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We report the results of a study of p and co production in n. +p interactions at 15.7 GeV/c. The
SLAC hybrid bubble-chamber facility was used to study reactions in which neutral particles are
produced. Three tantalum plates inside the 40-in. bubble chamber and a large array of lead glass
downstream of the chamber provided photon detection over a large solid angle. Final states with
two neutral particles have been isolated with kinematic fits in which neutral pions were recon-
structed in the plates and lead glass. Data from an earlier untriggered n+p bubble-chamber exper-
iment at 15 GeV/c were used to obtain samples of events in channels which did not trigger the hy-
brid system. Cross sections for p and cu production are given for several exclusive final states.
Relative p and co production rates are studied. The ratio of nondiffractive co to p production is
measured to be co/p =0.44+0.07. We estimate the inclusive co cross section to be 1.9+0.3 mb.
The results are compared to the Lund model of low-p~ hadronic reactions.

I. INTRODUCTION

In recent years many quark-parton models of low-p&
hadronic reactions have been developed. ' The exten-
sion of parton ideas from hard constituent scattering to
soft processes was motivated by similarities observed in
the properties of leptonic jets and the "soft" jets pro-
duced in hadronic reactions. These observations raised
the possibility of "jet universality" which explains the
similarities by assuming that the particle production
mechanism in leptonic interactions —parton hadron-
ization —is also that for hadronic reactions. Models
based on jet universality use the structure functions and
fragmentation functions measured in leptonic reactions

to simulate the parton hadronization process in hadron-
hadron collisions. Tests of these models have most often
involved studies of pseudoscalar-meson production.
However, most of these particles are the decay products
of meson resonances, and only a small fraction, perhaps
as low as 10%, are produced directly. The production
dynamics are observed more directly in the systematics
of vector-meson production. Unfortunately, the data for
resonance production are more limited than those for
pseudoscalar mesons; they are particularly limited for
resonances which include a neutral particle among their
decay products.

We report new results on p and co production in m+p
interactions at a center-of-mass energy of 5.4 GeV.
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Data were acquired with the SLAC hybrid-bubble-
charnber facility which included an external photon
detector. The ability to reconstruct n 's allows the mea-
surement of vector-meson production in exclusive final
states with two neutral particles. These data were aug-
mented with events from an untriggered 1S-GeV/c ~+p
bubble-chamber experiment. The combined data sample
allowed a more comprehensive analysis than was previ-
ously possible.

The plan of the paper is as follows. Section II de-
scribes the experimental procedure. Section III presents
the results for the relative p and co cross sections and the
inclusive co cross section. In Sec. IV the predictions of
the Lund model of low-pT hadronic reactions are com-
pared to the measurements. We surnrnarize our results
and present conclusions in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Data samples

P ~'lT P lT 'lT
0 0

~+p ~+~+ n ~0

77 P ~77 P77 'lT 'lT
0

'lT P ~'lT P lT W 77 'lT
0 0

~+p ~~+~+~+~ n ~0

(3)

(4)

Data in other channels were obtained from a high-
statistics 1S-GeV/c ~+p experiment of Baltay et al.
The data-summary tapes from this untriggered bubble-
chamber experiment were obtained and event samples
from the following reactions isolated:

77 P ~77 P77 77

P ~ 'lT P lT 7T lT 'lT

'lT P ~& P l7 'lT 'lT 77
0

The results reported here were obtained with data
from two bubble-chamber experiments. The more recent
data were obtained at the SLAC hybrid-bubble-chamber
facility. The 40-in. bubble chamber was filled with hy-
drogen and exposed to a 15.7-GeV/c ~+ beam. A large
array of lead glass was placed behind the chamber to
provide photon detection. Three tantalum plates, each
of one radiation length thickness, were mounted inside
the bubble chamber to convert photons at large angles.
The lead glass and the plates together, provided photon
detection over 8S% of 4~ steradians in the center of
mass for interactions occurring at the center of the
chamber. The trigger required an energy deposition of 8
GeV in the lead glass. Final states with two neutral par-
ticles (e.g. , rr 7r or neu-tron-~ ) were isolated by kine-
matic fits in which one or two ~ 's were reconstructed in
the lead glass and plates. The details of the experimen-
tal arrangement and cross-section measurements are
given elsehere. The production of p and co mesons
was studied in the following channels:

TABLE I. Number of events.

