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In a study of photoproduction at photon energies between 0.3 and 5.8 GeV in a hydrogen bubble chamber,
approximately 1.7 million pictures containing about 31 000 events with three or more outgoing charged
particles were analyzed. This is the second of two final reports on this experiment. Distributions of effective
masses are given for the reactions vp — N3, Ndx, N5x. Cross sections for the production of A(1236) and p
via vp — Ap, A2, A3w, Adr, Nmp, and N2mp and of various other reactions are reported. From the reaction
vp— AT+p~, an upper limit for the radiative decay width of p~, I'(p™ — 7v) <0.24 MeV, is obtained
(909, confidence). For the four-pion decay mode of the p° an upper limit of I (¢® — 7w 7 ~7™) /T (o° — 7™
<0.0015 is found (909, confidence). The photoproduction of strange particles is discussed and cross sections

1969

for vp — AK*, 2K, AKw, 2K, and AKnr are presented. Production of Z(1385) was observed.

I. INTRODUCTION

HIS is the second of two final reports on a bubble-

chamber experiment to study photoproduction
of hadrons at energies up to 5.8 GeV. The experiment
was carried out in the 85-cm hydrogen bubble chamber
at DESY exposed to an approximate bremsstrahlung
beam. In the first report, the experimental procedure
was described, and total cross sections for final states
not involving strange particles were given.! The pro-
duction cross sections and decay distributions for
the reactions yp— pV, (V=p°, w, ¢) vp— Am,
[A=AT+(1236), A°(1236)], vp— pn, and vp— pX°
were also discussed in Ref. 1. In the present paper

* Present address: CERN, Geneva, Switzerland.

t Present address: SLAC, Stanford, Calif.

1 Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collabo-
ration, Phys. Rev. 175, 1669 (1968).

(Secs. IIT and IV), the production of the resonances
A and p in the reactions

ey
2

vp— prtral,

yp — natatn—

is studied. From analysis of the reaction yp — AT*p,

an upper limit for the radiative decay width of the p~

meson, I'(o—— 77), is obtained. In Sec. V, we report

on the production of the resonances A, p, w, ¢, 7 in the
reactions

: 3)

4

5)

(6)

(7

vp— priwtaTa,
yp— prtatra a0,
vp — nrtatrtnoa,
yp— prtrKTK—,
vp— prir—KK°.
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TaBLE I. Number of events found for various reactions. (A) Number of events found in two scans. (B) Number of events corrected
fgr scanning losses. The number of 3- and S-prong events given in the Table correspond to a flux of 9.1 X107 equivalent quanta with
E,>0.1 GeV. The 7-prong events correspond to 8.6X107 equivalent quanta. The scanning volume used had a length of 45 cm.

. Number of Number of events
Hypothesis considered by GrinD constraints (A) found (B) corrected
(1) vp — prto— 3 18 780 19020
(2) vp — prta—ale 0 6770 6 800
3) vp = nrtrtae 0 3020 3050
Ambiguous between (2) and (3)# 0 1310 1330
(4) vp— prrmtaaT 3 590 590
(5) vp — prtatr—a 02 0 600 600
6) vp — nrtatartar e 0 250 250
Ambiguous between (5) and (6)* 0 200 200
(7) vp — p3a+3r— 3 18 18
(8) vp — p3a+3r—nt2 0 16 16
©9) vp — ndnt3r> 0 7 7
Strange-particle hypotheses (see Table VI) 1312
Unassigned events:
3-prong events No fit with proton 427
No fit without proton 16
Unmeasurable 510
S-prong events No fit 18
Unmeasurable 89
7-prong events No fit 1
Unmeasurable 10

a The events from these reactions are contaminated by events with two or more unobserved outgoing neutral particles.

Section VII gives an account of strange-particle
production.

Preliminary results, based on part of the statistics,
have already been published in Refs. 2 and 3. Some
results from the final statistics that were reported in
Refs. 4 and 5 are included here for completeness. An
experiment, similar to the one described here, was
carried out at CEA by the Cambridge Bubble-Chamber
Group. Their results on strange-particle production and
multipion production have been reported in Refs. 6 and
7. The results of the two experiments are in reasonable
agreement, except for a discrepancy in the cross section
of the reaction yp— Attp~, which is discussed in
Sec. IIT C.

II. KINEMATIC ANALYSIS

The kinematic analysis was done using the CERN
program GRIND as described in Ref. 1. Because the
photon energy was unknown, events with more than
one outgoing neutral particle (multineutral events)
could not be analyzed correctly. They were analyzed

2 Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collabo-
ration, Nuovo Cimento 484, 262 (1967) ; multipion production.

3 Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collabo-
ration, Nuovo Cimento 49A, 504 (1967) ; 51A, 246 (1967) ; strange-
particle production.

4 Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collabo-
ration, Phys. Letters, 27B, 54 (1968); vector-meson production.

5 E. Lohrmann, in Proceedings of the 1967 International Sym-
posium on Electron and Photon Inleractions at High FEnergies,
Stanford Linear Accelerator Center, 1967 (Clearinghouse for
Federal Scientific and Technical Information, National Bureau of
Standards, U. S. Department of Commerce, Springfield, Va.,
1968), p. 199.

¢ Cambridge Bubble-Chamber Group, Phys. Rev. 156, 1426
(1967) ; strange-particle production.

7 Cambridge Bubble-Chamber Group, Phys. Rev. 169, 1081
(1968) ; multipion production,

in GRIND as if only one neutral particle had been pro-
duced. Multineutral events with an outgoing proton
were analyzed by GRIND as if a single #° had been
produced, whereas multineutral events with an out-
going neutron were analyzed as if the neutron was the
only neutral particle produced.

Table I gives the number of events found for various
reactions; it also contains the number of events cor-
rected for scanning losses. Events labeled as ambiguous
in Table I could not be assigned to a particular reaction.
When analyzing a reaction, the unique events were
examined together with the ambiguous ones, so that
no event of the reaction was lost.

When studying resonance production in final states
involving neutral particles, two cases can be
distinguished :

(1) The final state contains only one neutral particle
(e.g., vp — prta—n®). Then the kinematics are uniquely
determined. The calculated photon energy is correct
within the measurement errors. Any produced reso-
nance can be observed in the corresponding invariant
mass spectrum, e.g., yp — At~ — (prt) (z=n).

(2) The final state contains fwo or more neutral
particles (e.g., vp— prta—n'z%, analyzed as vyp—
prta—n®). Then the photon energy computed by GRIND
is systematically too low because of the misinterpre-
tation of the neutral particles. Considering resonance
production in multineutral final states, two cases must
be distinguished :

(a) If a resonance is produced which decays into
charged particles only, its invariant mass spectrum is
not influenced by the kinematic analysis, e.g., vp—
At — (prt)n—xr° analyzed as yp— prta—7l.
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Fic. 1. Mass distributions generated by a Monte Carlo program.
(a) 7~° mass distribution for 3.5<£,<5.8 GeV. The full curve
shows the resonance shape of a p~ produced in yp — A**p~; the
dashed curve shows M (7 n%) for events from reaction vp—
AT Fp~70 — prtr—n'7® when analyzed as yp — prta—z. E, is the
photon energy obtained from this analysis. (b) ##~ mass distri-
bution for 1.4<E,<1.8 GeV. The full curve shows the resonance
shape for a A~ produced in vp — A~r*z*; the dashed curve shows
M (n=~) for events from reaction vp — A~rtrtad — pr—gtatad
when analyzed as if the reaction were yp — na—r 7+, The dashed
curve is scaled so that it cuts the maximum of the full curve.

(b) If among the decay products of the resonance
there is one neutral particle, then the mass of the
resonance cannot be measured correctly, and the reso-
nance peak will, in general, not be found. For instance,
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Fic. 2. Reaction vyp — prtr—x0 Distributions of the pnt
effective mass M (p=), for six intervals of the photon energy. The
events ambiguous between reactions yp — prtr—a® and vp —
nrtrtr~ are included in Figs. 2-7. The curves are the sum of
contributions from Lorentz-invariant phase space, from the
processes yp — pn and yp — pw and from all resonance-production
processes listed in Table II for the respective photon-energy
intervals. The shaded areas give the distributions of events with
0.63 <M (7~7°) <0.89 GeV.
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Fic. 3. Reaction yp — prtn~x% Distributions of the pr~
effective mass M (p=~). The curves have the same meaning as in
Fig. 2.

the reaction yp — prtp~md — prt(r~m¥)my is analyzed
as yp — prtr—d, with a fictitious #° substituted for the
neutral 7 ry® system in the kinematic analysis. The
invariant mass M (7~ x°) thus obtained will have a
spectrum much broader than the original resonance
shape. This effect can be seen in Fig. 1(a). The dashed
curve shows the distribution of the invariant mass
M (r% for Monte Carlo events of the reaction
vp— Attpmd — (prt) (rrO)my analyzed as yp—
prtrnd, with a calculated photon energy between 3.5
and 5.8 GeV. The mass distribution M (7—x° one
obtains is quite different from the resonance shape
M (zm—m) of the p—, which is also shown in Fig. 1(a)
(full curve). Therefore, events of the reaction yp—
A**p=n® hardly contaminate the cross section for
reaction yp — At *p~ (for photon energy 3.5-5.8 GeV),
which is determined from the analysis of the invariant
mass distributions.

