source of contamination of reaction (1).This problem
has already been treated in some detail in two previous
papers in this series, "where estimates of the amount
.of contamination are obtained.

In the present paper we ascertain that these 2w
events do not give spurious peaks. On the other hand,
in a number of cases they do contribute signi6cantly to
complicate the background distributions.

108i

II. 2~' CONTAMINATION PROBLEM

Because the photon beam is a bremsstrahlung beam,
we do not know the individual p-ray energy of any
specific event. Consequently, we cannot calculate the
missing mass in an event, and therefore we cannot dis-
tinguish cases of one m' from those of two or more. Thus
reactions of the type
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To investigate the distributions of these 2z' events
we considered those final states that are significant in
s P reactions in the energy range 2—6 BeV.

Vp ~ ps-+s-s's', (phase space) (6)
'yp ~ P7l 9& (7)

m+x m-',

p~ ~+a+ ~0 (g)

p~' ~+~-~s,

yP ~E*++ s. s'7r' (9)

Ptr+.

We generated such events by a Monte Carlo program
NvERTx and then analyzed them as if only a single m

were produced. Thus a sample of "fake" four-body
6nal-state events was generated. This procedure was
described previously. '

The various mass distributions of these "fake" events
were obtained and compared with the analogous true
four-body events. The results fall into two broad
categories:

(a) The fake distribution is not significantly differ-
ent from the true four-body phase space. In this case,
we use only the true four-body distribution in the 6tting
procedures and consequently the "phase-space" fraction
of events also includes in it the 2m' contamination
events.

(b) When the fake distribution is signi6cantly
different from the true four-body distribution, the
fake distribution is used explicitly in the Qtting
procedures and thus yields another estimate for the 2m'

contamination. These calculated values for the 2m'

I I I I I I I I

fq p~ p tw +m +tr

contamination, within the rather large errors, were
always consistent with the value of the contamination
obtained previously. ' '
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III. THREE-PRONG EVENTS:
REACTION yp ~pro

We observe the photoproduction of the g meson in
the energy range 0.7—1.3 BeV. The invariant-mass dis-
tribution of m.+s s' in reaction (1) is shown in Fig. 1,
for several photon energy intervals. The percentage g'
given was calculated on the basis of a best fit of phase
space and a Gaussian centered at 550 MeV. The three-
pion phase space of fake events from 2m' reaction of
type (6) is very similar to the three-pion phase space
of true events of reaction (1).

In Fig. 2(a) we present the total cross section for rts

photoproduction. In calculating the total cross section
we used' the branching ratio

g'~~+x x'

q'~ all modes
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FIG. 1. Invariant-mass plot of the (s'+s se) in the reaction
y+ p ~ p+~++m +m . The g' shape was taken as Gaussian with
center at 550 MeV and full width of 24 MeV; the cP shape was
taken as Gaussian with center at 783 MeV and full width of 50
MeV. The solid line represents the best fit; the broken line is
phase space.

~ C. A. Bordner, A. E.Brenner, and E.E.Ronat, Rev. Sci.Instr.
37, 36 (1966).

E„(Bev)
Fxe. 2. (a) Cross section for the reaction y+p -+ p+go (cor-

rected for all decay modes of the go) as function of E~; (b} c.m.
production distribution oi |t' events I 0.535&M(v+s w ) &0.565
BeV$; (c) decay correlation distribution (Gottfried-Jackson angle)
oi se events; (d) Treiman-Yang angular distribution for se events.