Reaction Number of events

P ~'lT P'lT 'lT
0 0

m-+p ~vr+~+n m
0

'll P ~'lT P lT & 7T
0

'lT P ~'lT P lT 7T 7T IT
0 0

+p ~+~+~+~ n ~0

'IT P ~ 'lT P 'lT 1T

'lT P ~ 77 P 'lT 7T lT

'lT P ~VT P lT lT 'lT 'lT' 'll 0

5 163

750
1 277 (triggered data)

16269 (untriggered data)

3 404

1 355

24 803

7 136
10090

tion and cross-section determinations for these reactions
are given in Ref. 7. Table I lists the number of events
used in this analysis for each of the reactions (l)—(g).

B. Resonance fitting

The cross sections for p and cu production have been
measured in each of the channels listed above. The
amount of resonance production in the two-pion and
three-pion invariant-mass distributions was measured as
follows.

The number of particles in a resonance peak was
determined with a 7 minimization fit of the following
function to the invariant-mass distribution

do /dm =8 +PR (9)

The p resonance was described by a relativistic p-wave
Breit-Wigner function. Additional resonance terms
were added to (9) to include the f and g mesons when
necessary.

A second-order polynomial was used to describe the
background under the co peak in the ~+~ ~ mass dis-
tribution. The cu resonance was fit with a simple Breit-
Wigner function which was convoluted with a Gaussian
mass resolution distribution. The widths and masses of
the resonances were fixed at the values given in the
Particle Data Group Tables

m =769 MeV, m =783 MeV,

I ~ =154 MeV, I =9.9 MeV .

The functions B, I', and R describe the background,
phase space, and resonance structure, respectively. In
practice, it was assumed that the phase space and back-
ground distributions have the same mass dependence,
and I' in the above equation has been replaced by a&B,
where az is the intensity of the resonance relative to the
background. The regions above and below the two-pion
mass at which the p background peaked were described
by separate equations. The region below the peak mass
was fit with a third-order polynomial. The background
beyond the peak was taken to have an exponential form:

8(m)= 3 exp( bm —cm )—.

plus data on reaction (3). The details of the data reduc- All other parameters were determined by the fit. The co
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FIG. 1. Fit of Eq. (9) to the m+m invariant-mass distribu-
tion for vr+p~m+pm. +~ m . The lower curve is the back-
ground as determined by the fit.

FIG. 3. Fit of Eq. (9) to the m+m. invariant-mass distribu-
tion for m+p~m. +~+no. . The lower curve is the background
as determined by the fit.

fits were done over the mass range from 0.6 GeV/c to
1.2 CzeV/c . The p-meson fits extended from threshold
to an upper limit determined by the number of events.
For the most populated channels, fits to 2.5 GeV/c and
beyond were done. In channels with less events the
upper limit was chosen to exclude bins with populations
of 10 counts or less. The mass range extended to at least
1.5 GeV/c for all p fits.

A fit with a 7 per degree of freedom less than 1.5 was
obtained for each of the p and co channels. In each case
the full distribution and background distribution were
plotted against the data and checked for reasonableness.
The mass resolution as determined by the co fits was
10—20 MeV for the untriggered data and 20—30 MeV
for the hybrid experiment. Examples of a typical fit are
shown in Figs. 1 —4. Figures 1 and 2 show the results
for the p and co in the a+pe+~ ~ events of Ref. 7.

Figures 3 and 4 show the fit to the p+ in the m. +m. +n~
and m+p~ ~ channels, respectively.

C. Cross-section calculations

The numbers of particles in the resonance structure
determined by the fits were used to calculate the cross
sections for the p and ~ channels. For the untriggered
data [reactions (6)—(8)], the resonance cross section was
taken as the fraction of the total final-state cross section
given by the ratio of the number of resonance particles
to the total number of events.