On the other hand, when events of the reaction
yp— A~rtrtr® — (pa—)rtrtr® are analyzed as yp —
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Fic. 4. Reaction vyp — prtn—ad Distributions of the pn®
effective mass M (pn°). The curves have the same meaning as in
Fig. 2.
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F1c. 5. Reaction yp — prtr—a®. Distributions of the #—?
effective mass M (r=—x?). The curves have the same meaning as in
Fig. 2. The shaded areas give the distributions of events with
1.10<M (pn+) <1.34 GeV.

na—wtrt, the invariant mass M (n7—) so obtained does
not differ very much from the A~-resonance shape.
This is shown, using Monte Carlo events, in Fig. 1(b)
for calculated photon energy within 1.4 and 1.8 GeV.
Therefore, cross sections determined for yp — A~wtzt
(for photon energy 1.4-1.8 GeV) may be contaminated
by the reaction yp— A-ztrtz®. In the following
sections, we will make use of these and similar Monte
Carlo results that we obtained.

III. REACTION vp— prtz—=°
A. Cross Sections

The procedure to calculate cross sections has been
described in Ref. 1. Since the reaction

vp— priaa’ M

is contaminated by events with two or more #° and by
ambiguous events which really may belong to reaction
vp — nrtrta—, only upper limits could be determined
for the cross section of reaction (1). They were given
in Ref. 1. From experiments with known photon energy,
cross sections of about 20 ub have been obtained for
photon energies between 3 and 5 GeV.3?

The cross sections for the reactions yp — prtr—n'70
and yp—> prtr—rO7%® may be estimated with the
method of Satz.1%- This makes use of vector dominance,
the additive quark model, an isospin-independence
assumption, and experimental wp cross sections to
predict cross sections for multipion photoproduction on
protons. The predictions of Satz agree reasonably well
with measured photoproduction cross sections.l#° For
multineutral reactions we get from this model the

8 J. Ballam ef al., Phys. Rev. Letters 21, 1541 (1968); Y.
Eisenberg e al., 7bid. 22, 669 (1969).

9 H. Baisch, Diplomarbeit, Hamburg, 1968 (unpublished).

10 H. Satz, Phys. Letters 25B, 27 (1967) ; and (private communi-
cations).

1L H, Satz, Phys. Rev. Letters 19, 1453 (1967).
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F1c. 6. Reaction vyp — prta—nd. Distributions of the z*a?
effective mass M (z*#°). The curves have the same meaning as
in Fig. 2.

predictions
o(yp— prtr'n%) /o (yp — prizta—r)=1.63,
a(yp— prtrrr'n") o (wtp — prtatrtra)
=0.00433.

Using in the denominator the cross sections obtained
in this experiment and in Ref. 12, one calculates, e.g.,
at E,=4 GeV,
a(yp— prtr—n'70) =941 ub,
o(yp — prtr—nn%n%) =1.140.2 ub.

B. Mass Distributions and Fitting Procedure

Figures 2-7 show the two-particle mass distributions
of reaction (1) for six photon-energy intervals. The
events which are ambiguous between reactions (1) and
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F1c. 7. Reaction yp — prta—x®. Distributions of the #tz—

effective mass M (z*z~). The curves have the same meaning as
in Fig. 2.

12 Aachen-Berlin-Birmingham-Bonn-Hamburg-London (I.C.) -
Miinchen Collaboration, Phys. Rev. 138, B897 (1965); Aachen-
Berlin-Bonn-Hamburg-Miinchen Collaboration, Nuovo Cimento
44, 530 (1966).
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Tasite IT. Reaction yp — prta—n?. Cross sections (ub) for various resonance-production processes. The columns labeled

UL give upper limits for the cross sections because of contamination by multineutral events.

UL UL UL UL
E, (GeV) AtHp~ Atpd Adp* At g0 Atgtr™ AV a0 prtpT P00 prpt
1.1-1.4 s oo 4.040.8 1.8+0.8 o s
1.4-18 1.4+0.6 1.24-0.9 6.74+1.2 oo s s e cee
1.8-2.5 2.14+0.9 0.60.8 6.44+1.2 14411 1.5+1.0 s 2.1+£1.0
2.5-3.5 1.540.6 s 0.14-0.6 5.7+1.0 3.240.8 0.1+0.8 s 2.6+£0.9
3.5-5.8 0.840.3 0.5+0.3 0.64-0.3 2.7£0.6 0.8+£0.5 0.8+0.6 1.420.5 1.420.6

(2) have been included. Figure 2 gives evidence for the
production of the isobar A*+(1236). Indications for
production of the resonances A% p~, and p* are very
weak (Figs. 3, 5, and 6). In the 7t7—7° mass distribution
(see Ref. 1), the production of w and n mesons is ob-
served; this was discussed in Ref. 1. The other three-
particle mass distributions do not show any obvious
resonance production.

A sum of noninterfering contributions of the following
processes was fitted to the observed density distribution
of the effective masses, using a maximum likelihood
method:

(a) double-resonance production,
Yp— AT, yp— AT, yp— A%T;
(b) isobar production,

yp— ATt nd . yp— Atatr— ) yp— Adrtaf;
(c) p production,
vp— prio,

(d)
Yp— b1, vp— po,
(Lorentz-invariant phase space).

P — pr?, vp— prpt;

and vp— prtr ol

ur yp—prtu n’ ‘{
25<Ey=<58 GeV

8r . 08<cosQ¢m ly/m w°l<10 1

Lﬁ - -

'

\ L L
0.4 0.5 0.8 1.‘0 1.2 1
M{Tem®) (Gev)

F1c. 8. Reaction vp — prtr—a0 Effective masses M (px+)
versus M (7% for 2.5<%,<5.8 GeV and 0.9<cosb¢.m. (y/m7°)
<1.0.

In the fit, the amounts of 7 and w production were kept
fixed and put equal to the values determined in Ref. 1.
Details of the fitting procedure are described in the
Appendix.

The curves in Figs. 2-7 show the sum of all contri-
butions. In general, the agreement is satisfactory. A
somewhat better description of the mass distributions
M (zr7~) above E,=1.8 GeV is obtained® if a con-
tribution from the reaction yp — Atw — (pr°) (wtr—n?)
(analyzed as yp— prtn—n®) is assumed, and if the
cross section for this process is of the order as predicted
by the one-pion exchange (OPE) model. Nonresonant
contributions of the reactions vyp— prtr %% and
vp — prtrn'nn0 (analyzed as yp— prta—n") were
also tried, assuming cross sections of the order as pre-
dicted by Satz (see Sec. IIT A), but they did not improve
the quality of the fits. The resulting cross sections for
the processes (a) to (c) are compiled in Table IT for
different photon-energy intervals. Similar results were
obtained by a least-squares fitting method.®

C. Reaction vp— Ap

The shaded areas of Fig. 2 show the pr* mass dis-
tributions for events with the 7—#° mass in the p region
[0.63<M (7 79)<0.89 GeV]; the shaded areas of
Fig. 5 show the 7—#° mass distributions for events with
the pr* mass in the isobar region [1.10< M (prt) < 1.34
GeV]. Figure 8 gives the scatter plot of the pr mass
versus the 7~n° mass for all events with photon energy
2.5<E,<5.8 GeV, which are produced at small pro-
duction angles: cosfe.m.>0.9, where 6., is the c.m.
production angle between incoming photon and out-
going 7= system. These distributions suggest the
presence of the reaction

()

The cross sections for reaction (1"), as obtained from
the maximum-likelihood fit (Table II), were checked
with least-square fits to the p#+ mass distributions for
events in the p~ region, and to the #—#° mass distri-
butions for events in the A*+ region (shaded histogram
in Figs. 2 and 5).%

We studied a possible contamination of reaction (17)
by events of the reaction yp — At+p=a® analyzed as
vp — prtra®. As described in Sec. IT, these events

vp— Attp.

18 P. Seyboth, thesis, Universitidt Miinchen, 1968 (unpublished).
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would lead to a broad shoulder in the =—#° mass dis-
tribution. We estimate the contribution of vyp—
Attp7® to the measured cross section for (1’) to be
less than 109%.

