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We have studied inclusive Ks, A, and A production and strange-resonance production in the reactions

pp ~(Ks, A, or A) + m+ + anything at 405 GeV/c. The observed cross sections are 7.43+0.45 mb for Ks,

4.01+0.35 mb for A, and 0.63+0.12 mb for A. From the analyses of the effective-mass distributions for

the (Ksm+), (Am+), and (Am+) systems, the resonance production cross sections are determined as 4.1+1.0
mb for K+(890), 3.6+1.0 mb for K (890), 3.4+1.7 mb for K +(1420), 0.67+0,12 mb for X+(1385),
0.45+0.09 mb for X (1385), and 0.25+0.08 mb for X+(1385). The inclusive total and differential -cross

sections are discussed in comparison with data at lower energies. The direct production cross sections for

pseudoscalar, vector, and tensor K mesons are estimated to be 2.3+1.2, 3.4+1.0, and 1.7+0.8 mb,

respectively. Direct pseudoscalar-K-meson production accounts for less than one-third of the total inclusive

kaon production. Evidence of vector-meson, dominance in inclusive meson production at high energy is

indicated.

I. INTRODUCTION

Recently, a large quantity of data on inclusive
particle and resonance production has been avail-
able over a wide range of momentum from med-
ium energies to the CERN ISR energy (center-of-
mass energy of 53 GeV).' ' These data indicate
that in multihadron production process, resonance
production such as [p',f,K*(890)] meson or
(N*, I'*) baryon is dominant and vector-meson
production seems remarkably important among
these resonances. It has also been pointed out that
about two-thirds of the final pions are produced
as decay products of resonances, i.e., via indi-
rect processes. "' Consequently, the single-
particle spectra are strongly affected by reso-
nances produced directly in the target and pro-
jectile fragmentation regions or in the central
region.

Several theoretical approachesio-i5 have bee
developed to investigate the multihadron produc-
tion dynamics. Among these approaches, the
additive quark model" seems to be very attractive
in its simplicity. This model describes experi-
mental data suprisingly well for cross-section
ratios of particles and resonances produced at
low p~, in quite different hadronic interactions. "
This model, however, has no prediction for vec-
tor/tensor ratios, and has not yet been thoroughly
investigated for baryon resonance production be-

cause of scarce experimental data. The multi-
peripheral resonance production model" does give
some predictions on vector/tensor ratios. Other
models based on the quark-parton model" "have

been developed, and predictions for particle pro-
duction ratios in the final state have been cal-
culated, which agree well with recent data on w'/

v and X'/X ratios
In these connections it should be emphasized

that a systematic study of resonance production
is of great interest and importance in order to
understand multihadron production dynamics from
the point of view of a fundamental dynamics oc-
curring in the constituent quark system. A rel-
atively large quantity of data, ' ' is now available
on p' and f meson and 4+' production, but there
exists only scarce information on strange-reso-
nance production especially in the several-hun-
dred-GeV region. 4 ' In this report we have in-
vestigated inclusive K~ A, and A production and

strange-resonance production in the reactions
pp-(Ka~ A, or X)+p'+anything at 405 GeV/c ~

II. EXPERIMENTAL PROCEDURES

The data of this experiment come from a 50000-
picture exposure of the I ermilab 30-in. hydro-
gen bubble chamber to a 405-GeV/c proton
beam. The entire film sample of 50000 pictures
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consists of 21000 pictures of 70-mm film and
29000 pictures of 35-mm film. Measured data
of these two kinds of film were carefully checked
and compared with each other by the analysis of
mass distributions for accepted E'~ and A events.
After confirming that the two measurements have
no systematic difference from each other, the
two data samples were combined for further anal-
ysis.

A. Scanning and measuring
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Two independent scans were performed over the
entire film sample to search for events with one
or more vees associated with the primary vertex.
Wee events with a clear signature of an electron
or positron spiral were excluded. . A third scan
was made by physicists to resolve all conflicts
between the two initial scans, and the combined
efficiency for both scans was found to be more
than 98%. Measurements of vee tracks and sec-
ondary tracks were carried out on conventional
manual projector s. Secondary tracks were track-
matched by physicists before measuring, and as
many tracks as possible were measured, even
those with an opening angle of less than one. de-
gree with respect to the incident beam direction.
En the analysis of 35-mm film, premeasurements
of beam tracks and vee tracks were done to sel-
ect events associated with genuine vees, such as
E'~, A, and X. Full measurements for these sel-
ected events were then performed. The measured
events were processed through the reconstruction
program TVGP. Track residuals were restricted
to be less than 30 gm on film. A measurement
was repeated up to three times for events which
failed in TVGP, and 1465 events associated with
1759 vees were obtained. The measuring efficien-
cies of events and vees were found to be 90% and
87%%u&, respectively.