Cross sections for the hybrid data were calculated
with a normalization relation determined from samples
of untriggered data. Corrections for acceptance and
trigger eSciency were determined with a computer mod-
el of the hybrid facility. The data from the untriggered
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FIG. 2. Fit of Eq. (9) to the m. +~ m invariant-mass distri-
bution for n.+p~n+p~+n. m . The lower curve is the back-

ground as determined by the fit.

FIG 4 Fit of Eq (9) to the ~ In anant mass d~stnbu
tion for m+p~m. +pm n . The lower curve is the background
as determined by the fit.
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TABLE II. Resonance-production cross sections.

Reaction

Cross section'

(pb)

77 P ~'7T PP
m. +p ~~+n p+

P ~P'77 P
77 P ~77 PCO

7T P~7T PW P
0 0

7T P ~77 P'll P
77 P ~77 P77 P
77 P —+77 P'7T 6)0

77 P~W P77 77 P
0 0 0

77 P ~77 P77 77 P
0

'TT P ~77 P77 77 P
0

vr+p ~ ~+~ np0 0

~+p ~+~+ vr n p+
w+p ~sr+~ vr n p
~+p~~ ~+neo

vr+p ~~+~+n p
0

77 P~W P'lT W P
0

7T P ~77 PW 7T C0

7T P ~7T P7T 7T 77 P
0 0

'77 P ~77 P7T 77 W P
77 P ~W P77 7I 77 P

673+27
150+41
356+95

51.3+4.7
73+18

151+16
53+8 ~ 6

125+35
91+34

263+80b

88+34"

69+29
128+46b

15+11
40+ 19

162+28
330+ 15

81+9
323+31
98+15
35+11

'The co cross sections have been corrected to allow for all de-

cay modes.
This cross section is for events with E p or E p p greater than

2 GeV and proton momentum less than 1 ~ 5 GeV/c or neutron
momentum less than 2 GeV/c.

experiment were used to obtain an unbiased sample of
events with which the efficiencies were evaluated. For
example, events of the type a+~~~ p~ ~ p were
simulated with the ~+p ~~+p ~+~+ m ~ events ob-
tained from the data-summary tapes of Ref. 7. One
~+~ pair was taken to be a ~ ~ pair and a cut requir-
ing the invariant mass of another ~+~ pair be in the p
mass region was applied. The acceptance for the chan-
nel was taken as the fraction of the selected events
which satisfied the trigger requirements as applied with
the computer model. An acceptance of (46+10)% was
determined for this channel. A similar procedure was
used to measure the acceptance of other p and co chan-
nels.

Additional studies of the trigger efficiency were done
with samples of data taken without the trigger in effect.
The overall acceptance for four-prong events was found
to increase from 46% to 63%%uo as the energy carried by
m. 's increased from 2 to 15 GeV. However, the accep-
tance diminished rapidly as the neutral energy decreased
below 2 GeV. Therefore, a cut was made requiring the
neutral energy be greater than 2 GeV and the four-prong
results are quoted as partial cross sections.

III. CROSS SECTIONS AND RELATIVE cu AND p
PRODUCTION RATES

A. p and co cross sections

The cross sections of the p and co channels in reactions
(1)—(8) are given in Table II.'' Separate measurements
of the cross sections from reaction (3) were made with
the data from each experiment. The results were in
agreement except for the reaction

77 P ~77 P IT P
0 0 (10)

In this channel the resonance did not allow one to
discriminate against multineutral background as in cases
where the ~ is required to be in a mass combination in
the resonance region. Since the events in the untrig-
gered data were selected on the basis of one-constraint
fits, the background contamination is much worse than
in the hybrid experiment which used the lead glass to
detect ~ 's. This issue is discussed in detail in Ref. 5.
The results reported here for resonance production in re-
action (3) are taken from the analysis of the untriggered
data, excepting reaction (10) for which the results of the
hybrid experiment are given. In this way the benefits of
the high statistics and good acceptance of the untrig-
gered experiment are obtained in the channels without
severe background problems.

B. p and ~ cross sections and relative production rates

The ratio of the co and p production rates was mea-
sured by comparing the cross sections of final states in
which the kinematics are similar for the p and co. Table
III lists the pairs of reactions that were used and their
cross sections. The ratio of the full set of cross sections
1s

TABLE III. Cross sections for p and co production in pairs
of kinematically similar reactions.

