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Cross sections for the inclusive processes p + 3 ~Kq+X and p + 2 ~A +X ( 2 =Be, Cu, and
W) have been measured for incident protons at 12 GeV. Data are obtained at five laboratory pro-
duction angles of 3.5, 5.0', 6.5, 8.0', and 9.5', covering the kinematic range 0.3&x+ &0.8 and
0.4 &p~ & 1.3 GeV/c for K~'s and 0.2 (xF (0.9 and 0.4 &pT ( 1.7 GeV/c for A 's. The results are
discussed in terms of the pT dependence, the xF dependence, the 3 dependence, the cross-section
ratio Kz /A, and triple-Regge behavior. The 2 dependence of Kz and A spectra is analyzed in

the constituent-quark model. The average pT 's of quarks and diquarks involved in the K& and A

production processes are discussed.

I. INTRODUCTION

Particle production in hadron-nucleus collisions at high
energies has been studied extensively. ' The motivations
for studying the A dependence (the eff'ects of the atomic
mass A of a heavy nucleus on the production of particles)
are largely based on the intuitive expectation that col-
lisions on nuclei may reveal certain aspects of hadronic
processes which cannot readily be deduced from collisions
on nucleons. For example, early evolution of the hadron-
ic state newly formed in the collision can be probed by al-
lowing the newly formed state to interact with nuclear
matter. Recently, several authors have applied the
constituent-quark models to hadron-nucleus collisions,
with a considerable amount of success in describing parti-
cle spectra in the projectile-fragmentation region. When
analyzed in the constituent-quark models, the 3 depen-
dence can be used to obtain information on the fragmen-
tation and recombination mechanisms in hadronization. '

In this paper we report on an experimental study of in-
clusive Eq and A production by 12-GeV protons on Be,
Cu, and W targets. The production of Eq's and A 's in-
duced by proton beam involves the s quark newly created
in the reaction. Using the s quark as a label allows these
two reactions to be analyzed with a relatively simple pic-
ture of particle production. Previous data on the
dependence of E~ and A production by protons come
from the Fermilab experiment' ' for the incident ener-
gies of 300 and 400 GeV. These data stimulated several
theoretical models ' ' of hadron-nucleus collisions in
terms of quark-parton pictures.

The work presented here is a continuation of earlier
work on inclusive A production by 12-GeV protons on
nuclei at the KEK proton synchrotron. Previous publica-
tions include measurements of A production cross sec-
tions on Be, Cu, and W targets, ' and also on po-
lyethylene (CHq) and C targets, from which the A pro-
duction cross sections on hydrogen are obtained. ' The

polarization of inclusively produced A 's was also stud-
d 16, 17

A total of 6500 Ez~~+~ events was detected in the
present experiment. The E&'s were detected simultane-
ously with much more copious A 's in order to check
our experimental method and to facilitate comparison
between the E& and A production cross sections. Data
were collected at five production angles of 3.5', 5.0', 6.5',
8.0, and 9.5 . In terms of the transverse momentum pT
and the Feynman scaling variable xF of the produced
particle, the kinematic range covered in this experiment
was 0.4&pT & 1.3 GeV/c and 0.3 &xF &0.8 for Es s

and 0.4&pT &1.7 GeV/c and 0.2&xF &0.9 for A 's.
In Sec. II we briefly describe the experimental ap-

paratus and procedures, with emphasis on modifications
made for detecting Eq's. The data reduction is described
in Sec. III. In the first half of Sec. IV the results are
presented in comparison with other experiments and
theoretical models in terms of the pT dependence, the xF
dependence, the 2 dependence, the cross-section ratio
E~/A, and triple-Regge behavior. The latter half of Sec.
IV is devoted to the analysis of the 3 dependence of Eq
and A production cross sections in the constituent-quark
model. The distribution functions which describe the
probabilities for quarks or diquarks to hadronize into Es
or A are determined. Using these distribution functions,
we discuss the average pT 's of quarks and diquarks in-
volved in the production of E~'s and A 's. The con-
clusions are summarized in Sec. V.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

The experiment was performed at the A beam line of
the KEK 12-GeV proton synchrotron. The beam line
and the detection system were described previous-
ly. '"' ' A neutral beam was defined at an angle of 6.5'
with respect to the primary proton beam line by a colli-
mator embedded in a sweeping magnet. The production
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the K trigger. An event was written on tape when the K
trigger or the prescaled pm/N trigger occurred. (b)—80-

)
c 60-

)

400-

III. DATA REDUCTION

The data reduction was made in the following four
steps: (i) Two-track events were selected by a track-
finding program and filtered through various cuts to ex-
tract Ks~w+rr and A ~prr events; (ii) the detector
acceptance was calculated by a Monte Carlo program; (iii)
invariant cross sections were calculated from the mea-
sured number of events and the estimated acceptance; and
(iv) final corrections were applied to the cross sections ob-
tained in (iii).