' A. H. Rosenield et ot. , Rev. Mod. Phys. 39, 1 (1967); Uni-
versity of California Radiation Laboratory Report No. UCRL-
8030 (Rev.), January 1967 (unpublished).
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Figure 2(b) shows the c.rn. production distribution
and Figs. 2(c) and 2(d) show the Gottfried-Jackson and
Treiinan-Yang decay angular distribution of the g'. In
Figs. 2(b)—2(d) we took all events in the energy range

0.7&E~&1.3 BeV, for which the invariant mass of the
7I-+7r 7t' was between 0.535 and 0.565 Bev. The decay
distributions are consistent. with isotropy, as expected
of a spin-0 particle. Within our limited statistics, the

Fzo. 3. Two-body invariant-mass distribution in the reaction
y+p —t p+~++7r +~0. Solid curves represent best 6t; broken
line is phase space (the phase space includes rejections when
relevant). For E„)1.8 BeV the its of the (ps+) and (~ wo) dis-
tributions were done jointly. (a) 87=1.4-1.8 BeV; (b) 87=1.8-
2.5 BeV; (c) E =2.5—6.0 BeV.
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Our statistics are not sufhcient to make adequate
tests on the production mechanism of the g'. One should
note that g' production by the one-pion-exchange (OPE)
model is forbidden by charge conjugation. On the other
hand, our data are not inconsistent with g production
via the photoexcitation of a nucleon isobar' SI~ of a total
mass about 1570 MeU.
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Preliminary observations on the reaction
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production angular distribution is consistent with
isotropy as well in this energy range.

Measurements of cross sections and angular distribu-
tions in various counter experiments' and in the DESY
bubble-chamber experiment" are in agreement with
our results.
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Fza. 4. (a) Invariant-mass distribution of (p7r+) in reaction
y+p~ p+~++m +~' when (~ m') is inside the p band $0.65
(M (m ~ ) (0.80 BeUj. Solid line is best 6t; broken line is phase
space. X~=1.8—2.5 BeV; (b) same as (a) for interval E~=2.5—6.0
BeV; (c) invariant-mass distribution of (v s'0) in reaction y+p ~
p+~++~ +w0 when (pm. +) is inside the Ã*++ mass band {1.15
&M(ps+) &1.30 BeV], Z„=1.8—2.5 BeV; (d) same as (c) for
interval B~=2.5—6.0 BeV.

were reported earlier. " In the present paper we sum-
marize our 6nal results concerning the production of the
above resonances.

The experimental invariant-mass distributions of all
pairs of particles produced in reaction (1) are shown in
Figs. 3(a)—3(c), for three &-ray energy intervals. The
curves shown in Fig. 3 are the results of 6tting the ex-
perimental data to Jackson-type" Ne and p resonance
curves and to phase space. The best value for the
p mass obtained was M(p )=(775&20) MeV. In
the very-low-energy data (Er=0.5—1.1 BeV, not shown
in Fig. 3), no marked deviations from phase space were
observed. In the energy interval E~= j..i—1.8 BeV,
Fro. 3 (a), one notices already significant tV* production,
mainly in the ps+ channel. In the interval Ev= 1.8—2.5
BeV, Fig. 3(b), we have production of X*++and p and
very little production of Ã* or p in the other charge
modes. At our highest energy interval 1Ev=2.5-6.0
BeV, Fig. 3(c)j, we have N*++ production as well as p
mesons of all charges. Thus it is clear that the only
charge channel in which the associated production of
K*+p could be studied is reaction (10).The rest of this
section will be devoted to a further discussion of reac-
tion (10).

We have previously shown' that reaction (1) contains
a large number of oP events. Thus in the Gtting of the

TmLz I. Yields and cross sections of various channels
in the reaction yp ~ pm. +m x'.
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Fzo. 5. Ditferential cross section do/dItI for the reaction
y+p —+ iV"+++p . Solid line represents OPE with absorption
[C=1.0, A = 18.0, I'(p ~ vy) =0.1 MeV; see text and Ref. 14).

9 R. Prepost et a/. , Phys. Rev. Letters 18, 82 (1967); C. Bacci
et al. , ibid. 16, 157 (1966); 16, 384(E) (1966).' Aachen-Berlin-Bonn-Hamburg-Heidelberg-Munchen Bubble

Cross sections
cr(Ã*++p ), p,b
o(E*++m H), pb

6.7+ 2.5
3.8+ 3.2

3.5+1.1
1.9+1.1

a This percentage of cue production is based on the coo reQections into the
p~+ and ~-tre mass distributions. For a direct determination of the coo

percentage from the sr~w are mass distributions, see Ref. 3.