Reaction
Cross section (pb)

MP 0 M =co

~+p ~+pM
~+p n+p~ M

+p ~+~+nM

n+p~n+pvr+77 M
~+p -~+p2(~+~- )M'
n+p ~+p 3(n+ ~ )M

673+27
73+18

162+28
330+15
76+ 15'
29+6b

51.3+4.7

125+35
40+ 35

81+9
22+6'
24+7'

'This cross section was taken from Ref. 7.
This cross section was taken from Ref. 12.

'This cross section was taken as one-half the value reported in

Ref. 12 (see Sec. III B).

co/p =0.26+0.03 .

This ratio includes the effect of the large ~+p p
diffractive cross section. In general, models of low-pz
reactions do not include such diffractive components
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since their connection to constituent interactions is not
understood. A ratio more relevant to the models is ob-
tained by excluding the first pair of cross sections:

tE)/p =0.44+0.07 .

The only previous measurement at this energy obtained
a value of 0.9+0.15 for this ratio. ' Our analysis in-
cludes two channels more than the earlier measurement
since we can observe u production in the m -m and
neutron-~ four-prong events. However, the difference
between the two measurements is primarily due to a sys-
tematic discrepancy in the m cross sections. The ~ cross
sections determined from both sets of our data are small-
er by about a factor of 2 than those given in Ref. 12.

The naive prediction of quark models for this ratio is
1.0 since the quark constituents of the p and co are iden-
tical. We interpret the smaller value as evidence of co

suppression in the vector-meson production dynamics.
Such a suppression may be attributed to two causes.
First, the large one-pion-exchange cross sections favor p
over ~ production. This is due to the fact that the n~
vertex couples more strongly to the p and to states de-
caying to a p than to the u. Second, the production rate
of a given meson resonance is likely to depend linearly
on the hadronic width of the resonance. Such an effect
would result in co suppression since I /I o=1/15. Evi-

P
dence of such a dependence is found in the observation
that inclusive vector-meson cross sections in pp collisions
at higher energies depend linearly on the resonance
width. '

We have investigated the relative strength of the two
suppression effects by measuring the co/p ratio in the
central and fragmentation regions. The central region is
taken to include resonances with Feynman x between
zero and 0.5. Only the forward central region was con-
sidered because of the low trigger acceptance for co's

produced backward in the center of mass. Resonances
with x greater than 0.5 are considered to be in the frag-
mentation region. The ratio in the fragmentation region
is representative of the suppression related to the ~~
vertex since exchange reactions are highly peripheral.
The ratio in the central region is more sensitive to the
width-dependent effect. Mesons produced in this region
are thought to originate from a quark-antiquark sea
which is produced at small x by the interacting quarks.
A width dependence in the dynamics of particle produc-
tion will be reAected in the ratios of mesons produced as

hadrons condense from the sea. The ratios in the central
and fragmentation regions were measured to be
0.41+0.08 and 0.42+0.09, respectively. Thus, the
suppression occurs with equal strength in the central and
fragmentation regions.

C. Inclusive co cross section

A direct measurement of the inclusive co cross section
is difficult to make because all charged and neutral pions
would have to be reconstructed. However, the cross sec-
tion can be estimated as follows.

The reactions in Table III account for nearly 30% of
the inclusive p cross section, and it is likely that a simi-
lar fraction of the inclusive cu cross section is represent-
ed. All the significant topologies are present and results
from multineutral reactions are included. It is therefore
reasonable to take the co/p ratio in these reactions as an
estimate of the fully inclusive ratio. The inclusive co

cross section can then be obtained by scaling the in-
clusive p cross section by the estimated co/p ratio.
However, the contribution of the diffractive ~+pp
channel must first be subtracted from the p cross sec-
tion since the co g parity does not allow a similar large
cross section for the co. The ~+pcs cross section is add-
ed back to the scaled cross section. Thus

=(o o —o' + o)(o' !o' o)eg$ gted+0 +p 7T pp p IT peg

=1.9+0.3 mb .

The value of o. o
——4. 8+0.4 reported in Ref. 8 was used.