200-40-

20- 100-

600
0

400 500
MASS (m', w ) (MeV/c )

1100 1120 1140

MASS ( p, )7 ) (MeV/c )A. Track finding and cuts
FIG. 2. Typical distributions of (a) the ~+~ invariant mass

and (b) the pm invariant mass.The data were first processed through a track-finding
program, the details of which were described in Ref. 17.
Tracks were required to lie within given regions of the
detectors prescribed for the K&~n+~ decay and the
A ~p w decay. Neutral-vee events in which tracks of
opposite charges formed a vertex in the decay region were
selected. The vector sum of the two momenta in the
neutral-vee events was traced back to the downstream end
of the collimator and then to the target, where geometrical
cuts were applied.

The main sources of backgrounds in the K trigger were
y~e+e conversions, A ~p~ decays, and KL decays
into two-charged final states. In order to remove the y
contamination, events were discarded if the opening angle
of the two oppositely charged particles was less than 0.02
rad in the laboratory, and also if the invariant mass
formed for the hypothesis y ~e +e was less than 50
MeV/c . The cut parameters adopted above were deter-
mined from distributions of real data and were checked to
be consistent with a Monte Carlo simulation. About
14% of the neutral-vee events were rejected by these cuts.
The A contamination in the K trigger was identified by
forming the invariant mass for the hypothesis A ~p~
Events with the p ~ invariant mass less than 1140

MeV/c were removed; they amounted to about 17% of
the neutral-vee events. About 60% of the neutral-vee
events were removed by the geometrical cut on produc-
tion points. This cut was efficient for removing the KL
contamination, because about 99.8% of the KL decay
contained missing neutral particles, ' so that the momen-
tum vector reconstructed from two charged decay prod-
ucts did not point back to the target correctly in most
cases. Contaminations from the CP-violating decay
KL~ir+rr were estimated to be negligibly sinall (less
than 1%) by a Monte Carlo simulation.

Figure 2(a) shows a typical ir 7r invariant-mass distri-
bution for those events which passed the above cuts. The
Kq mass peak is formed with a resolution of o. = 12
MeV/c . Events with the ~+~ invariant mass within
+3o. deviations from the mass peak were regarded as
Kq's. The background under the K~ mass peak was
about 15%, which was mainly due to the remnants of the
Kl and A contaminations.

Contents of the pm trigger events were essentially the

0=6.5' 0= 8.0' 0=9.5'0= 5.0'0= 3.5'Target

pA ~Ks'X
385

(0.11%)
459

(0.21%)
608

(0.28%)

220
(0.10%)

82
(0.16%)

224
(0.20% )

411
(0.08%%uo)

298
(0.13%)

317
(0.15%)

559
(0.14%)

447
(0.22%)

678
(0.27%)

597
(0.13%)

584
(0.25%%uo)

604
(0.32%%uo)

Be

CU

pe~A X
4775

(11.7%%uo)

4273
(15.4%)

3447
(21.0%%uo)

11 759
(9.5%)
7990

(12.0%)
8388

(12.7%)

Be 54 197
(12.8%)
40 306

(16.3%)
63 746

(18.1%)

40 391
(9.1%)
40 545

(14.7%)
37 692

(17.6%)

4738
(5.6%)
6287

(9.8%)
5032

(12.9%)

CU

TABLE I. The measured numbers of Kq~~+~ and A ~per events for each target and produc-
tion angle 0. The ratio of the number of reconstructed events to that of triggers is shown in parentheses.
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FIG. 3. Distributions of the proper decay length S for (a)
the Kq sample at 7.25 &pz &7.75 GeV/c and (b) the A sample
at 8.75 &pz &9.25 GeV/c.

same as in the previous measurement. ' About 18% of
the neutral-vee events were removed by the geometrical
cuts at the collimator and the target. The y~e+e con-
tamination was about 2%%uo of the neutral-vee events. The
Kq~~+~ contamination in the p~ trigger was negligi-
bly small. The p~ invariant mass was formed with a
resolution of o =3 MeV/c, as shown in Fig. 2(b). The
background under the A mass peak was about 3%.

