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We present in this paper a study of the 6,++(1232) inclusive production for momentum transfer squared to
the target proton, gati & 1 (GeV/c)'. We have investigated the production mechanism of the a++ by

measuring its density matrix elements as a function of t and of the missing mass squared, Mx, and by

carrying out a triple-Regge analysis. For $i & 0.4 (Gev/c)r, the 5++ production mechanism is consistent

with one-pion exchange. We have also studied the average charged multiplicity recoiling from the 5,++ as a
function of M»', for (i & 0.4 (GeV/c)'. The study yields information about the rr rr average charged

multiplicity.

I. INTRODUCTION

(a)
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X
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FIG. 1. Diagrams describing E++ production via {a)
single-exchange and {b) double-exchange mechanisms.

It has been shown recently that inclusive ~'+

production may be described by two apparently
different mechanisms which result in the same
experimental observations. "A study of the re-
action

v-p -n" (1232}X-

(where X stands for anything} at 147 GeV/c has
shown that the properties of inclusive d" produc-
tion are consistent with both one-pion exchange
at the lower vertex and resonance formation at
that vertex, which then decays into n"rr (see Fig.
1}.' The former interpretation has been used for
the description of 4" inclusive production in the
energy range 8-300 GeV/c in pp, s tr 'p, »

w p, ' and
K P ' interactions.

In an earlier publication studying reaction (1)
at 15 GeV/c, we have shown that the experimental
results are consistent with what would be expected

if the 4 were a decay product of a diffractively
produced higher-mass object, a main component
of which is a low-mass 4,"n system. ' In the pres-
ent paper we study the inclusively produced b,"
from the point of view of one-particle exchange.
To this end we have investigated the behavior of
the density matrix elements of the n as a func-
tion of the momentum-transfer squared t between
the 4 and the target proton, and as a function
of the energy of the X system, Mx. In addition,
we have carried out a triple-Regge analysis in
the kinematic region where the model is believed
to be valid.

In contrast to the situation in inclusive 4" pro-
duction in PP and 7i'p reactions, the systems re-
coiling from the n"' in reaction (1) and in the re-
action

K P d "X"

are exotic and are not expected to contain reson-
ances. Thus one expects Pomeron dominance at
the upper vertex for both reactions (1) and (2).
We have compared reaction (2) at 14.3 GeV/c
(Ref. 6) to reaction (1) at 15 GeV/c in order to
check this assumption. If factorization holds and
Pomeron exchange dominates, these two reactions
are related.

A study of inclusive Ll" production in &'P inter-
actions at 100 GeV/c has shown that the process
is consistent with one-pion exchange. ' The aver-
age multiplicity in n'rr scattering was extracted
by studying the system recoiling off the &" pro-
duced in ~'P interactions. We have performed a
similar study in which we extract the m m aver-
age charged multiplicity and compare it to that of
F'r .

The experimental details are presented in Sec.
II. The cross sections for reaction (1) are given
in Sec. III. Some inclusive distributions are shown

17 681



682 F. BARR EIRO et al. 17

in Sec. IV, and a comparison with reaction (2) is
carried out. Section V contains the results of

the 4"-decay density matrix elements. In Sec.
VI a triple-Hegge analysis of the data is presented
while in Sec. VII we discuss the average charged
multiplicity of the system X . The results are
summarized and conclusions are given in Sec. VIII.

H. EXPERIMENTAL DETAILS

The data used in the present study comes from
an exposure of the 82-in. SLAC hydrogen bubble
chamber to a 15-GeV/c w beam. About 470000
pictures were taken, measured by the MIT PEPR
(Precision Encoding and Pattern Recognition}
system, and processed through the chain GEOMAT-

SQUA%. Complete details about the event
selection and processing criteria are given else-
where. ' AD negative tracks were considered to
be pions, while positive tracks with laboratory
momentum less than 1 GeV/c could be unambig-
uously identified as pions or protons by ionization.
From kinematic considerations we estimate that
the detection efficiency for 4" production up to

~t~ ~1.0 (GeV/c)' is better than 90%. Each top-
ology was corrected for scanning losses and mea-
suring inefficiencies, the cross sections being ob-
tained by normalizing all scanned events to the
total w p cross section at 15 GeV/c. '

With these criteria we can therefore conclude
that our sample for the reaction

form

dN E ( )
)

P( )
f&, ( }d fP(m)d

(4)

to the distributions in Figs. 2(a) and 2(b). Here
N is the total number of weighted events, a is the
resonance fraction, F»(m) stands for the Brett-
Wigner function associated with the baryon res-
onance, 'c and P(m) stands for a polynomial back-
ground. "

A minimum-)(' fitting procedure was used, al-
lowing the parameters in Eq. (4) to vary. The
best fits are represented by the solid lines in
Figs. 2(a) and 2(b), and from them we calculate

o(w p-n"X, ~t ~

~ 1.0 (GeV/c)w)=0. 85 +0.04 mb,

(5)

0'(w p -4 X, ~t
~

- 0.6 (GeV/c)')=0. 64+0.03 mb.