P
The previous estimate of a. =4.0+0.7 mb reported in
Ref. 12 used a larger co/p ratio (see Sec. III B) and did
not remove the o. + 0 cross section for o. o before scal-

7T pp p
lng.

D. Relative production rates of p+, p, and p

The relative production rates of the three charge
states of the p were measured by comparing the cross
sections of four reactions for each of the p charge states.
Table IV lists the reactions and the cross sections. The
results are given for the central and fragmentation re-
gions (as defined in Sec. III B) in order to exhibit more
clearly the effects of the quark Aow from the beam to the
p. These cross sections were measured with mass distri-
butions obtained by selecting particle combinations

TABLE IV. Cross sections for p, p+, and p

Reaction

Cross section (pb) in x bins

(vrp)'= ~'p' (vrp) =m p+ (mp) =~+p
0&x&0.5 O. S &x&1 0&x&0.5 0.5&x&1 0&x&0.5 O.S &x&1

~+p ~w p (mp)
~+p ~m+p~ (~p)
m+p ~~+~+n (~p)
~+p ~~+p sr+ ~ ( ~p )

Total

40+ 11

74+27
36+16

179+17

329+37

27+ 10

7+8
52+6
94+ 16

58+7
122+42
49+25
57+11

286+50

84+ 8

162+45
64+20
24+5

334+50

25+5
89+32
4+9

23+9
141+35

12+4
12+9
9+4
9+4

42+ 12
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TABLE V. Measured p cross-section ratios and Lund-model predictions.

Ratio
Central region (0&x &0.5)

Measured Lund

Fragmentation region (x & 0.5j

Measured Lund

0.49+0. 15

1.15+0.24

0.43+0. 12

0.38+0.01

1.05+0.02

0.36+0.01

0.13+0.04

0.28+0. 11

0.45+0. 15

0.05+0.002

0.15+0.01

0.33+0.01

which satisfied the x cuts. The methods described in
Sec. II were used to count the numbers of resonance par-
ticles and calculate acceptance corrected cross sections.
As with the full distributions, a good fit with g per de-
gree of freedom less than 1.5 was obtained and plotted
against the data in each case.

Table V gives the ratios determined from the results in
Table IV. The relative sizes of the cross sections in the
fragmentation region are consistent with the idea that
these mesons are produced by leading quarks from the
beam:

+)~ o)~
P P P

The ratios in the central region also exhibit a depen-
dence on the beam valence quarks since both flavors of
the beam quarks are common to p+ and p but neither
are in the p

0 + 0 o)CT
P P P

This observation can be interpreted as evidence of the
"held back" quark eA'ect which postulates that one of
the beam quarks is held back in the central region while
the other fragments with a large fraction of the full
beam momentum. '

lisions required the assumption of a reasonable mecha-
nism whereby the hadronic reactions proceed. The au-
thors of the model postulated that the hadronic process-
es occur as follows. The color field of a quark in the
beam overlaps with that from a target quark such that
these quarks expend all their energy in stretching the
color flux tube between them. The remaining quarks
move into their respective hemispheres until their energy
is also contained in the color field. The final
configuration is a single color flux tube with all five
valence quarks located at various positions along the
tube. The structure functions of the incoming hadrons
are used to determine which pair of valence quarks in-
teract initially and the locations of the quarks along the
color field. The Lund fragmentation scheme is used to
hadronize the stretched system into a hadronic final
state.

In the following sections the predictions of the Lund
model are compared to the p and co measurements re-
ported above. A total of 200000 ~+p interactions at a
center-of-mass energy of 5.4 GeV were generated with
the Lund Monte Carlo program. These events were ana-
lyzed just as the real data to obtain the model's predic-
tions for relative cross sections and Feynman-x distribu-
tions.