B. Particle identification

Vee events were identified as y, &~, A, or X
from the p~ distribution and the mass distribution,
for each mass hypothesis (y, Ks, A, or X), using
the TVGPresults. In this analysis, p~ was defined
as the transverse momentum of the negative track
(the positive track for the cY hypothesis) with re-
spect to the vee momentum direction. The P~
distribution and the mass distribution of all events
for the hypotheses y-e'e are shown in Figs. 1(a)
and 1(b). Figure 1(a) shows clear peaks at p'r
= 0, 100, and 200 MeV/c, corresponding to the
kinematic boundaries of y, (A, X), and Kcs decays
in their rest systems. The shaded areas show
events with P'r less than 15 MeV/c, which may be
clearly identified as y events In Figs. .2(a), 2(b),
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FIG. 2. Mass dl.strzbutxons for the hypotheses (a)
X& -~'r, (b) A pW, and (c) X-p'x+. The dark area
shows the events with p~z greater than 105 MeV/c.
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FIG. l. (a) p$ distribution and (b) mass distribution
of all events for the hypothesis y e'p conversion. The
shaded area shows the events with p~z less than 15

Mev /c, which are clearly identified as y events.
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and 2(c) are shown the mass distributions for the
hypotheses Ks m'm, A-Pm, and A-pz', re-
spectively. The shaded areas indiczte the y events
mentioned above. The dark areas indicate the
events with p'„greater than 105 MeV/c, which
show a clear peak centered at the K s mass and
can be uniquely identified as Ko~ from Q-value
consideration [Fig. 2(a)]. The events remaining
unmarked in Fig. 2(a) correspond to Ko&A or
K s-A unseparated events. Accordingly, the first
selection criteria were set for y, Ks, A, or A as
follows:

y: Pr «15 MeV/c,
Koz. pr~ ~ 105 MeV/c or 400 «M(v'v ) «600 MeV,
A: pr' &105 MeV/e and 1102 «M(v p) «1128 MeV,
A: pz,

' &105 MeV/e and 1102«M(v'p) «1128 MeV.

The fitted pattern of events for each hypothesis is
given in Table I. There is no ambiguity between
the A and A hypotheses, while some ambiguities
for the Ks-A hypotheses and the K s-A hypotheses
remain. Those events, shown as the unmarked
areas in Figs. 2(b) and 2(c), have clear peaks in
A and A mass regions and indicate a small con-
tamination from K s events. The mass distribu-
tions for these E s-A and K s-A ambiguous events
were further analyzed to resolve ambiguities,
and the final selection criteria were set as fol-
lows:

Ks-A ambiguities; events with the mass 495
«&(w'v ) «501 MeV are assigned as K~&, and the
remaining events as A;

K s-A ambiguities; events with the mass 475
«M(w'z ) «525 MeV as K ~ and the remaining
events as A.

y ambiguities. all events with p ~
~ 15 Mev are

assigned as y.

The selection pattern of events and the contamina-
tion pattern are also shown in Table I. We also
checked that the ionization loss on vee tracks was
consistent with each mass hypothesis. In Fig. 3
the mass distributions and p~ distributions are
shown for events selected as K s, A, and A. The
solid lines show the curves estimated from the
assumption of the isotropic decay in the vee rest
system. The association angle was restricted to
be less than 75 mrad, which is defined as the
angle between the vee momentum and the direction
of the vector going from the primary vertex to
the vee vertex.

C. Fiducial volume and decay probability

Fiducial cuts on both the primary and the vee
vertices were imposed in order to calculate the
decay probability. The primary vertex fiducial
volume was defined as -2 & x ~ 16 cm, -24 &y

TABLE I. Selection of p, Ks, A, and A.

(a) Selection of p, Es, A, and A events

Unique
fits

y with

X,'/A/A xs-0

Multiple fits

Zs'-A

No. of
selected
events

No. of
events

used in
analysis ~

Average
weight

Fitted
events

'y-

Es0
A

A
No fit

1256

411
666

94
11
74

190-

190

255

16
239

58

20
3

1759

601-
717
333
31
77

488
242
28

1.61
1.67
2.28

(b) Contamination pattern

Hypothesis

No. of
selected events

Contamination
Xs' Ratio

Xs
A
A

717
333
31

1081

17
8
1

20
5

30 52
28

6

7 jp

~These numbers of events were obtained after various cuts: (i) association angle less than
75 mrad, (ii) x&&0.0, and (iii) restricted fiducial volume. See text.

"Estimation from p~& and mass distr ibution analyses.
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FIG. 3. Mass distributions (a)-(c) and Pz distributions
(d)-(f) for events selected as K&, A, and X, respective-
ly. The solid lines in (d) and (e) show the curves esti-
mated from the assumption of the isotropic decay in the
vee rest system.

& 28 cm, and -22 & z & -14cm. The origin is at the
center of the chamber front glass with the beam
going along the negative y direction and z negative
in the chamber. The vee vertex fiducial volume
was defined as -24 &z & -14 cm and R
= Q'+y')'~'~30 cm. To each event in the fiducial
volume the following weight was applied:

Rmax (cm)

FIG. 4. The weighted number of events as a function of
(a) I.m~ and (b) Rm~.

After these procedures, 702 events associated
with 758 vees are obtained, which include 488
E8's, 242 ~'s, and 28 X.'s going backward in the
c.m. system in the restricted fiducial volume.
The cross sections obtained after corrections for
decay probabilities, decay branching ratios, and
some losses in scanning and measuring are tabu-
lated in Table II.