The background under the mass peak in the final
invariant-mass distribution was subtracted at each
momentum bin. The measured numbers of K~~~+~
and A ~per events are listed in Table I. The back-
ground yields detected with the target out were typically
3%%uo in the Kq sample and 2% in the A sample. They
were subtracted at each bin in the calculation of the cross
sections.

As a check of our experimental method, we measured
the mean life for the Kq and A samples. The proper de-
cay length S of the parent particle was calculated by
S =(Zd„,„—Zs, )mc/pz, where the Z axis was taken
along the collimator axis, Zde&ay was the Z value of the
decay point, Zs& the Z position of the veto counter S1,
m the mass of the parent particle, and pz the Z com-
ponent of the laboratory momentum of the parent parti-
cle. Typical distributions of S, after being corrected for
the acceptance of the detector, are shown in Fig. 3. The
mean life determined from the total sample was
2.50+0. 15 (7.84+0.05) cm for K 's (A 's) and is in
good agreement with the world average ' of the mean
life of Ks (A ), 2.675 (7.89) cm.

B. Monte Carlo calculation of the acceptance

The efficiencies of the present spectrometer system for
detecting the Kg~n. +sr decay and the A ~p~ decay
were calculated by a Monte Carlo simulation including
the following effects: the finite beam size of incident
protons, multiple scattering and energy loss of the
daughter particles, pion decay in flight, and inefficiencies

0
3 7 9

p (GeV/c j
lab

FIG. 4. The detection efficiencies (dashed lines) and the
geometrical acceptances (solid lines) for the Kz~vr+m decay
and the A ~pm decay as a function of the laboratory momen-
tum plab ~

C. Invariant cross sections

From the measured number of events X(p~, Ob) at a
production angle 0 and in a momentum bin Ap at labora-
tory momentum p~,b of Ks (A ), we have calculated the

and spatial resolutions of the tracking chambers.
Monte Carlo events were processed by the track-

finding program and filtered through the cut routines in
a similar way as real data. The detection efficiency was
defined as the ratio of the number of reconstructed
events to that of Ks ~~+sr (A ~p~ ) decays which
took place in the decay region. The detection efficiencies
as a function of the Ks (A ) laboratory momentum p„b
are shown in Fig. 4. Also shown are the geometrical ac-
ceptances, which are defined as the fractional number of
Ks~vr+m(A ~pm .

) decays whose decay products
passed through the prescribed area of the detector. The
geometrical acceptance for Kz's is smaller than that for
A 's because of the tight hit-pattern requirement for the
hodoscope counters. The geometrical acceptance de-
creases at lower values of p~,b for both Az's and A 's be-
cause the acceptance of the spectrometer magnet D1 de-
creases for pions emitted at large angles with respect to
the Ks (A ) direction. The slight decrease at higher p~, b

is caused by the fact that in the case of the Kz decay
high-momentum pions pass through the detectors
without hitting the prescribed elements of the hodoscope
counters and that in the case of the A decay high-
momentum protons go down almost straight without hit-
ting the counter S5.

The difference between the geometrical acceptance and
the detection efficiency was caused mainly by inefficiencies
of the tracking chambers due to the high-intensity pri-
mary protons. The uncertainty in the estimation of the
detection efficiency was less than 10%%uo.
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TABLE II. Target absorption corrections for A 's and Kq's: A, i denotes the nuclear interaction
length of protons; XT, the nuclear collision length of protons; A, , the mean free path of A 's or K&'s; c,
the correction factor Eq. (2) for A 's or Kz's; o.;„,~(E —3), the inelastic cross sections for K —3 col-
lisions.