B. Relative cross sections for p and co final states

IV. COMPARISON WITH THE LUND MODEL

A. The Lund model of low-pT hadronic collisions

The confinement property of quantum chromodynam-
ics (QCD) suggests that the color force can be simulated
with a string model. The Lund model of quark fragmen-
tation combines semiclassical string dynamics with ele-
ments of QCD to simulate jet production in electron-
positron annihilation. ' ' Hadronization in this formu-
lation is most easily treated as a stochastic process, and
a Monte Carlo program is used to obtain the predictions
of the model. The success achieved with leptonic reac-
tions prompted the extension of the model to low-pz
hadron-hadron collisions. Since the predictions for ha-
dronic reactions are also obtained from Monte
Carlo —generated events, they may be tested in specific
channels. Thus, unlike other models which only predict
inclusive distributions, the Lund model can be compared
to data for mesons which are difTicult to study inclusive-
ly (e.g. , co, p+, p ).

The extension of the model from the relatively simple
quark-antiquark configuration in electron-positron an-
nihilation to the complexities of hadron-hadron col-

The Lund-model prediction of the cross sections of
several p and ~ final states was obtained by counting the
channel populations in the sample of Monte Carlo
events. A sensitivity (in pb/event) for the Lund data
was determined by a 7 fit which minimized the overall
deviation of the predicted cross sections from the mea-
sured ones. Table VI lists the p and cu final states, the
measured cross sections, and the Lund predictions
(channels such as ~+pp which are dominated by
difT'ractive processes are not included). Double-
resonance production is included in the cross sections
(e.g. , the w+pp+p channel adds to both the
~+p ~ ~ p and the w+p w ~ p+ cross sections).

The model agrees qualitatively with the data in that it
reproduces the gross features of the cross sections.
Some of the discrepancies are due to the absence of
difl'ractive dissociation in the model. For instance, the
low prediction for the ~+p~+~ p channel is due to the
contribution of beam and target dissociation, ~+
~ 3 i

+ ~~+p and p ~p w+ w, respectively. Further-
more, since the only mesons included in the model are
the pseudoscalar and vector multiplets, the contribution
of tensor mesons to the p and ~ cross sections is not in-
cluded.
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TABLE VI. Measured cross sections and Lund predictions
for p and co final states.

400

Reaction

Cross section (pb)
Measured Predicted 300—

'TT P ~7T POT P
0 0

7T P ~'7l P77 P
'TT P ~& P'll P

P ~'TT P7T CO
0

vr+p ~vr+~+n cu

m. +p ~n+~ n p
0

7T P~7T P7T & P
0 0 0

7T P~7T P& 7T P
0

P ~7T PTT K P
0

+p~vr+vr+~ np0 0

7T p ~7T 7T & np
m-+p ~~+~+~+n p
VT P ~7T P7T 7T P

0

7T P ~77 P& 7T Q7

7T P ~7T PIT 77 7T P
0 0

7T P ~7T P'TT K VT' P
7T P ~7T P7T TT 7T P

73+18
151+16
53+8.6

125+35
40+19

162+28
91+34

263+80
88+34
69+29

128+46
15+11

330+15
81+9

323+31
98+15
35+11

106

241

58

201

21

65

153

458

102

52

57

7

88

90
194

63

15

C. Feynman-x distributions

The charge dependence of the p cross sections is
reproduced rather well by the model. This dependence
is displayed in more detail by Table V which gives the
p+, p, and p cross-section ratios for the reactions list-
ed in Table IV. The Lund-model predictions for these
ratios are also shown. The impact of the beam valence
quarks on the identity of forwardly produced mesons is
evident in the numbers. The region with xz greater than
one-half is particularly sensitive to the beam quark flow.
The model is in agreement with the data in the central
region. The predictions for the fragmentation region are
surprisingly good considering the large diffractive contri-
bution to this region.

As expected, the Lund-model prediction for the co/p
ratio was equal to 1.0 for the channels in Table III.
However, when the data cuts on the m momentum were0

applied to the Lund events, a ratio of co/p =1.21+0.02
was obtained. This result implies that the fully inclusive
co/p ratio is less than the value of 0.44+ 0.07 measured
for our detected events. Using the Lund model to
correct for the effect of the data cuts yields a ratio of
63/p =0.36+0.06.