Figure 9(a) gives the resulting total cross section for
reaction (1’) as a function of the photon energy. It
shows a steep rise above the threshold and a slow
descent (o~E, 12202), According to the compilation
of Morrison,™ one expects an energy dependence as
o~E,; 18 for OPE processes. The differential cross sec-
tion do/dQin the c.m. system for reaction (1) is shown in
Figs. 9(b) and 9(c) for two photon-energy intervals.
The values were obtained by fitting the likelihood
function mentioned above to all events within certain
intervals of cosfe.m.. Figure 9(c) indicates that reaction
(1) prefers small forward-production angles for photon
energies above 2.5 GeV.

Photoproduction of charged p mesons cannot proceed
via a diffraction mechanism, whereas OPE is allowed.
The OPE cross section is proportional to the p~— 77y
decay width I'(o~— 7). In order to obtain an upper
limit for this width we may assume that OPE is
responsible for the entire cross section observed at small
production angles: 0.85<cose.m.<1.0 [cosfe.m.=0.85
corresponds to A2(p/AtT+)=0.5 GeV? for E,=5 GeV,
where A2(p/At+) is the square of the four-momentum
transfer between incoming proton and A*+]. In addi-
tion, the pr+ and n~7° masses were restricted to small
bands around the resonance masses [1.12<M (prt)
<1.32 GeV and 0.68 <M (m7°)<0.84 GeV], where the
shape of the resonance is better known than in the
regions far away. With these restrictions, the cross
section for (1’) was determined by a maximum-likeli-
hood fit as described above. Figure 10 shows the
resulting cross section together with the OPE pre-
diction. In the calculation of the latter, the same
restrictions in the production angle and the masses
were used. The OPE cross section was calculated using
form factors and off-shell corrections as proposed by
Diirr and Pilkuhn.®16 The unknown decay width
I'(p—— 7y), which enters the OPE calculation, was
obtained from a best fit to the experimental cross
section of Fig. 10. The resulting value was I'(op—— 77)
=0.1920.04 MeV. Since we cannot prove (even with
the restriction made for the production angle) that
OPE is the only mechanism contributing to reaction
(17), the obtained value must be regarded as an upper
limit: with 909, confidence level I'(p~— 7v)<<0.24
MeV. The use of form factors and off-mass-shell cor-
rections according to Ferrari and Selleri, instead of
those of Diirr and Pilkuhn, does not change the OPE
cross section to a significant amount. On the other
hand, using absorptive corrections!’ instead of form

14D, R. O. Morrison, Phys. Letters 22, 528 (1966).

15 G. Wolf, Phys. Rev. Letters 19, 925 (1967).

16 H, P. Diirr and H. Pilkuhn, Nuovo Cimento 40, 899 (1965).

17 U. Maor and P. C. M. Yock, Phys. Rev. 148, 1542 (1966);
K. Schilling, DESY Report No. 66/9, 1966 (unpublished).
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GeV.

factors, one obtains an OPE cross section that is about
twice as large, and hence the value obtained for
I'(p~— ny) is smaller by a factor of 2. Our result
T'(p~— 77y)<0.24 MeV is consistent with the pre-
diction T'(p— 7y)=%T'(w— 7y)=0.1 MeV which is
obtained from SUg symmetry.!8:19

The cross sections for reaction (1’) obtained by the
Cambridge Bubble-Chamber Group’ are higher than
our values listed in Table II. This difference cannot be
completely explained by the different fitting procedures
used. The 7#—#° mass distributions found in the two
experiments are of different shape. Comparing the two

Yp—=4" p
0.85<cos Ocm. <10

112 <M(pm* <1.32GeV
0.68< M [r"w°) <0.84 GeV

£ olub)

o

0.2+ 4

0 1
1

3 6
Ey (GeV)

Frc. 10. Reaction yp — At+p~, Cross section for small pro-
duction angles (0.85<cosfe.m.<1.0) and small mass bands around
the resonance masses [1.12<M (prT)<1.32 GeV and 0.68
<M (7~%) <0.84 GeV]. The curve is a theoretical prediction
from the OPE model for T'(p~ — 7#7y) =0.19 MeV.

18 See, for example, S. L. Glashow and R. H. Socolow, Phys.
Rev. Letters 15, 329 (1965).

19 E. Cremmer and M. Gourdin recently estimated from a model
on the cross section for ete~ — 7%y the branching ratio I'(p® —
70y) /T (o — all) = (5.5+£1.1) X107, i.e., I'(o° — 7%) =~0.06 MeV;
E. Cremmer and M. Gourdin, Nucl. Phys. 10, B179 (1969).
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Fic. 11. Reaction yp — At+z 70, Upper limit for the cross
section as function of the photon energy E,.

experimental distributions of the #~#° mass for 1.8< £,
< 2.5 GeV, one finds a X2 probability of about 49, that
both distributions have the same shape, and for the
photon-energy interval 2.5-5.8 GeV this X? probability
is about 179%,. Therefore, one may suppose that the
differences in the cross sections for reaction (1’) from
the two experiments are due to a statistical fluctuation.

Because of the small number of events observed for
reaction (1’) and the strong background, it was im-
possible to determine the spin-density matrix elements
of A** and p—. We do not find a significant amount of
vp — A*p” and vp — A%, except for a small indication
for E,>3.5 GeV (see Table II). Using the OPE model
with the relation I'(o~ — 7)) =T'(o* — 7%) at the pry
vertex, and considering only the decay modes At — pz°
and A’— pr—, one expects a ratio o(yp— At+p):
o(yp— ATpY):o(yp — A%t)=9:4:1. Our cross sections
are consistent with this prediction.

D. Reaction vp— A=x=

From the maximum-likelihood fit, we also obtained
information on the production of the A isobar in re-

yp—nuTmw

14<Ey<18 GeV
2x591 COMB.

Ey<11GeV
2x L3 COMB, |

11<€y<1.4 GeV
[ 20320 cOMs.

18<Ey<25 Ge
2x960 COMB.

0 12 1w 16

-
s

12 0w 12 1w 1% 18 10 12 1L 16 18 20

25<Ey<35 Gev
2x 1167 COMB.

35<Ey<58 GeV
2x 1004 COMB.

T

~
>

NUMBER OF COMBINATIONS PER

10 12 14 16 18 20 22 2

M (nTc")(GeV)

1 iz 16 15 e 20 22 26 18

Fre. 12. Reaction vyp — natz*n~. Distributions of the nx*
effective mass M (wz™) for six intervals of the photon energy. The
events ambiguous between reactions yp — na'rta~ and vp —
prta~a® are included in Figs. 12-14. The curves are the sum of
Lorentz-invariant phase space and reflection from the A~
resonance,
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TasiE IIL. Reaction yp — natarn~. Upper limits of the cross
sections (ub) for A~ and p° resonance production.

E, (GeV) A~rtpt natpd
1.1-1.4 1.0£0.6
1.4-1.8 5.84+0.7 (X
1.8-2.5 3.5+0.7 1.3+£0.9
2.5-3.5 3.94+0.7 3.8+1.1
3.5-5.8 1.9+0.4 2.1+0.7

actions where the remaining pions do not form a
resonance. A relatively large cross section was found
for the reaction yp — At =7 in all energy intervals
(Fig. 11 and Table II). The reaction yp— Atrtr— is
not observed at higher energies, whereas a small indi-
cation for the reaction yp — A7tz is found there (see
Table II). The cross sections must be regarded as
upper limits because of the contamination by events
with more than one #° as mentioned in Sec. II. The
cross section for the reaction yp — At+7—r%2% which
contaminates reaction yp — At Tr—% can be estimated
from the statistical model™®:1*:

alyp— AtTr—a%0) /o (yp — At Frtr—n—)=0.806.

Using in the denominator the cross section which is
reported in Sec. V, one obtains o (yp — At 77079 =~ 0.9
ub for E,=3 GeV and o= 1.5 ub for E,=4 GeV.

E. Reaction yp — pxe

In the fit we have looked also for the production of p
mesons in reactions where the remaining pm system
does not form a resonance. The reaction yp — pa°o° is
observed in the ambiguous events only, and hence it
may be contaminated by the reaction vyp— natpl.
Table IT gives the cross sections for yp — pmp in various
charge states.

F. Reaction yp — N*+(1470)¢°

Since the isobar N*t(1470)(P1;) has the same
quantum numbers as the proton, the reaction

vp— N*(1470)p°

can proceed via a diffractionlike interaction in analogy
to yp — pp°. An upper limit (with 909, confidence) of

o(yp — N*+(1470)p°)<0.8 ub @
N
pr°
for E,>3.5 GeV is obtained from the likelihood fit. A
similar estimate, using the decay mode N**(1470) —
nwT, is given in Sec. IV.