~l
(Ref. 21) (Ref. 21) (Ref. 14)

Target (cm) (cm) (cm)

o.;„,)(K+ 3 ) o.;„,](E A )

(Ref. 22) (Ref. 22)
(mb) (mb)

x(z,')
(cm) c(Sos')

Be
CU

W

36.7
14.8
10.3

30.0
9.3
5.6

30+19 1.13+0.05 125+5
11+2 1.38+0.05 555+30

6.0+0.6 1.69+0.06 1119+91

146+3 52+ 10 1.10+0.01
650+ 18 16.9+3.4 1.29+0.03

1410+63 10.9+2.2 1.52+0.07

invariant cross sections for Ks (A ) production by

E d o. Elab N (p»b, 0)

dp p»b II&dcy ~ (p»b )ecpU&acNb Nt ~~I~p

where 8 is the branching ratio ' for the Kz~~+~
(A ~pm ) decay; e'd, „ is the probability for the pro-
duced Ks (A ) to decay in the decay region; A (p»b) is
the detection eSciency defined in Sec. III B; ecpU is the
fractional number of event triggers that are written on
tape; e„ is the correction for accidental veto rates of the
counter Sl; Nb is the number of incident protons; N, is
the number of target nuclei per unit area; and AQ is the
solid angle subtended by the collimator.

During the course of the data collection the number of
incident protons Nb was monitored with a secondary-
emission chamber and an ionization chamber. ' The ab-
solute calibration of the proton beam intensity had been
made' by the activation method of aluminum foil in the
previous measurement of A production cross sections on
Cu at 6.5'. In the present experiment the K~ yield was
measured simultaneously with the A yield. The absolute
scale of the proton beam intensity was determined by nor-
malizing the A cross sections to the previously measured
values. '

0. 1 =—

0.01 =

((j ) Be 3.5
~~ 5.0
+ 6.5
~ 8.0'
~ 9.5

0.001 =—

gets of the same material and of different lengths, 40 and
20 mm. The measured values of A,(A ) were found to be
approximately equal to the nuclear collision length of
protons rather than the nuclear interaction length (see
Table II). Since the nuclear collision length of A 's can
be approximated to be equal to that of protons within an
accuracy of 10% (Ref. 14), the above result implies that
elastic scattering on target nuclei results in the loss of
the produced A 's most of the time by deflecting them
away from the collimator aperture.

Measurements of the mean free path A, (Ks ) were not
made in the present run because of time limitations. In-
stead, we assumed that A(Kg) w, as given by the nuclear

D. Corrections

Two final corrections that have to be applied to the
cross sections obtained by Eq. (1) are absorption of in-
cident protons and produced particles in the target and a
difference between the geometrical and effective solid an-
gles of the collimator.

Assume that the incident protons are absorbed in the
target with a mean free path of ko and the produced
Ks's (A 's) with a mean free path of A, (A ) (k(Ks)). The
"true" cross section o. is then related to the cross section
o.L that is obtained with a target of length I, by o. =co.I .
Here the absorption correction factor c is given by

c&)
CD

E
0. 1

=—

0.01 =—

0001 =

0.1 =—

0.01 =—

(b) Cu

(c) W

~l~p
+ 0

c =(L /A, L /ko)/[exp( L —/Ao) —exp( L —/A, )], —(2)

where A, =X(A ) or A.(Ks).
The Be, Cu, and W targets used in the data collection

had a length of L =40 mm. The mean free path A.o of in-
cident protons was assumed to be given by the nuclear in-
teraction length listed in Ref. 21.

The mean free path A,(A ) was measured in the previ-
ous experiment' by comparing A yields from two tar-

0.001 =—

4 5 6 7 8 9
P

1 p b ( 6e V / c )

10 11 12

FIG. 5. Invariant cross sections for Kz production by 12-CxeV

protons on (a) Be, (b) Cu, and (c) W as a function of the labora-
tory momentum p],b at fixed production angles. The momentum
bin width is Ap~, b=0. 5 GeV/c.
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collision length of Kq's and evaluated the relevant total
cross section o &,t(Ks A) for K~-nucleus collisions from ex-
isting data ' on K —-nucleus and K+—-proton collisions.
The inelastic cross sections o;„,i(K A) for K*-nucleus
collisions are measured by Denisov et aI. in the energy
region of 10 GeV. The ratios of inelastic to total cross
sections are known for K +—-proton collisions. ' Assuming
that cr „,(Ks A ) is given by a simple average of K + A and
E A total cross sections and that the ratio o.;„,~/o t,t does
not depend on the atomic mass of target nuclei, we calcu-
lated o.„,(Ks A) by the expression

0 1 o'inei(K+ A ) o'inei(K

2 0.88 0.86
(3)

where we put o.;„,i(K +p) /cr „,(K +p) =0.88 and
o;„d(K p)/o „,(K p) =0.86 in the 5—10-GeV/c momen-
tum range. ' The results of the absorption correction are
summarized in Table II.