200—O

b

IOO—

FIG. 5. do/dx of the p in m+p~m+pm+m+vr m for all
events (o ) and after making longitudinal-phase-space cuts (~ ).

component. The Lund data, however, exhibit very little
5++ production and do not simulate well the peripheral
nature of the exchange process. Presumably the constit-
uent interaction mechanism which the model attempts to
describe is revealed when the diffractive and exchange
processes are removed. The peripheral events were elim-
inated in the following manner.

A feature of hadronic interactions is that the
longitudinal-momentum distributions of final-state parti-
cles are sensitive to the particle-production dynamics. '

We devised longitudina1-phase-space (LPS) cuts for
several channels which removed the diffractive and ex-
change components. These cuts eliminated the LPS re-
gions which are dominated by beam and target dissocia-
tion and quasi-two-body-exchange reactions. An exam-
ple of the effect of the cuts on the Feynman-x distribu-
tions is shown in Fig. 5. The details of the LPS analysis

300—

200

b

The p and co Feynman-x distributions for the channels
listed in Table II were compared to Lund-model predic-
tions. As expected, the Lund events exhibited more cen-
tral production relative to the fragmentation region than
the data. However, this difference is not entirely due to
diffractive processes. A sizable fraction of the inelastic
~+p cross section at this energy results from one-
particle-exchange reactions. The presence of a strong
6++ signal in these data indicates a large exchange

IOO—

0
-I

X x
I

FIG. 6. do. /dx of p 's in the reaction ~+p~m+p~+~
The data points are given by the circles and the Lund-model
prediction is shown with the x's.
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FIG. 7. d cr /dx of p 's in the reaction
m. +p~m+pn. +vr+n m . The data points are given by the cir-
cles and the Lund-model prediction is shown with the x's.

FIG. 9. d o /dx of co's in the reaction
vr+p~~+p~+~+m ~ n. . The data points are given by the
circles and the Lund-model prediction is shown with the x's.

are given in the Appendix.
Four examples of do. /dx distributions after making

the LPS cuts are shown in Figs. 6—9. The predictions of
the Lund model are also shown. Each Lund distribution
was normalized to the data by a separate P fit. Ideally,
the four normalization factors would have been the
same, but, as discussed above, the model can only make
qualitative predictions of relative channel cross sections.
Since the general shape of the distributions is determined
by kinematics, the agreement with regard to gross
features does not imply that the dynamics are well simu-
lated by the model. Rather, the salient feature is that
the predicted distributions are more central than the ob-
served ones.

500

200—

100—

FIG. 8. d o. /dx of p 's in the reaction
~+p~a+pm. +~+m. m m. . The data points are given by the
circles and the Lund-model prediction is shown with the x's.

D. Interpretation

The results of tests of the Lund model given here and
elsewhere present somewhat of a paradox. ' The model
successfully predicts relative particle yields in various ki-
nematic regions (excepting co production which involves
some dynamic effects associated with the small width of
the co which are not included in the model), yet the pre-
dictions for channel cross sections and Feynman-x distri-
butions find only qualitative agreement with the data.
The following discussion presents our interpretation of
what these observations imply about the dynamics of ha-
dronic reactions.

The channel cross sections depend in a complex way
on the distributions of the numbers of the various had-
rons produced. These distributions are related to the
number of color fields produced in the interactions and
the amount of energy transferred to the fields. Obvious-
ly, the Feynman-x distributions also depend on the dy-
namics of the color field formation. The model's as-
sumption of a single color Aux tube to which the valence
quarks transfer all their energy is certainly too simplistic
to capture the full range of dynamic possibilities. How-
ever, since this configuration is likely to occur rather fre-
quently, one would expect the qualitative agreement
achieved by the model.

On the other hand, the relative particle yields are sen-
sitive to the hadronization or "decay" of the color fields
and are rather insensitive to the manner in which the
fields are formed and stretched. The Lund model de-
scribes the hadronization process well since it was tuned
to electron-positron annihilation in which parton had-
ronization can be cleanly observed. If the underlying
particle-production mechanism in hadronic reactions,
whether diffractive, exchange, or constituent scattering,
is indeed this process, then the model's predictions of
particle ratios should be correct even for regions dom-
inated by peripheral processes. The model's success in
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this regard implies that parton had ronization is the
particle-production mechanism in hadronic collisions.