@/eight = (e mi& 0 —e yot o)

where L „is the potential length of the vee (i.e. ,
the path length from the primary' vertex to the edge
of the fiducial volume), L „is the minimum length
permitted between the primary and vee vertices
defined as 2 cm, and L, is the decay length of the
vee particle given as L, = cvp„/m„Figures .4(a)
and 4(b) show the weighted number of Ão~, A, or
A events as a function of L „and R, respectiv-
ely, where the primary vertex is restricted to the
region 20 &y & 20 cm. The cuts I „=2 cm and

=30 cm are shown to be reasonable. The aver-
age weight for a K ~, A, or X going backward in
the center-of-mass system is given in T'able I.
The normalized decay length (L/p) distributions
for events selected as E~, A, and A are shown in
Fig. 5, where L is the decay length and p is the
laboratory momentum of vee. The slope values
are steeper than cv/m v because of the restriction
of the fiducial volume. The solid curves calculated
from decay simulation in the same restricted fid-
ucial volume show good fits to the distributions
for real events.

IO-
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FIG. 5. Normalized decay-length distributions for
selected Ez, A, and X events in a restricted fiducial
volume. The solid lines are calculated from decay sim-
ulation in the same fiducial volume.
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TABLE II. Topological cross sections for p+p {K&, A, or A)+X.

Topology

K events
Raw no. 0„{Kg)
of events {mb)

A events
Raw no. 0„{A)
of events (mb)

A events
Raw no. 0'g(A)

of events {mb)

2
4
6
8

10
12
14
16
18
20

24

8
50
79
84
98
62
47
30
11
15

2
2

0.12
0.77
1.19
1.31
1.44
0.91
0.73
0.50
0.16
0.24
0.024
0.028

+ 0.04
+ 0.11
+0.13
+0.14
+0.15
+0.12
+0.11
+0.09
+0.05
+0.06
+0.017
+0.020

6
22
36
49
46
33
31
13
3
3

0.09 ~0.04
0.43 + 0.09
0.59+0.10
0.75 + 0.11
0,84+ 0.12
0.52 +0.09
0.47 +0.08
0.20+0.06
0.06 +0.03
0.04 +0.02

0
3
4

6
7
1
2

3

0.16+0.06

0.16 + 0.06

0.20+ 0.07

0.11+ 0.05

Total 488 7.43 + 0.45 4.01 + 0.35- 28 0.63 + 0.12

D. Secondary tracks

Within the selected 702 events, the 4940 sec-
ondary tracks passed TVGP reconstruction after
a cut such that its residual was less than 30 p. m.
Ionization loss for low-momentum secondary
tracks up to about 1.4 GeV/c was checked by phy-
sicists in order to discriminate positive pions
from protons. Positive tracks with momenta
greater than 1.4 GeV/c are taken to be m' and all
negative tracks to be n . The polar, azimuthal

angles and xz =P~~ /P' (the Feynman variable)
for secondary tracks were also analyzed to. check
measuring biases on tracks with high momenta.
These distributions show no bias for measured
secondary tracks wit'h x~ less than 0.05. We use
only these tracks in further analysis.

E. Topological cross sections and beam path length

put of 50 000 pictures, 4129 pictures were spec-
ially scanned to find the beam path length and topo-

TABLE III. Average number of K&, A, and A per inelastic collision.

Topology &n„o)

(a) Average number of K, A, and A

&inel(pp )
{mb) &ng)

2

6
8

10
12
14
16
18
20
22
24

Total

2.7 +0.1
4.46 +0.41
5.49+0.41
6.02 +0.43
4.89+0.39
3.34 +0.32
2.33 + 0.27
1.33 + 0.20
0.80 + 0.16
0.29 +0.09
0.22 + 0.09
0.16+ 0.07

32.0 +1.0

0.04 +0.02
0.17 +0.03
0.22 +0.03
0.22 +0.03
0.29 +0.04
0.28 +0.05
0.32 + 0.06
0.38 +0.09

0.37 + 0.10

0.13 +0.08

0.232 +0.011

0.03 +0.01
0.10 +0.02
0.11 +0.02
0.13 +0.02
0.17 + 0.03
0.16 +0.03
0.20 +0.04
0.15 +0.05

0.09 +0.04

0.125 +0.008

0.016+ 0.006

0.015 + 0.006

0.036+0.013

0.052+ 0.025

0.020 +0.004

Parameter

&h) Parameters for fits to the form &nr) = o'+ pn

K~0 A

X'/DF

0.076 +0.016
0.047 +0.006

n ~9
10.83/7

0.048 +0.011
0.025 +0.004

n„&7
6.82/6

0.0067 +0.0088
0.0040+ 0.0027

g ~&8

1.89/2
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logical cross sections. We restricted the scan-
ning to events with four or more than four charged
tracks. Each picture was classified as good or
bad according to the picture quality. The picture
was defined as good if it had less than 15 clear
incident beams and no complicated noise due to
y-ray conversions or overlapping multiprong
events. It was found that 75/p of the pictures quaL-
ified as good pictures. The fiducial length was
defined as 47 cm, and the average number of in-
cident beams per pictures was found to be 5.2,
which corresponds to 2.27 p.b/ev for the entire
film sample. The topological cross sections ob-
tained are shown in Table III, where the cross
section for n,„=2 was taken from the value in
Ref. 17.