The geometrical solid angle of the collimator was 100
@sr, as mentioned in Sec. II. The effective solid angle for
Eg's was determined by evaluating effects of the finite
spread of production points and of scattering and absorp-
tion of K~'s in the collimator. The collision length of
Kg's in the collimator, which was made of brass (Zn 40%

and Cu 60%), was calculated by Eq. (3). The (xF,pr)
distribution in E~-nucleus scattering was approximated by
the data of Bosetti et al. on the m++p~m. ++X reac-
tion at 8 GeV/c. In addition, effects due to K regenera-
tion were also included in the calculation. The regen-
eration process KL ~I( q increased the effective solid angle
by 1.5 @sr at p~,b

——5 GeV/c, but its effects became negli-
gibly small at higher momenta. These corrections result-
ed in an effective solid angle of 116 @sr for Kg's, essential-
ly independent of p~,b in the momentum range of interest.
It was 108 iMsr for A 's (Ref. 14).

E. Estimation of systematic errors

The major systematic error in the present measure-
ment was an overall uncertainty in the absolute normali-
zation of the cross sections. It consisted of the uncer-
tainty in the proton beam intensity (15%) (Ref. 14), that
in the detection efficiency (10%%uo), and that in the collima-
tor solid angle (5%). Adding these uncertainties in
quadrature gives an overall uncertainty of 20%.

Fluctuations of the beam conditions gave rise to an
angle-to-angle uncertainty of 7%, which was taken into
account in the subsequent analyses of the pT and xF
dependences of the cross sections. The uncertainty in the

TABLE III. Invariant cross sections for Kz production by 12-GeV protons on Be, Cu, and W at pro-
duction angles 3.5, 5.0, 6.5, 8.0', and 9.5'

~ The errors are statistical only.

Angle
(deg)

3.5

PT
(GeV/c)

0.35
0.45
0.55

XF

0.50
0.64
0.78

Be

0.37 +0.03
0.107 +0.008
0.0255+0.0020

E d'0. /dp' (mb/GeV')
Cu

1.18 +0.13
0.293 +0.026
0.0920+0.0096

1.69 +0.18
0.554 +0.045
0.121 +0.012

5.0 0.55
0.65
0.75
0.85

0.53
0.63
0.72
0.82

0.136 +0.010
0.036 +0.003
0.0133+0.0013
0.0028+0.0004

0.436 +0.036
0.152 +0.012
0.0451+0.0049
0.0091+0.0014

0.527 +0.037
0.191 +0.013
0.0847+0.0066
0.0169+0.0022

6.5 0.55
0.65
0.75
0.85
0.95
1.05
1.15

0.38
0.46
0.53
0.61
0.68
0.76
0.83

0.30 +0.03
0.090 +0.008
0.048 +0.003
0.0182+0.0015
0.0057+0.0006
0.0010+0.0002
0.0002+0.0001

1.10 +0.13
0.482 +0.039
0.152 +0.012
0.0646+0.0053
0.0240+0.0023
0.0059+0.0010
0.0009+0.0002

2.20 +0.24
0.645 +0.058
0.259 +0.020
0.114 +0.010
0.0363+0.0037
0.0140+0.0022
0.0023+0.0007

8.0 0.75
0.85
0.95
1.05
1.15
1.25

0.40
0.46
0.52
0.58
0.63
0.69

0.073 +0.009
0.032 +0.003
0.0133+0.0014
0.0058+0.0007
0.0027+0.0004
0.0003+0.0001

0.312 +0.033
0.132 +0.012
0.0603+0.0057
0.0234+0.0025
0.0105+0.0014
0.0017+0.0004

0.666 +0.063
0.278 +0.023
0.1060+0.0094
0.0429+0.0041
0.0194+0.0024
0.0048+0.0009

9.5 0.85
0.95
1.05
1.15
1.25
1.35
1.45

0.35
0.40
0.45
0.49
0.54
0.58
0.63

0.067 +0.011
0.040 +0.005
0.013 +0.002
0.0055+0.0010
0.0018+0.0003
0.0010+0.0004
0.0002+0.0001

0.143 +0.038
0.096 +0.023
0.046 +0.011
0.0143+0.0037
0.0090+0.0024
0.0043+0.0016
0.0007+0.0005

0.419 +0.073
0.244 +0.031
0.056 +0.009
0.0499+0.0074
0.0226+0.0037
0.0096+0.0024
0.0022+0.0007
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target absorption correction (5%) and that due to the
beam fluctuations (7%) combined to give a target-to-target
uncertainty of 9%, which was taken into account in the
analysis of the A dependence. The uncertainty in the
detection efficiency (10%) and that in the target absorp-
tion correction (5%) were taken into account in the
analysis of the cross-section ratio K~/A .