Chamber Collaboration, Nuovo Cimento 46, 795 (1966); see also
Ref. 15.

» Aachen-Berlin-Bonn-Hamburg-Heidelberg-Munchen Bubble
Chamber Collaboration, Nuovo Cimento 48, 262 (1967).

'~ J. D. Jackson, Nuovo Cimento 34, 1644 '(1964).
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FIG. 6. Invariant-mass distributions in the reaction y+p -+
g+~++~++m . Solid line represents best fit; broken line is phase
space (phase space includes reQections when relevant). (a)
Z~=1.1—1.8 BeV (b) E„=1.8—2.5 BeV; (c) Z„=2.5—6.0 BeV.

lA

O

C
Xl
E 4O-
O
V

o 20—
O

20—

IO —g
Cl

4J
V
O

20—
E

10—

I I I I I

+~n+ v+yg++2r-

(C)Ey 25 60 BeV
165 E vents

M(~' ~-)
2 x 165 combinations

(2abO)% P o

(77i7 )o/o P.S.

M (nm+)
2 x 165 comblnotlons

100 /o P.S.

I
'

I I

1.8 2.2
M(n~-)

165 events
(2+4) o/o N"

8+7)o/o P S

2,6 1.0 I A
M( w &+)

165 events
100 /o P.S.

I

1.8
I

I / I

I I I I

I 4 1.8 2.2 2.6 .6 I.o 1.4 1.8

M(7l+m+ ~ )
165 events

Ioo / PS

.6,8 I.O 1.2 1.4 1.6 18 2.0

BeV

experimental curves of Fig. 3 we have taken into
account the a&' reflections in the ps and sn. mass dis-
tributions. Actually, a simultaneous 6t of the observed
Ps.+ and s s.e mass distributions was done, to phase
space, &ee reflections, E*(pe.+), p (e

—s'), and joint
E*++p production. The results are shown in Table I.
Vfe see clearly that there is indeed associated Ã*++p
production and separate E~++ production; separate

p production was not observed. Note that the amount
of oP reaction required by the 6tting program is con-
sistent with the percentage of co' production which was
directly observed. '

As a anal check on the data, we show in Fig. 4 the
invariant-mass plot of the pm+ for the p events
LM(e. e') =0.65—0.80 BeV) and that of the s e' for the
E*++ events (M(pe+) =1.15—1.30 BeV]. The E*++
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ing final-state absorption). We have compared our data
to the predictions of the OPE model. Figure 5 shows
our experimental do/d~t~ and also some calculated"
values, for a partial width, I'(p-+ sy) =0.1 MeV. Con-
sidering the small number of events, the agreement
between theory and experiment, at small

~
f ~I, is not bad.

This would seem to support the previous" estimate of
the partial width I'(p ~ 7ry). However, closer examina-
tion of our data indicates that the OPE model fails to
account well for the N* and p decay correlations (see
Table II) or to predict the iV*(pcs) p /S*(ps+) p ratio:
The predicted ratio is 4/9 and our observed value is
0.03~0.07. Thus, until additional data become avail-
able, any conclusions on the value of I'(p —+ s.y) would
seem to be unreliable.

V. OTHER RESONANCES IN
THREE-PRONG EVENTS

As mentioned above, the only other resonance having
a substantial production cross section, in addition to
ris, p, and o~', is the $*(1238).Its production via reaction
(1) is shown in Fig. 3 and has been partially discussed
in Sec. IV. It is worth noting that, in addition to S*++
production in reaction (10), we also have some JII*++
production not in association with other resonances (see
Table I), i.e.,

V+p ~ S*+++7r-+mrs. (11)

This cannot be distinguished from multi-z' production,
via reaction (9), for example.