III. INCI.USIVK Kg, A, AND A PRODUCTION

A. Cross sections

The cross sections for K~, A, and A production
are calculated on the basis of the observed num-
bers of E~, A, and A events as discussed in Sec.
D C, and are given in Table II. The associated
topological cross sections are also given. The
total cross sections obtained are o(ff Oz) = 7.43 + 0.45
mb, cr(A) = 4.01 +0.35 mb, and o(A) = 0.63+0.12
mb. Table III shows the average numbers of E ~,
A, and A per inelastic collision. The observed

average numbers are (Ao~)= 0.232+0.011, (A)
= 0.125+0.008, and (A) = 0.020+0.004, where
o""(pp) = 32.0+1.0 mb was used. The cross sec-
tions of Ko~, A, and A are plotted in Fig. 6(a) as
a function of the center-of-mass energy squared
s together with data at lower energies. ' ' The
cross section of A production is relatively small,
but increases rapidly with energy. In contrast,
the increase of the cross section of A production
seems to be flattening above 100 GeV/c. The
average numbers of E~~, A, and A per inelastic
collision are also plotted in Fig. 6(b). Linear in-
creases of the average numbers of E ~, A, and
A as a function of Ln(s) are observed in the
incident momentum region above 100 GeV/c. The
slope values are obtained by fitting the form (V)
= a+ p ln(s) above 100 GeV/c (Ref. 9):

(&~) = -(0.29+0.05)+ (0.079+0.009) Ln(g)

(X2/DF = 1.95/3),

(A) = (0.026 +0.051) + (0.014 +0.008) Ln(s)

(X'/DF = 1.63/3),

(A) = -(0.044 + 0.018) + (0.010+.0.003) Ln(s)

(X'/DF = 1.54/2),

where DF stands for the number of degrees of

K'

I
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FIG. 6. (a) Cross sections for inclusive K&, A, and X production, and (b) average numbers of K&, A, and Aper in-
elastic collision, both as a function of the c.m. energy squared s. The data at lower energies come from Befs. 3 and 9.
The curves in (a) are drawn to guide the eye. The straight lines in (b) are linear fits to the data above 100 GeV/e
(Pgg.
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FIG. 7. Rapidity distributions for K&, A, and X pro-
duction in the c.m. system. The curves are dragon to
guide the eye.

freedom. The ratios of these slope values may be
used to obtain the production ratios of the corres-
ponding particles in the central region. These
ratios are obtained as

p~o: p~: p~ = 1: Og18+0.10: 0.13+0.04,
S

which are in good agreement with the values 1:
-', :—,', predicted by the additive quark model" for
meson/baryon/antibaryon production in the cen-
tral region.

We have also made an independent study of the
production ratios of E'~, A, and A in the central
region by using the rapidity distributions. Fig-

ure '7 shows the rapidity distributions in the cen-
ter-of-mass system for E~, A, and A production.
A central plateau for K ~ around

~ y„~ = 2.0 is
observed, which shows a slight falloff towards

y, = 0. The distribution for A production shows
a broad bump near ~y, ~

= 2.5 and levels off
slowly towards y = 0. X production is observed
to occur dominantly in the central region and shows
a central plateau for Iy, I

~0.8, where the A/A
ratio is found to be 1.18+0.46, consistent with
unity. In the region ~y„~ - 1.2, the ratios for
E ~, A, and A production are found to be 1: 0.19
+0.04: 0.13+0.03. These results are again in
good agreement with the prediction of the quark
model.

The topological cross sections are plotted in
Fig. 8(a). The maxima of the distributions for K ~
and A associated events (n,„=10), and possibly
for A events, seem to be larger than that of the
charged multiplicity distribution (n,„=8). This
indicates that strange-particle production occurs
predominantly in the events having higher than
average charged multiplicity. Table III(a) shows
the average number of E ~'s, A' s, and A's asso-
ciated with each topology. Linear correlations
are observed in all cases, as shown in Figs. 8(b)
and 8(c). The curves show results of a fit to the
form (V) = u + P n, where (V) is the average
number of E ~'s, A' s, and A's and n is the nega-
tive charged multiplicity. The results are shown
in Table III (b). These slope parameters seem to
be proportional to the corresponding average
number of particles (V), as follows:

E l-
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I I I I I I I I I I 1
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FIG. 8. (a) Topological cross sections for charged particles N~, K~, A, and X. (b) Average number of K~ as a func-
tion of topology. (c) The same as (b) for A and X. The curves in (a) are drawn to guide the eye. The straight lines in
Q) and (c}are linear fits to the data.
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(Ks)„/(Ks) = (0.33+0.07)+ (0.20+0.03)n (n ~9),

(A)„ /(A) = (0.38 + 0.09) + (0.20+ 0.03)n (n ~ 7),

and

(QP /(X) = (0.34+0.44) + (0.20+ 0.14)n

Averaging over these three relations, one may ob-
tain (V) = (0.35+ 0.20n ) (V). This result in-
dicates that the topological cross sections for
E'~ A, and A production have a common distrib-
ution function of o„(V)/(V) = (0.35+ 0.20n ) o„,
where o„ is the charged topo1ogica1 cross section.
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FIG. 9. Differential cross sections for inclusive Ifs production. (a) do/d ~
x I and (b) (2/sWs} f (E*d o/d ~

x
~ dp r2)dp r2.