IV. RESULTS AND DISCUSSION

Data were collected at five production angles: 3.5',
5.0, 6.5', 8.0', and 9.5'. The momentum spectra for Kz
production by 12-GeV protons on Be, Cu, and W at the
five production angles are shown in Fig. 5. The error
bars are statistical only. The curves are drawn to guide
the eye.

The numerical values of the K~ production cross sec-
tions are listed as a function of the transverse momentum
pT and the Feynman scaling variable xF in Table III.
The xF is defined by xF ——pL /p ',„, where pL is the longi-
tudinal momentum of the produced particle in the
center-of-mass frame of the incident proton and the target
and p*,„ is the maximum value of pL' that is allowed
kinematically. In the calculation of xF the target is as-
sumed to be a proton at rest. The variables xF and pT are
mutually related at a fixed production angle 0. The cross
sections in Table III were calculated by dividing the data
at each production angle 0 into pr bins at intervals of 0.1

GeV/c, with the corresponding value of xF being calculat-
ed from the pT and 0.

The momentum spectra for A production by 12-Gev

TABLE IV. Invariant cross sections for A production by 12-GeV protons on Be, Cu, and W at
production angles 3.5', 5.0', 6.5, 8.0', and 9.5'. The errors are statistical only.

Angle
(deg)

Pr
(GeV/c) Be

E d u/dp' (mb/GeV )

CU

3.5 0.25
0.35
0.45
0.55
0.65

0.23
0.39
0.54
0.68
0.82

1.5
1.25
0.932
0.560
0.219

+0.3
+0.05
+0.018
+0.008
+0.004

7.9
4.80
3 ~ 173
1.662
0.625

+1.6
+0.23
+0.072
+0.031
+0.014

11.0 +2.2
7.39 +0.33
4.81 +0. 11
2.433 +0.045
0.937 +0.020

5.0 0.45
0.55
0.65
0.75
0.85
0.95
1.05

0.30
0.41
0.52
0.62
0.72
0.82
0.91

1.08 +0.03
0.782 +0.010
0.496 +0.004
0.2740 +0.0022
0.1175 +0.001 I

0.035 9 +0.0005
0.005 9 +0.0002

3.87 +0. 11
2.688 +0.037
1.631 +0.016
0.833 6 +0.0076
0.353 5 +0.003 8
0.108 2 +0.001 7
0.019 5 +0.0006

5.98 +0. 13
4.074 +0.045
2.429 +0.019
1.281 +0.009
0.5548+0.0047
0.1729+0.0022
0.0331+0.0008

6.5 0.65
0.75
0.85
0.95
1.05
1.15
1.25

0.34
0.42
0.50
0.57
0.65
0.72
0.80

0.58 +0.03
0.391 +0.013
0.231 +0.007
0.116 +0.003
0.048 8 +0.001 8
0.018 3 +0.0009
0.005 4 +0.0004

2.22 +0.12
1.330 +0.048
0.799 +0.025
0.402 +0.013
0.1867 +0.0069
0.065 6 +0.0034
0.018 5 +0.0016

3.84 +0.22
2.227 +0.092
1.411 +0.048
0.636 +0.024
0.3112+0.0129
0.1087+0.0065
0.0335+0.0031

8.0 0.65
0.75
0.85
0.95
1.05
1.15
1.25
1.35
1.45

0.21
0.28
0.34
0.41
0.47
0.53
0.59
0.65
0.70

0.611 +0.021
0.375 +0.007
0.257 +0.003
0.1586 +0.001 8
0.089 5 +0.0009
0.041 8 +0.0005
0.018 9 +0.0003
0.007 1 +0.000 1

0.0022 +0.000 1

2.380
1.539
1.003
0.600
0.322
0.161
0.072
0.028
0.009

+0.081
+0.030
+0.013

0 +0.0067
4 +0.0035
1 +0.0019
4 +0.0010
1 +0.0005
1 +0.0003

4.428 +0. 155
2.598 +0.054
1.758 +0.025
1.081 +0.013
0.5724+0.0067
0.2970+0.0037
0.1321+0.0020
0.0517+0.0011
0.0169+0.0005