The two-body mass plots of reaction (2), y+p-+
ee+s++rr++s=, are shown in Fig. 6. Except for a clear
E* (1238) mass peak at the lower energies and some ps

production, no other resonance production is visible.
For this reaction, OPE predicts no E~ production. It
should be noted that we expect, in the OPE model,
yP ~E*+ (1238)p' —& (res+) (s+s ) production to be 2/9
of reaction (10). This means (see Table I) that we
should have about 15 such events in the energy range
E~=1.8—2.5 BeV and 13 events in the range E~= 2.5-6.0
IIeV. The data (Fig. 6) are not inconsistent with these
predictions.

il
.3 .5 .7 .9 .3

8eV

I I

.5 . .7 .9 LI

Tmsz II. Spin-density matrix elements for the reaction
pp ~ E*++p, in the energy interval E~= 1.8—6.0 BeV.

Fze. 7. Two-body invariant-mass distributions in the reaction
y+p ~ p+m.++~++~ +m . Solid line represents best 6t; broken
line is phase space (phase space includes reQections, when rele-
vant). (a) (pv) states for E~&3.5 BeV; (b) (pv) states for
E„&3.5 BeV; (c) (vs.) states for E„&3.5 BeV; (d) (vv) states for
E~&3.5 BeV.

Decay

1p —+ p~+

Parameter

p33

Rep' '

Calculated
(OPE)

0.04—0.02

Observed'

0.33~0.06
0.8 ~0.20

and p
—are more clearly visible in these plots. The

amount of E*++p derived from the hts of Fig. 4 are
consistent with those given in Table I.

One possible mechanism for the associated production
of 1V*(1238) and p by pions is the OPE modeiis (includ-

r' See, e.g, , Aachen ee a/. , Phys. Rev. Ug, B897 (1965).

p00

pl, —I
0.06—0.01

0.33~0.39
0.06~0.17

'4 The calculated curves have been weighted by our observed
photon spectrum. For earlier calculations, see U. Maor and P. C. M.
Yock, Phys. Rev. 148, 1542 (1966); K. Schilling (unpublished
report).

' The errors are statistical only and do not include the effects of back-
ground subtraction, which could be rather important in this case.
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FIG. 9. Invariant-mass distribution of (7r+x ~0) in the
reaction y+p —+ p+7r++m++m +7r +~'.

I I I I

one clearly sees N*++(1238) production in all p-ray
energy intervals and some p production in the interval
E„)3.5 BeV. In the prr+ mass plots, one has two
combinations per event. Therefore, in order to get the
percentage of E*++ by our fitting routines, we have
generated (through NvzRTx) a Breit-Wigner resonance
curve and its reQection and fitted both plus phase space
to our data. The results of the 6t are shown as the solid
curve in Fig. 7. Thus it is seen that $*(1238) is formed
in a substantial amount of the 3C (three kinematical
constraints) 6ve-prong events. The N*++(1238) pro-
duction cross sections in reaction (3) are

o(N*++(1238))=0.87&0.20 yb, E~(3.5 BeV

o(N*++(1238))=3.5&1.9 pb, E7)3.5 BeV.

No other resonance is clearly visible among the two-
body final states of this reaction (Fig. 8).

In the n+7r s.s invariant mass of reaction (4), we see
evidence for &is production (Fig. 9). Here also, the
fitting was done to a Gaussian-shaped &u' (Ms=785
MeV, half-width of 25 MeV) and its reflections, plus
phase space. The resultant cross section is

o (oi') =0.8&0.3 pb, L~', (3.5 BeV

o (ois) = 1.3&0.9 pb, E~)3.5 BeV.

At the higher energy (Fig. 9), the apparent peak at
1.0—1.1 BeV either may be a statistical Quctuation or
may indicate the possible production of A &. In the other
three-pion final states of reaction (4), no evidence for
resonance production was observed. Similarly, in the
two-, three-, and four-pion 6nal states of reaction (5) we
did not see any evidence for the production of resonant
states. Also, in the (ns) final states of reaction (5), no
clear resonant states were observed Lsee Fig. 8(e)j.