IV. REACTION vp— nwinta—

In our experiment, the sample of events of the
reaction
yp — natrta— (2)
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F1c. 13. Reaction yp — nrtntz~. Distributions of the na
effective mass M (nw~). The curves are the sum of contributions
from Lorentz-invariant phase space and from A~ resonance
production.

is contaminated by events of the type yp—
nrtrtr—ma®, m>1, and by events that are ambiguous
between yp — natrtr~ and yp — prtr—n® This was
discussed in Sec. II. Therefore, only upper limits could
be determined for the cross section of reaction (2).
They have been given in Ref. 1. Recent measurements
with known photon energy yielded o(yp — natatnr—)
~16 ub for 1.5< E,<3.5 GeV,and =11 ub for 3.5< E,
<5.3 GeV.8® An estimate for the cross sections of
multineutral reactions can be obtained by the method of
Satz!111 (see Sec. IIT A):

o(yp — nrtrtn—n%) /o (yp — prtrtr—n—)=1.8,
aly p— nrtrtr—ron0) /o (rt p— prtrtote—r)
=0.0071.

Inserting in the denominators the values measured in
this experiment (Sec. V) and in Ref. 12, one calculates
for E,=4 GeV

o(yp — nrtatr— %) =101 ub,
o(yp — nrtrtr—ro7%)=1.84-0.3 ub.

Figures 12-14 show the nn*, nr—, and =z~ mass
distributions of reaction (2) for six intervals of the
photon energy. The events that are ambiguous between
reactions (1) and (2) (see Table I), have been included.
Production of A=(1236) and p° is seen. A superposition
of Lorentz-invariant phase space and a Breit-Wigner
distribution for the A~ was fitted to the nax— mass
distribution of Fig. 13. The resulting cross section for
the reaction

(2"

is given in Table III and in Fig. 15(a) as function of
the photon energy. As discussed in Sec. II, events of
the type

yp— Awtot

yp— Artatal,
N

nw—
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Fi1c. 14. Reaction yp — natr¥r~. Distributions of the =z~
effective mass M (w+7~). The curves are the sum of contributions
from Lorentz-invariant phase space, from the process yp — np’nr™
and from vp— AT(1236)w — nrntr~2® when analyzed as
vp — nat

e

when kinematically analyzed as yp— nrtztnr—, give
an enhancement in the A=(1236) mass region of width
200-250 MeV. Therefore, the cross sections given for
(2") must be regarded as upper limits. The cross section
for yp — A~mtrta0 can be estimated from the statistical
model%1*:

o(yp— A rtrta®) /o (vp — At*tatata—n—)=0.9.

Using in the denominator the cross section which is
given in Sec. V, one gets o(yp — A~rtrta®)=~1 ub for
E,=3 GeV, and 0=2 ub for E,=4 GeV.

1620 24 8 32 3

E ¢.m. [GeV)

8k

¥

{ (@yp=AmT

olpb)
T
I =

U Ifl 1 1L 1 '—T*_-‘A
1 3 L5 6
Ey (GeV)
ol {b) yp=+ T
1.8<Ey<5.8 GeV
3131 EVENTS

80

NUMBER OF EVENTS PER 20 MeV

6 08 w0 12 1k 16 18 20
Mt )(GeV)

Fic. 15. (a) Reaction yp — A~z*z. Upper limit for the cross
section as function of the photon energy E,. FEe.m. is the total
energy in the c.m. system. (b) Reaction vp — nrtrt2~, Distri-
bution of the =*xtn— effective mass M (x*z*r™), for 1.8<E,<5.8
GeV. The shaded area gives the distribution of events with at
least one of the two =7~ mass combinations lying in the p° region
0.63 <M (z*rn~) <0.89 GeV. Curves show Lorentz-invariant phase
space normalized to the areas.
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TasLE IV. Five-prong events. Cross sections (ub) for various resonance-production processes. The columns labeled
UL give upper limits for the cross sections because of contamination by multineutral events.
UL

E, (GeV) AtFrta—g— Attt g0 A tptp—a0 prtapd prtrwe prtrp? prtTe
<2.5 0.7+0.2 0.1+0.1 \ 02202 .- 0.2+0.1 e 0.0+0.2

2.5-3.5 1.1+£0.5 2.040.5 ’ : 1.14+0.6 1.8+0.5 .. 1.7+1.1
3.5-4.5 1.6+0.6 3.8+0.8 2.040.6 2.940.8 3.84+0.8 0.2+0.1 2.8+1.4
4.5-5.8 2.240.7 2.4+1.0 : : 3.2+1.5 2.7+£1.0 0.640.2 2.54+1.3

a Corrected for unobserved decay modes.

Figure 15(a) shows a peak in the cross section for
reaction (2') at a c.m. energy of about 1950 MeV. This
could indicate the formation of the pion-nucleon reso-
nance A(1950) in the s channel according to vp—
A+(1950) — A= (1236)xtx.

In order to determine the cross section for the process
2")
the following contributions were fitted to the 77~ mass
distributions of Fig. 14: (1) Lorentz-invariant phase
space, (2) a Breit-Wigner distribution describing p°
production, and (3) a contribution from events of the
type vp— AT(1236)w — nrtrtr—r®, kinematically
analyzed as yp — nrtrtr—. The resulting cross section
for (2") is given in Table III. The values are upper
limits due to possible contamination by events of the
types vp — nrtp’r® and yp — prpl.

The reaction

vp = N**(1470)p° — (nrt) (wtr) @)

was not observed. This reaction should occur twice as
frequently as

¥p—> N*(1470)p0 > (pn) (r*1),

vp—> nrtp®,

1)

Yp—=pr'min e +
(@

+

g
ol

T o

oL
; B3
i
L = i
2 Hg}
U JUry
b yp——pwn®  He +;7%.1 E
UPPER LIMITS e |
8F (b) t
= —+ :
EY N
° R
0 e
nf yp—nmtn T
UPPER LIMITS P'Ji_'
8t (c) e
L . i;{; } 4
iy

£y e ’

Fic. 16. Cross sections for 5-prong events as function of the
photon energy E,. (a) Cross section for yp — prtrtz—z~. (b)
Upper limit of the cross section for yp — prtrta—z=70. (c) Upper
limit of the cross section for vp — natr*rtr—r—. Events am-
biguous between yp — prtrtr~7rx® and vp — nrtrtrtrr are
included in both figures (b) and (c). Open triangles (A) are
predictions according to Satz (Refs. 10 and 11); full triangles
(A) are measurements given in Ref. 8,

which has been discussed in Sec. III F. We get an upper
limit (with 909, confidence) for the cross section

o(yp — N*+(1470)p°)<0.9 ub for E,>3.5 GeV.
N

nat

Combining the results for (1”") and (2"”’) and using the
present value for the branching ratio (N*(1470) —
Nw)/(N*(1470) — all)=0.552 one finds for Z,>3.5
GeV (with 909, confidence) o(yp— N**+(1470)p°)< 3
ub.

We have looked for the photoproduction of 4+ and
As*t in reaction (2). The distribution of the z*tatr—
mass, M (ztrtr™), is shown in Fig. 15(b) for photon
energies between 1.8 and 5.8 GeV. The dashed area
gives the mtrtn~ mass distribution for events with a
mtr~ mass in the p region [0.63< M (rtr—)<0.89 GeV].
Both distributions are well described by Lorentz-
invariant phase space, given by the full and dashed
curves, respectively. No significant production of 4+
and 44t is seen.

V. FIVE-PRONG EVENTS

A. Cross Sections

In this section, reactions with five outgoing charged
particles are discussed :

vp— prtater, 3)
vp— primtaTo o, (4)
Yp— notrtote—n—. (5)

Figure 16(a) shows the cross section for reaction (3)
as function of the photon energy. The values are con-
sistent with other bubble-chamber results?-® (full tri-
angles for Ref. 8) and also with predictions using the
method of Satz!®! [open triangles in Fig. 16(a)].
Reactions (4) and (5) are contaminated by multineutral
events and by events ambiguous between (4) and (5).
Thus, only upper limits could be calculated for reactions
(4) and (5); they are shown in Figs. 16(b) and 16(c).
From bubble-chamber experiments with known photon
energies, cross sections for reactions (4) and (5) were
obtained.® These values are given in Fig. 16(b) and
16(c) (full triangles) together with the predictions
according to the method of Satz (open triangles).

2 Particle Data Group, Rev. Mod. Phys. 41, 109 (1969).



188

T LI S e p s e S s

Yp—prwT

0 11<Ey <35 Ge A5<E, <58 GeV
2x284 COMB. 2x 324 COMB.

1034 18 Miprioey) 0 e 18 Miprlioen)
11<Ey<35 GeV W56V
- 2x 284 COMB. wadioome.

=
T

N
S
T

NUMBER OF COMBINATIONS PER 40 MeV

=

W0 616 MiprlioeV] 10 i 14 Miprlicel]

35<F<58 GeV |
X324 COMB,

11<Ey <35 GeV
L x 284 COMB.