V. SUMMARY AND CONCLUSIONS

We have studied p and ~ production in 7T+p interac-
tions with a hybrid bubble-chamber facility which in-
cluded a lead-glass photon spectrometer. The 7T detec-
tion provided by this apparatus allowed the measure-
ment of several p and co cross sections in exclusive reac-
tions with two neutral final-state particles. We measure
the ratio of co to p production to be cu/p =0.26+0.03
for all observed channels and 0.44+0.07 for
nondiffractive production. This ratio is quite different
from the value of 1.0 predicted by constituent-quark
models. We interpret the smaller value as evidence of a
width dependence in the vector-meson production dy-
namics. We estimate an inclusive co cross section of
1.9+0.3 mb by scaling from the measured inclusive p
cross section. The ratios of the production rates of p+,
p, and p measured in the central and fragmentation
regions are observed to follow the general trends predict-
ed by quark models.

We have compared our measurements to the Lund
model of low-pz hadronic interactions. The model's pre-
dictions of the p production ratios are in quantitative

agreement with the measurements. However, the model
achieves only qualitative success with relative channel
cross sections and Feynman-x distributions, even when
diffractive and one-particle-exchange reactions are re-
moved. We conclude that despite the model's other fail-
ings, its ability to predict particle-production ratios sup-
ports the hypothesis that parton hadronization is the
particle-production mechanism in soft had ronic reac-
tions.
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APPENDIX

Longitudinal-phase-space cuts were used to remove
the diffractive and one-particle-exchange components in
the reactions

TABLE VII. Longitudinal-phase-space regions in which cuts were made to remove events produced by diffractive and exchange
processes.

Final state

Forward

particles

Backward

particles Events removed

Peripheral process

removed

7T P 7T 7T

P 7T 7T

7T P 7T 7T

7T P 7T 7T 7T 7T

7T P 7T 7T 7T 7T

P 7T 7T 7T 7T 7T

7T P 7T 7T 7T 7T 7T

7T P 7T 7T 7T 7T 7T

7T+77 7T'

7T+7T+7T 7T'

7T+7T+7T 7T 7T'

P 7T 7T

P7T

P 7T 7T 7T

P 7T 7T

P 7T' 7T 7T

P 7T 7T

P7T

All events

Events in which the mass

of the backward 7T+ and

proton is less than 1.4
GeV/c 2

Events with the Feynman

x of the forward 7T+7T+7T

combination greater than

0.88

All events

Events with the Feynman

x of the forward 7T+7T+7T

combination greater than

0.75

Events in which the mass

of the backward 7T+ and

proton is less than 1.4
GeV/c
All events

All events

Events in which the mass

of the backward 7T+ and

proton is less than 1.4
GeV/c

Target dissociation

Exchange reaction in

which a 6++ is

produced

A~ and A2 production

Exchange reactions

and A2 production

Exchange reaction in

which a 6++ is

produced

Exchange reactions

Exchange reactions

Exchange reaction in

which a 6++ is

produced
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7T P ~7T P7T

77 p ~& p& 7T & 7T

7T P ~77 P77 7T 77 7T 77+ +

The LPS regions for each reaction were defined by the
sets of particles which were forward and backward in
the center of mass. For example, the m+pm+vr channel
has five LPS regions corresponding to forward produc-
tion of m+, ~, n+ ~+, ~+~, or sr+ ~+~ with the

remaining particles in the backward hemisphere (the
proton is rarely in the forward hemisphere and LPS re-
gions with the proton forward were not considered). As
expected, the regions to which the diffractive and ex-

change reactions contribute are the most highly popu-
lated.

Table VII lists the cuts and LPS region in which each
was applied. The peripheral process which each cut was
intended to remove is also listed. Since constituent in-
teractions could also contribute to these LPS regions,
care was taken to retain as many of these events as pos-
sible. Thus, in some regions only those events which
displayed characteristics of the peripheral process were
rejected. For instance, the invariant mass of the ~+ and
proton in the backward hemisphere was required to be
less than 1.4 GeV/c for regions in which the exchange
reaction produces a 6++. The combined effect of all the
cuts was to remove 54%%uo of the total number of events in
the three reactions.
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