20—

I I I I I

p+rr++ w~~ rr +~ ~w I 02 E v e n t s
n+m' +n' +n' +m' +m' 55

We have no evidence for the production of resonances
in the (p7r ) system (see Fig. 7).

In the five-pion final state, reaction (4), we see again
some evidence for the production of 1V*++(1238) (Fig.
8) in the high-energy region. Fitting the data to a
resonance curve plus its reQection and phase space, w' e
obtain a cross section

(iV*++(1238))= 2.6&1.3 pb, E )3.5 BeU.
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FIG. 10. (a) Invariant-mass distribution of (pm+ad+) in the
reaction. y+p —+ p+m++m++~ +~; (b) invariant-mass dis-
tribution of (Ps+s } in the same reaction.
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(p~+m. ) invariant-mass distribution in the reaction y+p —&
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In the nucleon-plus-two-pion 6nal states some
interesting sects seem to occur which are dificult to
explain in terms of known resonances and reflections of
the known resonances. In Fig. 10(a) we present the mass
distribution of the ps+~+ of the 3C events Lreaction (3)]
and in Fig. 10(b) the ps.+e- mass spectrum of the same
events is shown. Similarly, in Fig. 11(a), M(p7r+x+)
and M(res rr ) of the OC events is shown (reactions (4)
and (5)] and in Fig. 11(b) M(ps.+rr ) and M(res.+s. ) of
the same events is presented. There is an enhancement
at about 1560 MeV in the p~+~+(rs7r s ) spectra, and
this enhancement is absent in the other charge modes.

FzG. 12. (a) Sum of distributions (p2f+2I-+) from reaction y+p-+
p+221.++2'- and from reaction y+p —+ p+22I-++221. +H and of
distribution (n2f ~ ) from the y+p —+n+3x++2~ . All photon
energies combined. Solid curve represents best 6t to 41%
&5&&*(1560) (Mo ——1560 MeV, I' =200 MeV) and 59% phase space
(P.S.) with P„2=0.56. Broken line represents 60% P.S. and 40%
Ã*(1238)x reQections from the reactions 7+p ~ 1P(1238)+3'
and v+p~ Ee(1238)+4s, giving Pz&=4%; (b) sum of distribu-
tions (ps+s ) from the reactions v+p ~ p+2s.++2s and
~+p —& p+2s++2s. +se and the distribution (Ns+s ) from the
reaction y+p —+ n+3m++2m . Solid line represents the combined
P.S. and E* refiections from the reaction y+p -+ 1P(1238)+3s.
and y+p ~ Ãe+4s. , giving P„I=21'pz

Such an enhancement was observed before in other
reactions; however, it was argued that it might be due
to a kinematical reflection. " As discussed above, we
have observed a substantial amount of E*(1238)
production in the Ave-prong events. Therefore, we
attempted to fit our data to a combination of Ãmx
phase space and E*rr reflections (the percentage of the
E*rr reflection taken was determined from the ps-+ mass
fits). We obtain a good fit of such a combination to the
combined pvr+s. —and rsrr+s. mass spectra. The analogous
fit to the prr+s. + and res. rr mass distribution is rather
poor (see Fig. 12).

On the basis of our data alone, it is very dificult to
draw any Anal conclusions concerning the apparent

~
T.I

=-', enhancement. It should be studied more
thoroughly, with much better statistics and at higher
p-ray energies. A detailed understanding of the compli-
cated multipion events will be required before a clear-
cut answer concerning the enhancement will be found.
It is interesting, however, that in quite a number of
different experiments such a

~
T,

~

=—', enhancement
seems to occur. If we assume that in our experiment it is
due to the production of a resonance and we 6t the
histogram of Fig. 12(a) to a Breit-Wigner curve and
phase space, we then obtain a good fit P'(X') =56%]
requiring (41&13)% of a resonance, having a central
mass and width of

M= 1562&18 MeV,
I'= 200&54 MeV.

These values are in agreement with the previously
published data concerning the prr+rr+ enhancement. "
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