W2 05 L0 METen 02 05 10 MpewiEen

F1G. 17. Reaction yp — prtrtn—n~, Distributions of the pz™,
pr~, and wtr~ effective masses M (prt), M (pn~), and M (z*=™)
for 1.1<E,<3.5 GeV and 3.5<E,<5.8 GeV. Full curves show
the sum of Lorentz-invariant phase space and contributions from
A*+(1236) and p° production. Dashed curves were obtained by
subtracting from the full curves the contribution of A*+ [for the
M (pr) distributions] and of p° [for the M (z*z~) distributions],
respectively.

B. Mass Distributions and Resonance Production

Figures 17 and 18 show various two- and three-
particle mass distributions of reactions (3) and (4).
They give evidence for production of A*+ o and w,
and weak indication of A? and . Contributions of these
resonances and of Lorentz-invariant phase space were
simultaneously fitted to the observed mass distribution.
In these fits, the effect of p° production on all 7tn—
combinations (four combinations for each event) was
taken into account, and the other resonances were
treated in the analogous way. The resulting cross sec-
tions are given in Table IV; the values for w and 75
production have been corrected for unobserved decay
modes by a factor 1/0.9 for w and 1/0.237 for » pro-
duction. The cross sections for A*+ and A° production
in reaction (4) are upper limits due to contaminations
by multineutral and by ambiguous events. A very large
fraction of reaction (3) proceeds via production of A*+

and p°:
39

3)

vp— Attt — prtrtoa
and
vp— prtnp’ — prtrtaTr;

however, no significant simultaneous production of A+*+
and p° was found.?22 The cross section for reaction
(3') can be compared with the prediction, which follows

21 W, Tejessy, thesis, Universitit Bonn, 1968 (unpublished).
2 H. Beisel, thesis, Universitit Heidelberg, 1968 (unpublished).
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Fi16. 18. Reaction vp — prtrta—n~x Distributions of the pz™,
pr~, wtr~, and xtxn0 effective masses, M (pxt), M (pn~),
M (w*x™), and M (xFa~x®) for various intervals of . Full curves
show the sum of Lorentz-invariant phase space and contributions
from the resonances A*+(1236), A%(1236), w, and 5. Dashed curves
were obtained by subtracting from the full curves the contribution
of A** [for the M (pnx*) distributions], and A [for the M (pn~)
distribution] or of w and n [for the M (x*tz—x% distributions].
Events ambiguous between reactions vyp — prtrtr—zn® and
vp — natrtrtaTaT are included. 12 events with M (ztrtr—n—x0)
lying in the X° mass region are not included in the M (ztn—x9)
distributions.

from the method of Satz1:
c(yp— Attata—n~) /o (xtp — Attrtr—20)=0.00167.

Using in the denominator the cross section given in
Ref. 12, one obtains o (yp — At*+rtr—r—)=1.84-0.5 ub

2 T T T

@yp—-ann
5§ 35<E, <58GeV y
% w0 -
S
T . + 1
—F—
0 D G SR
cos O (p/8) 7!
10 T T
(b)yp—pr*p®
L 35<E, =586 |
Ed' 05+ g
8l
1 1 { L i

0 1
c0s Oc.m. [V/P°)

F1c. 19. Differential cross section do/dQ in the c.m. system for
3.5<E,<58 GeV, (a) for reaction ~yp— Attrtr—7z=—
prtata—a~, (b) for reaction yp — prtrp® — prtrtaTa.



2070

@ yp—punww
i By 206eV

L, . fil

#® yp—pr'aw
Ey =20 6eY

NUMBER OF COMBINATIONS PER 20 MeV
I

RVARETAE 2 2

5 18 W 2
Miprtre)  (GeY)

Fic. 20. (a) Reaction vp — prtrta—a~. Distribution of the
pratwa effective mass M (pmwotms™), for events with M (mptrs™)
in the p° mass region 0.63 <M (rp*m ) <0.89 GeV and for E,>2
GeV. (b) Reaction vp — pratr—z~a0. Distribution of the
pratwa effective mass M (protwa™), for events with M (wytmy~a0)
in the w mass region 0.763 <M (wptmyn?) <0.803 GeV and for
E,>2 GeV. The curves show Lorentz-invariant phase space
normalized to the total number of events.

for Ey=4 GeV. The prediction is consistent with the
value given in Table IV for 3.5< E,<4.5 GeV.

The differential cross sections do/dQ for reactions
(3') and (3") are given in Figs. 19(a) and 19(b). They
were determined by dividing the data into bins of the
production angle and then fitting the resonance fraction.
Figure 19 shows that small production angles are
preferred.

The w meson is observed in reaction (4):

yp— prtrw— prirta a0,

Because of the large background, the production and
decay angular distributions of the w could not be deter-
mined. No significant simultaneous production of A*+
and w was found in reaction (4).2122 Also, no obvious
evidence was observed for reactions of the type
vp— N*p?— (prta)(atar™)  or  vp—o N*w—
(prta=) (wtr—=®) (N*+ designates a pion-nucleon reso-
nance decaying into pm+z~). This can be seen from
Fig. 20, where the invariant mass M (prtz—) is shown
(a) for reaction (3) with the invariant mass of the
remaining two pions lying in the p° region, and (b) for
reaction (4) with the invariant mass of the remaining
three pions in the w region.

At o and w production in reactions (3) and (4)
was also observed by Eisenberg ef al. at 4.3-GeV photon
energy.® They obtained cross sections consistent with
ours.

In reaction (5), no significant resonance production
is observed. The effective-mass distributions given in
Fig. 21 are well described by Lorentz-invariant phase
space.

AACHEN

188

et al.

For all five-prong events, the assignment to reaction
vp— p7r+7r_K+K_ (6)

was tried. Twenty-five events were found to be kine-
matically, as well as according to ionization, consistent
with this reaction; these events could be uniquely
assigned to (6). Figure 22(a) shows the cross section
and Fig. 22(b) shows the K+K— mass distribution for
reaction (6). There is slight evidence for ¢ meson
production via yp— prta—¢ — prir (K+TK™). Addi-
tional evidence comes from events of the type

vp— prtrKK°, (7

with one visible K° decay. The K°K° mass distribution,
which is also shown in Fig. 22(b), contains a ¢ peak as
well. The heights of the ¢ peaks in the K*K~ and K°K®
mass distribution are consistent with the known
branching ratio I'(¢ — K+K™)/T'(¢p — K °K ") =1.45.%
The production angular distribution in the c.m. system
for events in the ¢ region [1.00< M (KK)<1.04 GeV]
is shown in Fig. 22(c), which indicates that small
production angles are preferred. Cross sections for the
production of the three vector mesons p’, w, and ¢ have
already been given in Ref. 4.

Production of X? in reaction yp — pX°— prtr—n—
prtr—(atr—n%) has been found and was discussed in
Ref. 1. Removing from the wt7 7% mass distribution
all events which have a mtrtr—7~7° mass in the X°
region, one still sees a shoulder at the mass of the 7
meson (see Fig. 18 for 3.5< E,<5.8 GeV). This shows
that the » meson is also produced directly in the re-
action yp — prtr . The corresponding cross section
is given in Table IV.

C. An Upper Limit for the Decay ¢ — w™antn—n—

A total of 1550 p° mesons in the mass region M (rtn—)
<900 MeV was observed in the reaction yp — prta—
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Fic. 21. Reaction yp — nrtatrta~z =, Distributions of the nxt,
nx~, and w7~ effective masses M (nz™), M (nx~), and M (ztnx™)
for 1.1<E,<5.8 GeV. The curves show Lorentz-invariant phase
space normalized to the total number of events. Events am-
biguous between reactions vp — nrtrtrtrTzr~ and vp—
prtata—r~a® are included.
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F1c. 22. Reaction yp — prtr~KK. (a) Cross section for re-
action yp — prta~K*+K~. (b) Distributions of the K*K~ effective
mass, M (K+*K™), from reaction vp — prtr~K*TK~ (unshaded)
and of the K°KO effective mass, M (K°K?), from reaction yp —
prtr~K°K° (shaded). (c) Distribution of the production angle
c0Se.m. (v/¢) in the c.m. system for yp — prtr—o for E,<4.5
GeV (unshaded) and E,>4.5 GeV (shaded). All events of re-
actions yp — prra~K+K~ and yp — prtn~K'K° are taken with
M (KK) in the ¢ mass region 1.00<M (KK) <1.04 GeV.

for £,>2.5 GeV (see Ref. 1). We have looked for the
decay p— wtrTn—r in the reaction yp — prtrtr—a.
No event was found in the mass region M (rtrtr—n~)
<900 MeV. This leads to the following upper limit
(90% confidence) :

I'(p®— 7rate—r~) /T (* — ntr—) <0.0015.