In order to check the energy dependence of re-
action (3), we have compared our results with
those at 14V GeV/c' and at 205 GeV/c. ' Figure
3 shows the cross section for reaction (3) for two
sets of cuts: (a) I

t
~

& 1.0 (GeV/c)' and 1.12
&)If (pw') &1 32 GeV»d (b) It I

&0 6 («V/c)' ~d

~l ' I I I I I I I I I I I I I I I

&p pn'+X (3)
I200—

is reasonably unbiased if we restrict ourselves to
pw' effective masses below 1.34 GeV/c and ab-
solute momentum transfer squared from the pn'
system to the target proton up to 1.0 (GeV/c)'.

IOOO—

800—

III. CROS$ SECTIONS

The pw' mass distributions for ~t
~
&1.0 (GeV/c)'

and ~t & 0.6 (GeV/c)' are shown in Figs. 2(a) and
2(b), respectively. A clear n" signal is observed
standing out on top of a smooth background in both,
but the amount of background is less with the smal-
ler t cut. However, the background in both cases
can be almost completely removed by a cut on the
proton polar angle, 8~, in the Gottfried-Jackson
frame for the P& system, the distribution for
which shows a strong forward-backward asym-
metry. A study of this angular distribution above
the & ' region shows that almost all events lie in
the forward hemisphere. We therefore imposed
the cut, cos&z ~ 0, and as can be seen in Figs. 2(c)
and 2(d), this almost completely eliminates the
background underneath the A

In order to measure the cross section for re-
action (1) with the two different momentum-trans-
fer squared cuts, we fitted an expression of the

) 400—

200—
0
0
- 400—

300—

(c)

IOO—

l4
I I I I i I I

I 8 t0 l4
M( p77 ) (GeV)

FIG. 2. Inclusive Px+ mass distributions with the
following cuts: (a) )tp, pw+) —1.0 GeV/c)2, (b) )tp,pw"

(~ 0.6 (Gev/c) t, (c) It p, p w+
(
~ 1.0 (GeV/c) t and cos8~

~ 0, (d) I t P, P m+
I
~ 0.6 (GeV/c) 2 and cosa+ ~ 0. The

solid line in (a) and (b) is the best fit to the data, as
described in the text. The dotted lines are the contri-
bution of background to the mass plot.
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order to obtain an unbiased distribution up to
t' ~ 0.4 (GeV/c)', the data was subject to an ad-
ditional cut of (M~'/s) ~ 0.3. Figure 4 gives the
resulting distribution which shcws a steep ex-
ponential decrease. A fit to these data up to t'
=0.28 (GeV/c)' by a single exponential yields a
slope of 6.2+0.5 (GeV/c) . This is to be com-
pared to the value 5.3 +0.8 (GeV/c) ' obtained at
147 GeV/c. ' For comparison we have also fitted
the corresponding data of reaction (2) at 14.3
GeV/c for the same f' range. The resulting slope
of 5.0 +0.5 (GeV/c)» is in good agreement with the
slopes obtained for the t' distribution in reaction
(1).

FIG. 3. The production cross section for the inclusive
process m P (p~)X as a function of the incident
beam momentum.

1.12&M(pw') &1.36 GeV. As can be seen from
this figure, the cross section for the pm' system
produced in reaction (3) stays constant from 15 up
to 205 GeV/c.

IV. PRODUCTION FEATURES OF 4++

A. t' distribution

Although t'= ~t-t „I is not a proper inclusive
variabl. e, it can be used to show the peripheral
nature of the mechanism responsible for & pro-
duction. In order to obtain the differential cross
section do/dt', the fits described in the previous
section were repeated for each t' interval. In

B. Pz distribution

The procedure used to obtain the transverse-
momentum distribution da/dPr' for the &" is
similar to that used for the do/dt' distribution
described above. In each of the I'~' intervals,
a fit to the p~' mass distribution was carried out
in order to get the amount of 4" produced in that
interval. Figure 5 shows the do/dPr distribution
for Pr' ~ 0.45 (GeV/c}'. The distribution shows
an exponential falloff with a slope of 7.0 +0.5
(GeV/c)~. This slope is similar to that obtained
at 147 GeV/c, 6.7+0.5 (GeV/c) '.'