9.5 0.75
0.85
0.95
1.05
1.15
1.25
1.35
1.45
1.55
1.65

0.17
0.23
0.28
0.33
0.38
0.43
0.48
0.53
0.76
0.82

0.33 +0.03
0.260 +0.015
0.162 +0.007
0.103 +0.003
0.0577 +0.001 9
0.028 6 +0.001 0
0.0142 +0.0006
0.005 8 +0.0003
0.000 50+0.000 03
0.000 09+0.000 01

1.60 +0. 13
1.213 +0.062
0.717 +0.026
0.412 +0.013
0.237 9 +0.0070
0.1173 +0.003 7
0.053 8 +0.0020
0.0265 +0.001 1

0.0024 +0.000 1

0.000 43+0.000 04

3.04 +0.29
2.154 +0.123
1.315 +0.054
0.791 +0.027
0.4542+0.0147
0.2420+0. 0081
0.1209+0.0045
0.0486+0.0024
0.0050+0.0003
0.0011+0.0001
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protons on Be, Cu, and W at 3.5, 6.5', and 9.5' were al-
ready described in Ref. 14. At these angles, the A pro-
duction cross sections obtained in the present experiment
agreed with the previous values' within statistical accura-
cies. In Table IV we list the A production cross sections
obtained in the present experiment, on which the subse-
quent analyses presented in this paper are based.

0. 1 =

0.01 =

(a) 0.45& X„0.50

A. pT dependence

In Fig. 6 we show several of the invariant cross sections
for Eg production as a function of pT at fixed values of
xF. The pT dependence of the cross sections was fitted to
the Gaussian form:

0.1 =

0.01 =

o~~
o (b) 0.50& XF & 0.55

0 0
(xF PT) +

3 (xF PT —0)exp[ b (xF)PT ] ~ (4)
dp dp

The fitted curves are also shown in Fig. 6. This demon-
strates that the Gaussian form reproduces the pT depen-
dence of the data well. The pT dependence of the A pro-
duction cross sections was also reproduced by the Gauss-
ian form. The angle-to-angle systematic error of 7% was
included in the fits. The slope parameters b(xF) for Ks
production are listed in Table V and those for A produc-
tion in Table VI. The cross sections extrapolated to
PT =0 by Eq. (4), E d crldp'(xF, PT =0), are used in later
analyses.

The slope parameters b (xF ) for Ks production are plot-
ted in Fig. 7(a). The data do not appear to depend
strongly on xF in the measured range of xF. Assuming a
Bat xF dependence for each target nucleus yields the aver-

(c ( 0.55 c XF & 0.60

0.01 =—

0.001 =—

a Be

o Cu

~ W

)

0.4
)

0.8

(7 ( GeV/c )

1.2

FIG. 6. Invariant cross sections for Eq production by 12-GeV
protons on Be, Cu, and W as a function of pT at fixed xF.. (a)
0.45&x~&0.50, (b) 0.50&x~&0.55, and (c) 0.55&x~ &0.60.
The curves are the fits given by Eq. (4).

(a) K (b) A

~ Be
4.5 — o Cu

4.0—)

~ Be

o
W

v H

3 5—

3.0—
0

sk

2 ~
5—

2.0—

)

0.2
I

0.4
XF

l

0.6
I

0.8
l

1.0 0.2 0 4
I

0.6 0.8 1.0

FICz. 7. Slope parameters b(x~) af the pT dependence of the invariant crass sectians far (a) Kq production and (b) A production.
The hydrogen data for A production (inverted open triangles) are from Ref. 15.
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TABLE V. Slope parameters b(xF) [in (CxeV/c) '] in the pT
dependence of Kz production cross sections by 12-GeV protons
on Be, Cu, and W. The errors include the angle-to-angle uncer-
tainty of 7%.

Be CU

0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725

3.71+0.49
2.68+0.35
3.46+0.29
3.47+0.21
3.46+0.21
3.39+0.25
3.62+0.22
4.37+0.35

2.83+0.55
4.59+0.57
3.24+0. 12
3.04+0.20
2.97+0.19
3.28+0.22
3.18+0.21
3.37+0.35

3.43+0.48
3.25+0.36
2.64+0.20
2.75+0. 18
2.79+0.19
2.66+0.21
2.80+0.25
2.38+0.31

age value of b(xF) of 3.60+0.08 for Be, 3.29+0.08 for
Cu, and 2.83+0.07 (GeV/c) for W. The xF-averaged
slope parameters indicate a trend to decrease with increas-
ing A.