The solid line is drawn from the function E*do/d [x [~ [(1—x)~+2(1—x)i]. (c}do/dP r2, where the straight lines show the
result of fitting to a two-slope form.
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B. Inclusive spectra for Ez production

The differential cross sections of K~ in terms
of the stealing variable x and P ~' are shown in Fig.
9. Figures 9(a) and 9(b) showthenoninvariantand

the invariant x distributions, respectively. The
present data scale within errors when compared
with other Fermilab data at lower energies. ' '

The
t xt distribution is consistent with a pre-

diction of the constituent-interchange Inodel
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xdp r )dp z .The solid lines are drawn from the functions E*do/d1x 1
cx (1-1x [) for A and (1—1 x [) for X. (c) do/dpi'~,

where the straight lines show the results of fitting to a two-slope form.
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(CIM)." In the CIM inclusive spectra are des-
cribed as E*detJ/dPe =A(l —x)~ for Pr=0, where
F is related to the minimal number of spectator
quarks by F = 2p-3. Recent data at Fermilab'8
have reported good agreement with the idea of
dimensional counting as presented in the CIM.
The solid line in Fig. 9(b) illustrates the predic-
tion for our data:

assuming c(Ea) = a(P'), which is a combined func-
tional form of (1 —~x~)' for X' and (1 —Lx~)' for
E', since E~ is a mixed state of E' and E . Our
data also show qualitative agreement with the pow-
er behavior F = 2P —3.

Figure 9(c) shows the Pr' distribution. The slope
value is calculated as 3.59+0.18 (GeV/c) ' in the
region P r' ~ 1.5 (GeV/c)' with y '/D F = 8.37/7.
However, a break near 0.3 (GeV/c)' is observed,
and a fit for a two-'slope form yields 4.96 + 0.71
(GeV/c) ' for Pr' &0.3 (GeV/c)' and 3.12+0.34
(GeV/c) ' for 0.3 &Pr' & 1.5 (GeV/c)' with )('/DF
= 2.68/5. This steep slope in the small-pr' region
can be attributed to resonance decay effects,"
such a,s K*(890) and K*(1420).

C. Inclusive spectra for A and A production

The differential cross sections for A and A pro-
duction are shown in Figs. 10(a)-10(c). A pro-
duction scales within errors, when compared with
other Fermilab data at lower energies. ' ' A pro-
duction occurs in the wide range of

~

x
~

from 0.0
to 1.0, and the invariant distribution as shown in
Fig. 10(b) has its maximum around ~x

~

-0.4,
whereas A production occurs dominantly in the

central region, ~x~ -0.4. The solid lines in Fig.
10(b) show the functional forms (1 —

~

x~)' for A

and (1 —~x~ )' for A production as given by the
CIM." The predicted curves agree qualitatively
well with the data of A for

~
x

~

& 0.4 and the data of
A. On the other hand, the prediction of the quark
cascade model' explains the data for the small

~
x~ region rather well, but fails in the large-

~
x~

region. We emphasize that in spite of several
successful theoretical frameworks, ""it still
seems to be necessary to get a deeper understand-
ing of the quark-recombination process for bar-
yon production.

The P~' distributions for A and ~ are shown in

Fig. 10(c); they are very similar, and their slopes
are equal within errors. The fitted slope values
are 2.73 + 0.21 (GeV/c) e (X'/DF = 9.76/7) for A and

2.66+ 0.74 (GeV/c) ' (1.02/2) for X at p ' &1.5
(GeV/c)'. For A production, a break near 0.6
(GeV/c)' is observed. A two-slope-form yields
3.72 +0.49 (GeV/c) for pre ~ 0.6 (QeV/c)
1.16+0.70 (GeV/c) 'for 0.6 &p ' ~1.5 (QeV/c)'
with )(', '/DF = 2.98/5. It is interesting to note that
a similar slope value, 4.2 +0.3 (GeV/c) ', is ob-
served in the p~' distribution in the reaction ep-e
+ A + X, for the events with pr' &0.8 (GeV/c)'. "

The momentum-transfer distribution f' = ~f —t „~
between the A and initial proton is plotted in Fig.
11(a). A sharp break is evident at f' =1.6 (GeV/c)'.
The differential distribution was fitted with an
exponential form Ae '. The fit yields' = 4.35
a 0.57 mb/(GeV/c)' and B = 1.33+0.20 (GeV/c) '
for t'& 1.5 (GeV/c)', and A = 0.71 +0.25 mb/
(GeV/c)' and B = 0.31 +0.10 (GeV/c) ' for 1.5 &t'
&6.0 (QeV/c)'. The break at t' =1.6 has been re-
ported previously in 12.4- and 200-GeV/c pp in-
teractions. ' The structure of the t' distribution
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FIG. 11. (a) der/dt' for inclusive A production. (b) da/dt' for A and A as a function of lx l. The solid lines in (a) show
fits to the data.
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may indicate two contributions for A production,
one from'fragmentation (~x~ &0.4) and the other
from central production, as shown in Fig. 11(b).
The t' distribution of A shows a more gradual
slope due most likely to a central production,
corresponding to that for A in the region

~

x
~

& 0.4.
/

IV. 'INCLUSIVE K~(S90) AND K*(14ZO) PRODUCTION

A. Effective-mass distributions of the (Kzg*) systems
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FIG. 12. (a) (Ksv') effective-mass distribution and
(b) (Kx ) effective-mass distribution, both in 40-MeV
bin size. (c) The combined mass distribution for (K& g~)
in 60-Mev bin size, where the shaded histogram is for
(Kzv ) events having 0.1&1»1&0.2. The background
curves are calculated by associating Kz's with pions
from different events having the same multiplicities as
explained in the text.