C. Invariant cross section d20/dtd(N& 2/s)

In order to obtain the invariant cross section
d'o/dtd(M~'/s) for reaction (1), one would ideally
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FIG. 4. The t' distribution for inclusive 4++ production
in n P interactions at 15 GeV/c. A fit to an exponential
form (solid line) yields a slope of 6.2+ 0.5 (GeV/c) 2.
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FIG. 5. The Pz distribution for inclusive 6++ pro-
duction in n p interactions at 15 GeV/c. A fit to an
mponential form (solid line) yields a slope of 7.0+ 0.5
(GeV/c) ~.
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like to fit the pm' mass distribution for the amount
of t1" in each of the t and Mr'/s intervals. How-
ever, due to our statistics limitations and ad-
ditional complications because of Chew-Low
boundary effects, we used a different procedure.
We have shown earlier (see See. II} that a cut on
the proton pol.ar angle, cos~~ «0, reduced almost
completely the background underneath the ti
We have therefore defined the invariant cross
section to be twice the density of points in the
Chew-Low scatter plot (t, Mx'/s}, after applying
the cut cose~ «0 to the data, normalized to the
cross section given in (5). The results are shown
in Fig. 6 for the t range 0- ~t

~

& 0.6 (GeV/c)'. A
triple-Regge analysis of these results is given in
Sec. VI.

In this section we would like to compare our
distribution with that of an experiment at 14.3
GeV/c studying reaction (2). In both reactions
(1) and (2), the system recoiling against the t1'+

is exotic. Thereiore, using duality considera-
tions, one expects the exchanged-Reggeon-inci-
dent-pseudoscalar scattering to be Pomeron-dom-
inated even at low M„'/s values. The dependence
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FIG.6. Invariant cross sections d2cr/dt+Mx2/s) for the
reactions m P 4' +X at 14.3 GeV/c (histogram). For
comparison, the E p data was multiplied by 1.19, which
is the ratio between the cd(7I p) and o z(K p) at 50 GeV/C.
(e) 0.05 &

f ted&0.10 {Gev/c)t, (b) 0.10& [ted&0.15 (GeV/c),
(e) (c) 0.15 )t &&0.20 (Gev/c)t, (d) 0.20&)tf&0.30 (GeV/
c)t, (e) 0.30 & t~ &0.40 (Gev/c)t, (f) 0.40 & [t~&0.60 (GeV/
C)2

of the inclusive cross section for reaction (1) on
energy indeed supports this statement. Further-
more, if the Pomeron factorizes, one would ex-
pect the invariant cross sections for reaction (1)
and (2) to be in the same ratio as the v p and K p
total cross sections. Thus, we have multiplied the
data of Ref. 6 by 1.19, which is the ratio cr(v p)/
ttr(K p) at -50 GeV, 9 and Fig. 6 shows the compar-
ison of these data with ours. Although the two
experiments are not at exactly the same s value
and the systematic uncertainties have not been
ten into account, the agreement between the two
sets of experimental data is good. This indicates
that our assumption of Pomeron dominance to-
gether with Pomeron factorization is a valid one.

V. 6++ DECAY PROPERTIES

The decay properties of a produced resonance
are frequently investigated by measuring the res-
onance density matrix elements. This task is often
complicated, as in our case, by the presence of
the background.

In this section we will investigate the behavior
of the baryon resonance density matrix elements
as a function of the inclusive variables t and Mr'/
s and we will restrict ourselves to the sample de-
fined by )t~ &0.6 GeV/c', Mx'/s-0. 3, and m(pv')
«1.34 where, as discussed in Sec. II, our detec-
tion efficiency for rV' is 100% and the amount of
background is small.

The technique that we have used has been suc-
cessfully applied in an analysis of the reaction
tfP-+'(1365)X at 4.2 Gev/c. " Using the max-
imum likelihood technique we fitted the mass de-
pendence of the (pv') t-channel helicity decay
distribution assuming that the background under
the 4" is in an s-wave state. We have therefore
defined the following likelihood function:

=.. (,~}F..(-)+(1--.)P(m), (6)

where ntt is the resonance fraction, Fs„(m) and
5'(m) are as defined in Sec. III, and W(t), P) is
the decay angular distribution for the ~ . We have
checked the quality of the fits by making X' tests
to the p~' effective mass distribution and the
single-decay angular distributions. In Fig. 7 we
show the result obtained for the density matrix
element p, /, », as a function of I t