D. I=$% Mass Distributions

Combining the prtat and n#r—n— mass distributions
from reactions (3), (4), and (5) [Figs. 23(a)-23(c)],
one gets the 7=$ mass distribution shown in Fig. 23(d).
It has a slight peak above background near 1550 MeV.
On the other hand, the combined prtn~ and nwtz—
mass distribution, which presumably contains a smaller
contribution of =%, does not show such a peak [see
Fig. 23(e)]. This could be an indication for production
of an I=% baryon resonance with mass about 1550
MeV. A similar enhancement has been found, at the
same mass, by the Cambridge Bubble-Chamber Col-
laboration.” In our data, the effect is seen mainly in
reaction (5) [see Fig. 23(c)], which may be strongly
contaminated by multineutral events and by events
that are ambiguous between reactions (4) and (5).

VI. MASS DEPENDENCE OF DIFFERENTIAL
CROSS SECTIONS

For each of the reactions

yp— prtna0, 1)
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vp— nrtataT, )
Yp— priwtra—, 3)
vp— prtataTaal, ©))
vp — natatatea, 5)

we examined the differential cross section do/dA’ for
different values of the invariant mass M of all pions.
Here A2= A2—A%,;,(M), A? is the square of the four-
momentum transfer between the initial and the final
nucleon, and A2y, (M) is the minimum value of A?,
that is kinematically allowed for a given value of M.

For different values of M, an expression of the form

do/dA2=C (M)e-4 DA™

was fitted to the differential cross sections, using all
events with 3.5<E,<5.8 GeV and 0<A2<1.2 GeV2
Figures 24(a)-24(e) show for each of the reactions
(1)-(5) the slope A (M) as a function of the mass M
of all pions. One sees that, in general, the slope decreases
with increasing M. This feature has also been observed
in recent mtp and K—p experiments with three or more
final particles?®? and in this experiment for the reaction
vp— prtr—1 Comparing the distributions of A4 (M)
versus M for the different reactions (1)-(5), one finds

Buf T peprteTE 'Vp;pn:';:n:'n_- .
M@l e <s8Ge ot @ pEWTNT
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= 12 15 20 2 L i
- Mipr's'] (GeV) 8ot ]
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=i U<E,<580e0 | ol . . .
o
w 767 EVENT! 12 16 20 24

BVENTS M{Nmr)(GeV)

1.6 20 24
M{prc*ie*)(GeV)

NUMBER

4175 COMB. |
+6405 COMB, |

€ yperidiiun |
11<Ey <58 GeV
LOBEVENTS

ST S R '
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Fic. 23. (a) Distribution of the prta™* effective mass M (prtxt),
for reaction yp — prtatr—x—. (b) Distribution of the prtn®
effective mass M (prtxt), for reaction vyp — prtatr—r a0 (c)
Distribution of the na—n~ effective mass M (nz—x"), for reaction
vp — nrtrtrtn—a~. (d) Sum of the distributions (a), (b), and
(c) (isospin I=$). (¢) Sum of the distributions M (p=+=~) and
M (nata~) for reactions vyp— prtatr—a, vp — priwtaTaTwd,
and yp — nartrtatrn~ (isospin I =3, $, § is possible). The curves
are the sum of Lorentz-invariant phase space and the contri-
butions from the processes listed in Table IV.

2 Aachen-Berlin-CERN-London (I.C.)-Vienna Collaboration,
Phys. Letters 27B, 336 (1968).
24 G. Cocconi, Nuovo Cimento 57A, 837 (1968).
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TaBLE V. Cross section for reaction yp — pK+*K—.
E, (GeV) 1.58-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.8
a (ub) 0.21+0.07 0.4740.12 0.54+0.14 1.064+0.23 0.6440.19 0.97+0.26 1.11£0.30 0.924+0.26

that the decrease of the slope 4 (M) with increasing M
becomes less pronounced with increasing multiplicity.
One has to keep in mind, however, that reactions (1),
(2), (4), and (5) are contaminated by multineutral and
ambiguous events, which could influence the numerical
values obtained for 4 (M).

VII. PRODUCTION OF STRANGE PARTICLES
A. Experimental Details

Preliminary results on the photoproduction of strange
particles, based on part of the statistics, have been
published in Ref. 3. The results presented below refer
to a final sample of 1185 events with at least one visible
strange-particle decay and on 107 pK+tK— events with
no visible decay. The pK+K~ events were selected on
the basis of kinematics and of ionization. Only eight of
the 107 pK+tK— events were ambiguous with the
hypothesis prtz—. Results on the reactions vyp—
pKtK— and yp— pK°K° have been reported in con-
nection with ¢ production via vp — p¢ in Refs. 1 and
4, except for the cross section of reaction yp — pK+K—,
which is given in Table V.

Table VI gives for all observed reactions the number
of unique events (column A) and the total number of
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F1e. 24. Slope 4 (M) of the differential cross section do/dA"
=Ce~4WNA"2 for 3.5<F,<5.8 GeV as function of the effective
mass M of all pions, for the reactions (a) vp — pra—n® (b)
vp = urtrte=, () vp— priatea, (d) vp— prtatrnad,
(e) vp = nrtrto .

events after apportionment of the ambiguous ones
(column B). Column B also contains 60 events which
had been identified as strange-particle events in the
scanning procedure but which were unmeasurable or
did not successfully fit any of the kinematically possible
interpretations.

The following acceptance criteria for the hypotheses
were used: (a) compatibility of the observed bubble
density with the bubble density calculated by GRIND,
(b) a 3-constraint (3-C) fit was preferred to 0-C and
1-C fits. In particular, FAxE?® calculations for one-
prong events with a visible A decay showed that AK*
is the correct hypothesis whenever it is fitted by GRIND.
Most of the ambiguous events (e.g., ambiguous between
reactions yp — AKrt and yp — AK+7® with visible A
decay) could be apportioned by starting for each re-
action with those topologies in which the reaction could
be identified uniquely (e.g., vp — AK%r+ with visible
A and K° decays). From there the number of events
with other topologies was estimated for each reaction.

TaABLE VI. Number of events with at least one visible strange-
particle decay. (A) Number of unique events. (B) Number of
events after apportionment of the ambiguous events.

Reaction A B Reaction A B
AK* 170 186 SHK a0 (0 - ) 16 31
S+Ko 6 18 {iﬂ}K"wﬂr“ (a0- ) 24 107
0K+ 25 102 K *rtad(m0- - +) 4 13
PK+K~ 5 5 E-K+Eor+(a0- - ) 1 1
HKORO(x0- - ) 4 31 PK¥K~rtr~ 3 5
AKO7t 29 122 AKOr¥gpte— 2 7
StK+r— 50 54 2 Ktrtptn~ 1 1
ZOKog+ 4 16 PRARO-=0(m0- -+ ) 1 4
Z-K*xt 33 . 34 HKIR I+~ (m0 + ) 7 18
nK+RO (0. ) 9 23 PEKOK ~mta0(0+ - +) 3 5
SO0 (70 -+ +) 6 18 nK*Roxtr=(x0+ - ) 2 6
{io}K"’wD(w“- Sy 69 173 aKOK-mtat(ad-- ) T3
pKHKor™ 4 8 ZHKortr=a0(x0- - ) 1 19
HKOK ~r* 14 19 {i"}mﬂw-wv(wn- ) 8 23
AK*rta= 28 38
ZHKOortg— 3 13 {iD}KU'K*"’r*r"w“ (w0 +v) 21
SOK *rtp 5 6 ZKor+atao(ad. . +) 4 13
Z-Kortnt cee 10 PKHK~m+n=n0(x0- ) 1 2
j)K”E“W"(Wo ce) 1 5 nK°K°W+1r+7r'“(1r° ce) 1 1
nK+K=mt(x0- - -) 5 7 SHK Ot (n0- - +) 1 5
nKOKm+ (n0- + ) 2 12
Sum 1185
with no visible decay:

PK+K~ 107
pK+rr—wtr 20
Sum 1312

2% G. R. Lynch, University of California Lawrence Radiation
Laboratory Report No. UCRL-10335 (unpublished); H. Kiibeck
and E. Raubold, revised version of FAkE, DESY, FAKE manual,
1969 (unpublished).
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F16. 25. Reactions yp — AK™, 20K+, and Z+K°. Cross sections
as functions of the photon energy. Ee.n. is the total energy in the
c.m. system.