The effective-mass distributions for (K sII') and
(KesII ) combinations are plotted in Figs. 12(a) and

12(b), where secondary tracks were assigned as
pions unless the ionization losses on the tracks
were consistent with a proton hypothesis, and only
events with x(KQ &0.0 and x(II') & 0.05 were used.
Clear peaks of K*'(890) are observed.

The background is calculated by associating K ~'s
with pions from different events having the same
multiplicities. The associated multiplicity dis-
tribution for the background events is adjusted
to be the same as that of the real events, by
weighting each event of multiplicity n,„by a factor
of 1/(N-l), where N is the number of events of
multiplicity n,h. The x and P ~ distributions for
the background (KesII') systems are also adjusted
to be the same as those of the real events. The
normalization of the background is made to events
in the region of effective mass of the (KesiI ) mass
distribution less than 810 MeV and above 2.0 GeV,
where correlations in the (Keen') system are ex-
pected to be small. This normalization is then
applied to the (KcsII') mass region, 810-9VO Me&.
The average mass resolution was estimated as
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FIG. 18. Differential cross sections for Ks and K~ + (890) production. (a) da/d 1 x 1
and (b) der/dp &2. The curves in (a)

are drawn to guide the eye. The straight lines in (b) show the fits explained in the text.
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+12 MeV for this mass region. After subtraction
of the background and correction for the branch-
ing ratio E*' -E'n', and for the measuring effi-
ciency of secondary tracks (93/o), the cross sec-
tions of E~'(890) and E~ (890) are obtained to be
4.1 + 1.0 mb and 3.6 +1.0 mb respectively, where
systematic error s from the ambiguity of the nor-
malization of the background and statistical er-
rors have been included, the combined errors
amounting to 25% in average.

In Fig. 12(c) we plot the combined mass distrib-
ution of the (EosII') systems in 60-MeV bins, to
search for evidence for higher mass resonances.
A broad bump near 1420 MeV is observed. The
peak is more clearly seen if we plot (Eosv') events
having 0.1 &

~

x
I

& 0.2, as shown in the shaded hist-
ogram. The number of excess events above the
background in the mass region, 1300-1540 Me7,
is found to be 50+25 weighted combinations, which
corresponds to a combined cross section for
E~'(1420) of 3.4+1.7 mb. Statistical and system
atic errors are included, as mentioned above.

B. Inclusive E**(890)spectra

The IxI distributions of E~'(890) are shown in
Fig. 13(a). Central production of E" is obvious
in comparison with E~' production. In the cen-
tral region Ix

~

& 0.2, E*' and E~ mesons are
equally produced, and the production ratio IP'/
E* is found to be 0.96+0.30. In the region 0.2
& Ix~ & 0.4, this ratio increases to 2.7 a1.2. This

variation of the charge ratio K*'/E* as a function
of Ix~ is very similar to the variation of the ratio
E'/E" observed in 100-400 GeV/c pp interac-
tions, "and in eP interactions. " This feature of
central K* (890) production is consistent with the
quark model, "since no common valence quark
exists in the initial state for the case of E~ (890)
production. The excess of E*' production in the
region of

I x~ &0.2, amounting to 0.6+0.3 mb, is
considered to be due to proton fragmentations.

In Fig. 13(b) we also present the pr' distribu-
tions of E*'(890) compared with Ks data. The Pr'
distribution for E ~ shows a steep exponential
slope in the region pr'&0. 3 (GeV/c)' as discussed
in Sec. IIIB. This structure of the p ' distribu-
tion for E'~ can be attributed to the effect of res-
onance decay. ' ' The slope values are obtained as
2.3 + 0.5 (GeV/c) ' for SP '(890) and 2.2 + 0.6 (GeV/
c) ' for K* (890) in the region jr'.~ 1.5 (GeV/c)'.

C. Production ratios of Ez, E*(890),and p

In order to see a scaling behavior of E's and
E*'(890) production, the cross sections for Ks
and K*'(890) as a function of the incident mo-
mentum are shown in Fig. 14(a), together with
data on p' production. ' ' The cross section for
E~ increases rapidly with the incident momen-
tum, and becomes comparable with that of E*'
production above 100 GeV/c. This feature in-
dicates that the central production becomes dom-
inant in the K*'(890) production in the 400-GeV/c
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FIG. 14. (a) Inclusive cross sections for K&, K (890), and p production in pp interactions, (b) production ratios
K*+(890)/Ks and K* (890)/Ks, and (c) production ratios K*» (890)/po, as a function of incident momentum. The curves
in (a) are drawn to guide the eye.
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region.
It is interesting to notice that the production

ratio K~'/Koz seems to have a constant value of
0.40-0.55 over the wide range of momentum from
12 to 405 GeV/c [Fig. 14(b)], whereas the pro
duction cross section of E'~ increases drastically
from 0.7 to 7.5 mb. The ratio observed in this
experiment is 0.55+0.11. The constancy of the
K*'/K z ratio indicates an approximate constancy
of the vector/pseudoscalar ratio for strange-
meson production in pp interactions. A similar
constancy of the p'/m ratio, having a value of
0.10-0;13, is observed over a similar momentum
range "'~~

In the additive quark model" the production rat-
ios of various particles are predicted under the
assumption of statistical equilibrium in high-
energy collisions. The probability of strange-
quark production is assumed to be suppressed
relative to nonstrange-quark production. The
empirical suppression factor X-0.3 is taken from
experimental data on the K/n ratio. The sup-
pression factor A. for strange-quark production
in 405-GeV/c PP interactions is estimated to be
0.30+0.10 from the ratio K~+/p' using our data. on
p' production, which are reported elsewhere. '
The factor X seems to increase with incident mo-

mentum' and to reach a constant value of about
0.3 above 100 GeV/c as shown in Fig. 14(c).