~

for different
Mx'/s values. Very similar results are obtained
if instead of the above-described maximum likeli-
hood method, we use only events with cosN~ «0
and fit the backward hemisphere to the expression

1 1(—,+ p, /»»)+3( —,—p, /z, /e) cos e. As canbe seen
for all Mr2/s values, p, /»s is close to zero up
to

~
t

~

-0.3 (GeV/c)'. The one-pion exchange
mechanism predicts the value p»»&, = 0 for pure
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FIG. 7. The density matrix element P&&zz&& of the d++ as a function of ~t~ for different Mz /s values.

pion exchange, or p»»»=0. 12 for absorptive
pion exchange. ' We therefore conclude that the
one-pion exchange mechanism is the dominant
one for ~t~ ~0.3 (GeV/c)'.

VI. TRIPLE-REGGE ANALYSIS

In this section we will attempt to describe 4'+

production in the framework of the triple-Regge
model. The schematic diagram for this process
is shown in Fig. 8. By & we denote the trajectory
coupled to p —&"vertex and by M we denote the
exchange responsible for w E- w E scattering.
From our discussion in Sec. IV C, we have rea-
sons to expect M to be the Pomeron, while from
our analysis in Sec. V on the 4 decay properties,
we expect the pion to be the trajectory coupled
to the p-&" vertex. However, in our analysis
we will rely only on the assumption that M is the
Pomeron and try to obtain information on the ex-
change trajectory E. With this in mind, we write
the triple-Regge invariant cross section as fol-

D"(iz~z)

FIG. 8. Triple-Regge diagrammatic representation
of the reaction n p-&'+X

laws:

f(s, f M /s) = P(f)(M /s) & 0'z s p

(7)
where P(t) is a residue function. a~(0) is the in-
tercept of the Pomeron trajectory for which we
will use the value n~(0) =1.0. This value has been
used in similar triple-Regge analyses and in the
one case' where it was left as a free parameter,
n~(0) was shown to be consistent with 1.0. nE(t)
is the trajectory of the exchanged particle &. In
order to determine this trajectory, one generally
fits expression (7) to the M» /s distribution for
various I; intervals in the region where the model
is valid (Mz'/s ~ 0.3). However, in this case the
differences between the kinematic boundaries in
each t interval, due to the width of the 4 reson-
ance, severely limits the allowed Mz'/s region.
In order to use the maximum number of events
with Mz'/s&0. 3, we followed the procedure des-
cribed in Ref. 6 and defined the quantity z =M„'/
M ~', where Mm~' is the maximum possible value
of M„ for any given t and p& mass value. We
fitted the z distribution by the form z"", where
b(f) =a~(0) —2ns(f) =1 —2az(t), at eight f values
in the region, 0.05 - f ~ 1.0 (GeV/c)'. For this fit
we used all events with 1.14 ~M(pw') ~ 1.34 GeV
and Mz'/s&0. 3. Figure 9 shows the results of
this fit. In the same figure we show the expected
trajectory for E, = ~ and for k = p. As expected
from our density matrix analysis, for f &0.4 (GeV/
c)' the results are close to the w trajectory, while
for larger t, they tend to move closer to the p
trajectory. In order to check whether these re-
sults may be gfected by the background events
in the L-mass region, we repeated the fit with
the additional cut of cos~~&0. As seen from the



F. BARRKIRO ei NI.

I I I I I III I I I I I II

0.4—
Tr

'
p —Q+'X

x ~ p ~Q, ++X

This experiment

04—

(n„&
3—

s2—

-08—

I

-0.8
I I I

-0.4
t [(GeV/c)'j

0.4

FIG. 9. Values of ez(t) from a triple-Regge fit for
the reaction n' P —(P&)X—at 15 GeV/c. The fu11 dots
are from fits to the data with the cuts (t (

—1.0 (GeV/c)t,
Mx2 ~ 0.3, and 1.14~M(pm+) ~ 1/34 GeV. The open
circles have the additional cut of cose+~ 0.

figure, the results rexnain unchanged.
Our results agree with those obtained in K p

interactions at 14.3 GeV/c' and are in contradic-
tion with the similar analysis of inclusive 4 pro-
duction in tt'"P and K p interactions at 10 and 16
GeV/c. ' We would like, however, to point out
that our results are dependent on the assumption
that a ~(0}= 1.

m@w X (8)

where w~ stands for the off-mass-shell pion.
Therefore, a study of the average charged multi-
plicity of X, (tt»), as a function of M»' would
yield information about the ~ m average charged
multiplicity. However, when one calculates the
average charged multiplicity of a reaction ab-X,
one does not include events in the elastic channel,
ab-cb. In our case this would mean that we have
to remove the reaction w p- 6"v w (four-prong,
four-constraint events, 4P-4C) from the sample
for the Q») study.