An exception was made for the 1-C fit yp — 2K+ —
AyK+* with visible A decay. From the results of FAKE
calculations, we concluded that for £,<2 GeV about
109 of all events fitting the Z°K* hypothesis really
were events of the reaction AK*7® (0-C), and for £,>2
GeV about 509 of all events fitting the 20K+ hypothesis
really were events of the reactions AK+7® and AKr+
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+ (@) Ey<1l¢BeV (b] 14=Ey=18 GeV
U.Z +
o I “H -
3&05 F % '1’
s
0.02+
001 " L 1 L |
1 cog Oc.m. ™ cos G?Lm
0.5 - ! i !
(c)1.8<Ey < 58 GeV
0.2 H
0t %
% 005 :i\
3 I f 1‘ ]
g 0t 4
0o 3
aossf |, 4
+1 0 -1

cosO¢m,

F16. 26. Reaction yp — AK™*. Differential cross sections do/dQ
(in the c.m. system) as a function of cosfe.mm. for three photon-
energy intervals. fc.m. is the angle between photon and K* meson
in the c.m. system.
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F1c. 27. Reaction yp — AK*. Differential cross section do/dA?
as function of A? for three photon-energy intervals. A? is the
square of the four-momentum transfer between photon and K+
meson.

(0-C). The separation of the Z°K* events from the

AK+7® and AK°rt events could therefore only be done

by a statistical method with help of the FAKE results.
The following reactions have been studied:

vp— AKTF, @®)
vp— 2K, 9)
vp— 2K, (10)
vp — AK*a0(n® - -), (11)
'YP_)AKO'Ir"’(’IrO"-), (12)
vp—ZTKtn—, (13)
vp— Z Ktrt, (14)
vp— AK nta—, (15a)
and
vp— AKtrtr— (a0 - +). (15b)
y—~I°K*
o S0

Ey<180eY (@)

7

E 10 >{<+ E
g Jr_} 1 2o 5
k 3
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F1c. 28. Reaction yp — Z°K*. (a) Differential cross section
do /dQ as function of cosfle.m.. (b) Differential cross section do/dA?
as function of A2 6..m. and A? have the same meaning as in Figs.
26 and 27.
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F1c. 29. Reactions yp — AK, T+HK+n~, Z=K*x*, and AK*atn.
Cross sections as function of the photon energy.

For the reactions (8), (10), (12)-(15a), in general, a
3-C fit is possible, thus allowing a unique kinematical
identification. For these reactions, only the 3-C fit
events were used to calculate the cross sections. For
reaction (9), only 1-C fits were used to calculate the
cross section. In the mass distributions of reactions
(11), (12), and (15), however, 0-C fit events were also
included. The cross sections given below have been
corrected for scanning losses (about 1-2%) and for
unobserved decay modes. Furthermore they have been
corrected for geometrical losses, which are due to the
finite size of the bubble chamber and to very short
decay lengths. The following geometrical correction
factors C have been used:

For A, 29 decay, C=1.08;
for K°decay, C=1.11;
for =+ decay, C=1.24;
for =~ decay, C=1.11.

B. Cross Sections

Figure 25 shows the cross sections for reactions
(8)-(10) as a function of the photon energy E,. Figures
26 and 27 give the differential cross sections do/dQc.m.
and do/dA? for reaction (8) in three intervals of E,.
The differential cross section do/dA? for 1.8<E,<5.8
GeV [Fig. 27(c)] was fitted to an exponential of the
form do/dA?=Ce44%,

The resulting values for C and 4 are

C=1.0240.28 (ub/GeV?), A=2.5+0.5 (GeV-?).

Figures 28(a) and 28(b) show the differential cross
section for reaction (9). The cross sections for reaction
(9) were calculated taking into account the FAKE results
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F16. 30. Lower limit of the cross section for strange-particle
production as function of the photon energy.

mentioned above. Because of large contaminations
(=509%) from other reactions at higher energies, we
could not determine the differential cross section for
reaction (9) for £,>1.8 GeV.

Measurements of reactions (8) and (9) have been
carried out by various authors at photon energies below
1.2 GeV; the results together with a summary of
possible theoretical interpretations have been compiled
by Grilli et al.26 and Thom.?” At higher energies, mea-
surements have been performed by Elings ef al. (3.4-4
GeV),”® by the Cambridge Bubble-Chamber Group
(1-5 GeV) ¢ and by Boyarski ef al. (5-16 GeV).2® Their
results are in agreement with our cross sections within
the statistical accuracy.

Figure 29 shows the cross sections for reactions (12)
to (15a) as a function of E,. Figure 30 gives the sum
of the cross sections for the reactions (8)-(10), (12)-
(15a), and other reactions for which the photon energy
could be determined uniquely. Except for the two points
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Fic. 31. Reaction vp — AK¥7%(n?--) for E,<5.8 GeV. Dis-
tributions of the AK*, A#?, and K*z0 effective masses, M (AK"),
M (An®), and M (K*n9). All events are shown which gave a AK 70
fit consistent with the observed track ionization. Shaded events
are ambiguous between AK*#? and Z°K*. Curves are Lorentz-
invariant phase space fitted to the unshaded events.

26 M. Grilli e al., Nuovo Cimento 38, 1467 (1965).

27 H. Thom, Phys. Rev. 151, 1322 (1966).

V. B. Elings et al., Phys. Rev. Letters 16, 474 (1966).

2 A. M. Boyarski e al., Phys. Rev. Letters 22, 1131 (1969).
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with £,<1.2 GeV, the values given in Fig. 30 are lower
limits to the cross section for strange-particle
production.
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Fic. 33. (a) Reactions vp — AK*zr*z~ and AK*zta—n0 (a0 - -)
for E,<5.8 GeV. Distributions of the AK*+, Ar™, Ax—, K*r™,
K*r~, and wtr~ effective masses M (AK*), M (Ax*), M (Ax™),
M(K*n*), M(K*r~), and M (x*z~). Shaded events are from
reaction yp — AK*rtr~. Curves are Lorentz-invariant phase
space fitted to the shaded events. (b) Reactions yp — ZTKtr™
and Z-K*r* for E,<5.8 GeV. Distributions of the AK, 2, and
K effective masses M (ZK), M (Zr), and M (Kx). Curves show
Lorentz-invariant phase space.

MULTIPION AND STRANGE-PARTICLE PHOTOPRODUCTION

2075
TaBLE VII. Cross sections for =(1385) production.
Photon-energy
Reaction interval (GeV) a (ub)
vp — 20(1385) K+ 1.42-2.00 0.67+0.27
2.00-5.80 0.15+0.09
vp — 2T (1385)K° 1.42-2.00 0.68-0.48
2.00-5.80 0.13-£0.09

C. Resonance Production

Figures 31-33(a) show the distributions of the effec-
tive masses of the AK, Aw, and K= systems for reactions
(11), (12), and (15); Fig. 33(b) gives the distribution
of the 2K, Zr, and Kr effective masses for reactions
(13) and (14). The events have been plotted without
geometrical correction factors. In the case of reactions
(11), (12), and (15), ambiguous events have also been
included.

The Ax® mass distribution of reaction (11) in Fig. 31
shows, at masses below 1.32 GeV, a strong accumulation
of events, which are ambiguous between reactions
vp — AK+70(7®- - +) and vp— Z°K* (shaded events).
FAKE calculations showed that nearly all of these events
really belong to reaction Z°K*. The unshaded Ax® mass
distribution in Fig. 31 gives evidence for Z°(1385)
production in reaction (11). Owing to the following
reason, the events in the 29(1385) peak belong to the re-
action with only one #° in the final state: Events of the
reaction with two neutral pions yp — Z9(1385) Ktryd —
(Am®) K+ are analyzed in GRIND as yp — AK*7®, with
a fictitious #° substituted for the neutral m{'rs° system.
The Ax® effective mass of these events will not have a
2°(1385) peak. Therefore the events in the =9(1385)
peak of Fig. 31 come from reaction

vp— 20(1385)K+— An'K+. (11

The resulting cross section for (11’), corrected for
unobserved decay modes, is given in Table VII.
To determine the production of Z+(1385) via

vp— Z+(1385)K", (129

only events of reaction (12) with a visible K° decay have
been plotted, whether the A decay was seen or not. The
corresponding distribution of the Anrt effective mass
(not shown) has a peak in the 2+(1385) mass region.
Events with additional neutral pions, according to
vp — AKr+7%(n0- - ), may contribute to this Art mass

[ Yp—=p K°R ()
’ OUTSIDE 1EVENT

oN~o o S
T

NUMBER OF EVENTS PER 20 Me¥

h N n ag n )
16 18 20 22 _ 24 26 28
MlpK®l, M pK°)(GeV)

F1e. 34. Reaction yp — pKORO(x0--+) for E,<5.8 GeV. Dis-
tribution of the pK°, pKO effective masses M (pK?), M (pK?). The
curve shows Lorentz-invariant phase space.
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distribution; however, due to its small width the
2+(1385) peak can come only from events without =°
i.e., it comes from reaction (12’). The cross section for

(12’) which is corrected for events with invisible K°

decay and unobserved decay modes, is given in Table
VII.
Evidence for Z+(1385) production via
vp — ZH(1385) Ko7 (#0- - +) (12
comes from the Ar™ effective-mass distribution in Fig.
32, which contains all events of reaction (12). In this
distribution the peak in the Z*(1385) mass region
cannot be completely explained by the cross section
found for reaction (12’). As Fig. 32 contains also events
from reaction yp — AK°zH#®(7°- - -), we conclude that
a part of the 2+(1385) peak in Fig. 32 is due to =+(1385)
production via (12).