The experimental production ratios for pseudo-
scalar, vector, and tensor mesons are found to be

0.52+0.14: 0.23+0.12, assuming g(M') =o(M )
= g(M') = 0(M'), where M stands for K, K*(890),
and K~~(1420). The value of the K~/K ratio is
somewhat smaller than the value 0.7, which is pre-
dicted by the additive quark model using X = 0.3."
In the multiperipheral resonance production model
by Fukugita et al. ,

"the production ratios for
pseudoscalar, vector, and tensor mesons are pre-
dicted, based on unitarity and duality, with a
consistency relation between two-body scattering
and multiparticle production reactions. The pre-
dicted values for K, K~ (890), and K**(1420)mes-
ons are 1: 0.53-0.62: 0.13 —0.15, which agree
within error with our data.

In summary, the suppression factor X depends on
energy, and reaches a constant value -0.3 in the
400-GeV/c region. The production ratios for K,
E*, and E~* obtained in this and other experi-
ments seem to be energy independent. ' The multi-
peripheral resonance production model" describes
well the production ratios for pseudoscalar, vec-
tor, and tensor mesons.

50

I40-
I

30

20-

IO-

( o) (A7r')

I IX(A~) i&0.4

) I. I l.4

O
& 30-
Vl

1I

0
~20-

)I p (b) (a~0
81X(A~hl&0.4

l.4 l.7
,
lksM

Moss (&7f ) (GeV)

I.7 2,0 23 2.6 2.9 3.2 35
Moss (A.7I') (GeV)

D. Direct production cross sections

Having observed K*(890) and K~(1420}, we can
now discuss the cross. sections of directly pro-
duced K&', K~' '(890), and K*' '(1420). Disre-
garding the contribution from the decay of such
higher mass resonances as P(1020), f (1514),
L(1770}, etc. , and assuming o (M') = 0(M ), etc. ,
mentioned above, one may deduce the following
relations between observed (o,„) and direct (o~)
production cross sections:

~P gT+OV+OP OV 0 27 )&OT+( V ~T gT
ob d d d ~ Ob d d& ob dp

where the superscripts I', V, and T correspond
to pseudoscalar (K' '), vector [K*' '(890)], and
tensor [K*' '(1420)] mesons, respectively. In-
serting the corresponding values of observed cross
sections, 0„=7.43 +0.45 mb, g,b

= 3.85+1.15 mb,
and o,b = 1.7 + 0.8 mb, one can obtain the value for
direct production of each multiplet:

20 (c) (XvA (yd = 2.3+1.2mb, Od = 3.4+1.0 mb, od = 1.7+0.8.mb.
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FIG. 15. (a) (Am') effective-mass distribution and (b)
(AW) effective-mass distribution. (c) (Xvr ) effective-
mass distribution. The background curves are calculated
similarly to those illustrated in Fig. 12.

Since we have neglected any contribution from the
decays of higher mass resonances, the true value
of crd would be somewhat smaller than the value
obtained here.

This result means that direct pseudoscalar-E-
meson production may account for less than one-
third of total inclusive kaon production. Evidence
of vector-meson dominance in inclusive meson
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bump of Z (1385) are observed. An Z'(1385) peak
is also observed in Fig. 15(c). After subtraction
of the smoothed background, the corresponding
cross sections were determined. The cross sec-
tions are o(Z'(1385))= 0.67+0.12 mb, o(Z (1385))
= 0.45+0.09 mb, and o(Z'(1385)) = 0.25+0.08 mb,
after correction for decay branching ratios. The
shaded histograms in Figs. 15(a) and 15(b) indicate
the events with ~x~ & 0.4. The cross sections in
this ~x~ region are found to be 0.36+0.08 mb for
Z'(1385) and 0.39 +0.09 mb for Z (1385).
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FIG. 16. Differential cross sections for A and Z~ (1385)
production. (a) do/d (x ( and (b) do/dp r. The solid line
in (b) shows a fit to the data.

production at high energy is suggested. It may-
also be worth mentioning that a suppression is ob-
served in tensor K*(1420) meson production, com-
pared with the expected ratios due to the statisti-
cal factor 2J+ 1, the number of different spin
states, in scalar, vector, and tensor Inesons.
Similar suppression is also observed in data on
f/p' production in pp and np interactions. ' ' 5 This
suppression may be partially due to the effect of
the centrifugal barrier in the quark-antiquark re-
combination processes. This phenomenon has been
discussed in the multiperipheral model" and in the
thermodynamic quark model. "

V. INCLUSIVE Z'-(1385) AND Z-'(1385) PRODUCTION

A. (Ag+-) and (Ag-') effective-mass distributions '

Figures 15(a)-15(c) show the effective-mass
distributions of the (An' ), (An ), and (Xn') systems,
respectively. The background curves were eval-
uated by the same method described in Sec. IV
A. A sharp peak of Z'(1385) and somewhat broader

B. Inclusive Z*(1385)spectra

The differential cross sections dg/d~x~ and der/

dpr' for Z'(1385) are shown in Figs. 16(a) and
16(b). Z'(1385) and Z (1385) are equally produced
in the central region ~x~ &0.4, while Z produc-
tion is considerably suppressed in the region of
tx~ &0.6. The ratio Z'(1385)/Z (1385) is found to
be -6 for this region. Such a -high value is con-
sidered as due to the suppression of double charge
exchange in the proton fragmentation regions. The
excess of the Z'(1385) cross section over that of
Z (1385) is about 0.2 mb, corresponding to -0.1
mb for proton fragmentation. '

The Pr' distributions for Z'(1385) and Z (1385)
are shown in Fig. 16(b). The slope values are
found to be 3.34+0.46 (GeV/c) ' for Z'(1385) and
3.18+0.52 (GeV/c) ' for Z (1385).