Figure 10 shows the results obtained for

VII. AVERAGE CHARGED MULTIPLICITY

Assuming the pion to be the dominant exchange
for ~t i

&0.4 (Gev/c}, the system X in reaction
(1) is the result of an off mass-shell-pion inter-
acting with a real pion. In other words, we "mea-
sure" the reaction

&»(M»')) at 15 GeV/c together with results from
a similar analysis studying reaction (1) at 147
GeV/c. " We have plotted for comparision data
obtained from the reaction

++@ g++~ 0

at 100 GeV/c. ' For all three energies, the 4P-4C
events are excluded. For the v reaction gati &0.4
(GeV/c)', while for the v' reaction i f

~
& 0.88

GeV/c)'. A study of (n»(M»', f)) at 147 GeV/c
shows almost no f dependence of (n»}; therefore,
the comparison of these two reactions is plausible.
As evident from Fig. 10, charged multiplicity of
the X' system in reaction (9) is consistently higher
by about 0.5 than that of the X system in reaction
(1). Since the 100-GeV/c v' experiment also con-
cluded that its results are consistent with one-
pion exchange, our comparison indicates that the
&+&~ average charged multiplicity is higher than
the m tt'~ one by about 0.5.

For a further interpretation of this result, it is
useful to refer to a simple model which mas used
to explain differences of average charged multi-
plicities in a study of » p interactions at 147 GeV/
c." In this model the average charged multi-
plicity Q») of the reaction a+ b- c+X may be ex-
pressed in the form (see Fig. 11)

(tl») = ss + so+ sg . (10)

no is the average charged multiplicity in the central
region and is believed to increase linearly with
lnM»*. tte(ns }is the average number of particles

I I I I I I III I I I I I I II
2 5 10 20 50 IOO

M„' (GeV')

FIG. 10. Comparison of the average charged multi-
plicity of the system recoiling against the 4++ in n+p

interactions at 100 GeV/c (see Ref. 4) and, in 7r P inter-
actions at 147 GeV/c (see Ref, 14) and at 15 GeV/c.
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FIG. 11. Diagrammatic representation of the reaction
a+ b e+X.

into which particle b (E„, the exchanged particle
at the ac vertex) fragments. Therefore, in view
of this model, the difference between (nr) from
reaction (9) and (nr) from reaction (1) would be
n, + —n;. Thus, in the framework of this model,
we conclude that the ~ fragements on th8 average
into more particles than the ~ . In order to check
the consistency of this result, one should. compare
(ri) for v'p to that for v p. An extensive study of
(n) for different reactions and a wide range of en-
ergies" shows indeed that (n(w p)) is higher by 0.0
to 0.4 than Q(v p)). The same trend is also ap-
parent in Kp reactions, the K'p average charged
multiplicity being higher than that of K p."

VIII. SUMMARY AND CONCLUSIONS

In a study of 4" inclusive production in &P in-
teractions at 15 GeV/c, we have measured its
production cross section and obtained the values

o(v p-a"X, ~t~ &1 (GeV/c)')=0. 85+0.04 mb

and

0'(& p n ~X, ~i',
~

&0.6 (GeV/c) )=0.64+0.03 mb.

We have studied the production mechanism in a
one-particle-exchange picture, trying to deter-
mine the nature of the exchanged particles. %'e

have shown that the Pomeron is the dominant ex-
changed particle at the upper vertex by studying
the energy dependence of reaction (1) and by com-
paring it to reaction (2) at 14.3 GeV/c. This com-
parison assumed Pomeron factorizability and our
results support the validity of this assumption.

From a study of the decay distribution of the
0"we have concluded that for

~
f

~

- 0.3 (GeV/c)'
one-pion exchange is the dominant mechanism.
The steep t' and I'~' distributions observed are
in agreement with this last statement. The same
conclusions are drawn from a triple-Regge an-
alysis where we found the effective trajectory to
be close to the m trajectory at small I, and near
the p trajectory at higher t. We have studied the
average charged multiplicity of the X system of
reaction (1). Comparing our data with data for this
reaction at 141 GeV/c, as well as data for re-
action (9) from a 100-GeV/c experiment, we
were led to conclude that the m'w average charged
multiplicity is higher than that of r m . This also
seems to be the case for vp (Kp) interactions, the
v'p (K'p) being higher than the v p (IC p) aver-
age charge multiplicity.
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