Strong production of the Z(1385) resonance via
vp—>2(1385)K — (Am)K has also been observed by
the Cambridge Bubble-Chamber Group.$

In Fig. 32, an enhancement of 234-7 events at about
1765 MeV is seen in the Az* mass distribution of re-
action (12). If this peak is due to the production of
Z+(1765) via vp— ZH(1765)K°, one expects from the
branching ratio® of Z+(1765) a bump of 30-40 events
above background in the pK° mass distribution at the
same mass value. However, in the experimental pK?°
pK° mass distribution of reaction yp— pKK(z---)
(Fig. 34), only 12 events are seen in the mass region
1720-1820 MeV.

The accumulation of events above the phase-space
curve in Fig. 32 at low AK" effective masses cannot be
primarily due to an N* with mass of about 1680 MeV,
since then the reaction vp— N*(1680)r+ — (pr—)rt
would have been clearly observed (see Ref. 1). In
reactions (11)-(15), no significant K*(890) production
is found. This is consistent with the small values of the
K*K~v partial decay widths I'(K*+K+y)=0.075 MeV
and I'(K*K%)=0.125 MeV,* as predicted by SUs,.

Apart from the Z(1385), no significant production of
other resonances in reactions (11)-(15) is observed in
this experiment.
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APPENDIX: FITTING PROCEDURE FOR THE
REACTION vp— pxtm—=’

The contributions of the different resonance- and
background-production processes to the reaction yp —
prta—nd, which are listed in Table II, were obtained
by fitting the following density distribution to the data,
using the maximum-likelihood method:

d’N ( BW,
=| gg——
AM_@dM p2dM o _2dM ,_@dM p, *dE, \ N,
BW, BW.,\ H(E,)
Far———~+- - +an ) , (A1)
iVl m Ec.m.z\/B

where +, 0, and — stand for 7+, 7%, and 7, respectively.
The five effective masses M_o, M oy, My, My _o, M,y
are independent variables describing the final state; all
the other effective masses can be expressed by them.
ar is the number of events belonging to process k;
ao+ai+- - -+an is the total number of events in the
E, interval considered. The numbers ay, - -, @, are
to be determined by the fit. BWy=1 describes the
Lorentz-invariant phase-space background. BW, (k=1,
-+ -, m) is a Breit-Wigner term describing the resonance
production in process £.%! If only one resonance decaying
into two particles is produced, then

M M
q (MOZ—'M2)2+M02F2

(A2)

where ¢(M) is the modulus of the 3-momentum of the
decay particles in the resonance rest system; I'(M) is
the mass-dependent width=T{q(M)/q(M ) Po(M)/
p(Mo); p(M)=[2.2m.>+q(M)*T" for the A resonance;
p(M)=[q(Mo)>~4q(M)2] for the p resonance; M, and
T’y are mass and width of the resonance; and m, is the
mass of the pion.

If process k contains simultaneous production of two
resonances (e.g., yp — AT+p~), then BW, is the product
of two terms of the form (A2), each of them describing
one of the resonances. For the w contribution, we used a
Gaussian distribution

BW (M) = exp[— (M — My)?/20%].

N} is a normalization factor given by

H(E,)
Nkzv/BWk__ﬁ"’*.
Eem/B

XdM_o*dM . *dM  2dM,_@dM , 2dE,. (A3)
E.m. is the total energy in the c.m. system. H(E,)
describes the photon-energy dependence of the density
distribution.

When multiplying each Breit-Wigner term BW; with
the same factor H(F,), one assumes that within the

8 J. D. Jackson, Nuovo Cimento 34, 1644 (1964).



188

E, interval over which the fit is carried out, the cross
sections o1 (E,) for all processes & are proportional to
one another. This assumption is certainly justified when
the £, interval is small. H(E,) is determined from the
experiment by the requirement that H(E,)Ri(E,) de-
scribes the observed photon-energy distribution of all
events belonging to reaction yp — prtr—=% where

MULTIPION AND STRANGE-PARTICLE PHOTOPRODUCTION
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is the four-particle phase space. B is a function of all
independent effective masses, defined by Eq. (7) of
Ref. 32.

Of the six integrations appearing in (A3), three can
be performed analytically®® while the other three
integrations are done numerically.

Using the density distribution (A1) one neglects pos-

sible interference terms between the amplitudes for
1 resonance and background production.
Ry(E,)= | ————dM_dM . 2dM . 2dM ¢dM py > ——n
Eem\/B © P, Nyborg e al., Phys. Rev. 140, B914 (1965).
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Asymmetry Parameter and Branching Ratio of =+ — p+*

LAWRENCE K. GErRSHWIN,} MARGARET ALSTON-GARNJOST, ROGER O. BANGERTER, ANGELA BARBARO-GALTIERI,
TerrY S. Mast, Frank T. Sormitz, AND RoBERT D. TrirP

Lawrence Radiation Laboratory, University of California, Berkeley, California 94720
(Received 25 August 1969)

An experiment to study the decay =t — py was performed in the Berkeley 25-in. hydrogen bubble
chamber. An analysis was made of 48 000 events of the type K~p — Ztr~, =+ — p+neutral with K~
momenta near 400 MeV/c. The =’s produced in this momentum region are polarized because of the inter-
ference of the ¥o* (1520) amplitude with the background amplitudes. We have measured the proton asym-
metry parameter « for 61 =+ — py events with an average polarization of 0.4. We found a:= —1.03_¢,42™0-52,
SU (3) predicts a value a=0. A more restricted sample of events was used to determine the =+ — p branch-
ing ratio. From 31 Z*— py events and 11 670 =t — pn® events, we found St — py)/(ET— pr9)

= (2.76-£0.51) X107%. The result is in agreement with the previous measurements.

I. EXPERIMENTAL PROCEDURE

N exposure of 1.3X10° pictures in the Berkeley
25-in. hydrogen bubble chamber yielded about
57000 events of the type K—p—2tr—, Zt—p
+neutral, with K~ momenta ranging from 270 to 470
MeV/c. The vast majority of the events were near
390 MeV/c, where the ¥¢*(1520) resonance is formed.
Of the 48 000 measured events, we were able to identify
61 events of the decay 2t — py.

The problem in the experiment was to separate the
rare 2+ — py decays from the more copious =+ — pr°
decays.! The proton momentum in the rest frame of the
> is 189.0 MeV/c for =+ — pn® and 224.6 MeV/c for
2+ — py. Bazin ef al? found a branching ratio of
(3.7£0.8)X 1073, using only events with stopped
protons. For such events the proton momentum is
determined from range rather than curvature, and is
thus very accurately known, so that the two decay
modes are almost always distinguishable.

* Work done under the auspices of the U. S. Atomic Energy
Commission.

t Present address: Nevis Laboratories, Columbia University,
Irvington, N. Y. :

1 A more detailed discussion of the experiment can be found in
L. K. Gershwin (Ph.D. thesis), University of California Lawrence
Radiation Laboratory Report No. UCRL-19246, 1969 (un-
published). .

2 M. Bazin, H. Blumenfeld, U. Nauenberg, L. Seidlitz, and
C. Y. Chang, Phys. Rev. Letters 14, 154 (1965).

Some events with protons which left the chamber
were also used in this experiment. Generally such events
present considerable resolution difficulty because the
proton momentum is determined from the curvature
measurement, and the associated error in the momen-
tum is determined by the large multiple Coulomb
scattering. The 2+ — py decay, however, releases more
momentum to the proton than does the Z*+— px°
decay, so that it is sometimes possible for the lab-system
angle between the proton and the 2 in a 2+ — py decay
to exceed the maximum possible angle for a 2+ — pxf
decay, for a given 2 momentum. Since the angles were
well measured, many 2+ — py decays could be identi-
fied because of an excessive lab decay angle. A smaller
contribution to the Z*— py sample came from events
with a leaving or scattering proton in which the proton-
track length was too great for the proton to be from a
2t — pa® decay.

II. ASYMMETRY PARAMETER

The scanners were required to distinguish between
2+ — pdecays and 2+ — «t decays by ionization. Those
events identified as =+ — p decays were fitted to the
hypotheses

(@) Kp—ztr,
(i) K—p— o,

Zt— pm,

Zt—py,