C. Production ratios of strange baryons

In Table IV we show a compilation of the rel-
evant data on Z (1385) production in pp and np
interactions. " ' This compilation indicates a
constancy of the Z'(1385)/A production ratio at a
value of -0.17, above 12 GeV/c, and a monotonic
increase of the Z (1385)/A ratio. The latter may
be understood as due to the increase of the con-
tribution of the central production of Z (1385).

In the central region ~x~ ~0.2, the Z'(1385)/A

TABLE IV. Cross sections for Z {1385)production inpp and 7t p interactions.

p iRc
(GeV/c) Beam (mb)

z (1s85)
(mb)

z-(1ss5)
(mb)

z (1385)/w
ratio

z-(1s85)/~
ratio Reference

405
24
15
15
12

6

p
p

p

4.01 +0.35
1.76 +0.06 e

0.95 +0.02
1.27 +0.05
1.12 ~O. OS '
0.89 +0.11

0.67+0.12
0.28 + 0.03
0.19+0.04
0.20+0.03
0.20 + 0,02
0.07 +0.02

0.45 +0.09
0.12 +0.02
0.03 +0.01

0.07 +0.01
0.09 +0.03

0.17 +0.03
0.16+ 0.02
0.20 + 0.04
0.16+0.02
0.18 +0.02
0.08+ 0,02

0.11 +0.02
0.07 +0.01
0.033 +0.012

0.06 +0.01
0.10 +0.03

Thxs exp.
a
b

K. Bockmann et al. (Ref. 7).
C. Baltay pt al. {Ref. 21).

'F. Barriero, et al. (Ref. 21).
"R. Sugahara et al. (Ref. 22).
'V. Blobel et al. (Ref. 23).
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and Z (1385)/A ratios are found to be equal to each
other at a value of -0.20, which is consistent with
the prediction of the additive quark model. " The
Z'/A ratio is found to give the similar value of

,0.20 + 0.07.

VI. SUMMARY AND CONCLUSIONS

We have studied the inclusive production of %Os,

A, A, and also of resonances in the reactions
PP-(Ks, A, or A) + m'+ anything at 405 GeV/c.
Our main results on resonance production may be
summarized as follows:

(i) Inclusive production of strange resonances
such as K¹(890),K¹(1420),Z(1385), and Z(1385)
were observed. The cross sections are determined
as 4.1 + 1.0 mb for K*'(890), 3.6 a 1.0 mb for
K* (890), 3.4 +1.7 mb for K*'(1420), 0.67+0.12
mb for Z'(1385), 0 45+0.09 mb for Z (1385), and
0.25+0.08 mb for Z'(1385).

(ii) The overall production ratios of K*'(890)/
K s and Z'(1385)/A are obtained to be 0.55+ 0.14
and 0.1V +0.03, respectively. Comparison with
the data at lower energies indicates that these ra-
tios are energy independent over the wide range
of momentum from 12 to 405 GeV/c.

(iii) The direct production cross sections for
pseudoscalar, vector, and tensor K mesons are
estimated to be 2.3 +1.2 mb, 3.4+ 1.0 mb, and
1.7 +0.8 mb, respectively. Direct pseudoscalar-
E-meson production accounts for less than one-
third of total inclusive kaon production. Evidenqe
of vector-meson dominance in inclusive meson
production at high energy is indicated. A sup-
pression is observed in tensor K"(1420) meson
production, compared with the expected ratios
due to the statistical factor 2J+ 1, the number of
different spin states.

In the study of single-particle spectra of E's, A,

I

and A production, the following conclusions were
obtained:

(iv) The average numbers of Kos, A, and A in-
crease linearly as a function of In(s), where s
is the c.m. energy squared. The ratios of the
slope parameters are found to be 1: 0.18+0.10:
0.13+0.04. The rapidity distributions give sim-
ilar values for the production ratios of E s, A,
and A in the central region

I y, I
- 1.2, 1: 0.19

a 0.04; 0.13+0.03 at 405 GeV/c. These ratios
are consistent with the values predicted by the
additive quark model, 1: 1/6: 1/6, for meson/
baryon/antibaryon in the central region. The sup-
pression factor X for strange-quark production
is estimated to be 0.30 +0.10 at 405 GeV/c from
the observed ratio K¹'(890)/p'. The factor X seems
to increase with incident momentum and to reach
a constant value of 0.3 above 100 GeV/c.

(v) The lxl distributions for Ks and A produc-
tion are described qualitatively well „with the power
behaviors E¹dv/dI xl ~ (1 —

I
xl)'+' predicted by

the constituent-interchange model, although dis-
crepancies are observed in the central region,
Ix I

'0.1 for K s and
I
x

I
'0 4 f» A
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