In Fig. 7(b) we plot the slope parameters b(xF) for A
production on Be, Cu, and W. Also plotted are the hy-
drogen data obtained in the previous measurement. " The
slope parameters b(xF) for nuclear targets decrease with
increasing A over the entire xF range covered. More im-
portantly, the slope parameters b (xF) for nuclear targets
increase with increasing xF, while those for hydrogen
seem to remain approximately constant in the measured
XF range.

The different xF behavior of the slope parameters b (xF )

for Kg's and A 's deserves attention; this phenomenon
wiH be dealt with in the picture of the constituent-quark
model in Sec. IV G.

where x0 is the maximum value of xF that is allowed
kinematically at a given pT., for example, x0 at pT ——1

GeV/c is 0.88 (0.89) for Ks (A ) production. The fits
were made for several pT values to investigate possible pT
dependence of the powers m. Equation (5) fits the data
well, as demonstrated in Figs. 8(a) and 8(b).

The powers m for Eg production are plotted versus pT
in Fig. 9(a) and those for A production in Fig. 9(b). The
values at pT ——0 were determined by fitting the extrapolat-
ed cross sections Ed tT/dp (xz,pr=0) to Eq. (5). The
powers m for K~ production appear to decrease with in-
creasing pT, while the pT dependence of the powers m for
A production is weak. As for the differences between
target nuclei, Fig. 9(b) shows that the powers m for low-

pT A production on a heavy nucleus are larger than
those on a light nucleus. This is consistent with the nu-
clear attenuation effect' "' in forward A production;
the forward A spectrum on a heavy nucleus is attenuated
relative to a light nucleus. In the Ks data of Fig. 9(a) this
trend is barely seen at pT ——0.

For comparison, other previous data on the powers m
are also shown in Figs. 9(a) and 9(b): the data of Ref. 15
for A production by 12-GeV protons on hydrogen, the
data of Edwards et al. for Kz and A production by
200-GeV/c protons on Be, and the data of Bobbink
et al. for A production in proton-proton collisions at
the CERN ISR. Our results are consistent with these
data.

I I I I I

B. xF dependence

3
m (p~)E

9
= A (P7 )(x0 —xF)

dp
(5)

The xF dependence of the Kq and A production cross
sections were fitted to the form

0.01—

(0) pCu ~K~ X Py (GeV/c j

0.55

~~ 0.75~ (-0.854 0.95

1.05

1.t5

XF

0.275
0.325
0.375
0.425
0.475
0.525
0.575
0.625
0.675
0.725
0.775
0.825
0.875

Be

2.58+0. 17
2.57+0. 13
2.55+0.09
2.68+0.07
2.64+0.06
2.70+0.06
2.78+0.05
2.88+0.05
2.98+0.06
3.10+0.06
3.31+0.06
3.48+0.08
4.04+0. 17

2.29+0. 16
2.34+0. 12
2.35+0.09
2.49+0.07
2.57+0.06
2.52+0.06
2.58+0.05
2.64+0.05
2.74+0.05
2.84+0.06
3.02+0.06
3.30+0.07
3.92+0.06

2.26+0. 16
2.24+0. 12
2.26+0.09
2.24+0.08
2.33+0.06
2.37+0.03
2.41+0.05
2.52+0.05
2.59+0.05
2.75+0.06
2.78+0.06
2.98+0.08
3.36+0.19

TABLE VI. Slope parameters b(xF) [in (AeV/c) ] in the

pT dependence of A production cross sections by 12-GeV pro-
tons on Be, Cu, and W. The errors include the angle-to-angle
uncertainty of 7%.

E

0.1—

(b) pCu ~A X

I I I I I I I

I I I I I I I

PT (GeV/c)

0.65

g- 075
p- 0.95

0.95
~~t

~~ 0- 1.05o~
g- 1.15

c- 1.25

0.01
0, 1

I

0.3
I I I I I I I

1.0
"0

FICx. 8. Plots of the invariant cross sections versus xo —x~-.

(a) pCu~KgX and (b) pCu~A X. The straight lines are the fits
given by Eq. (5).
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2 II
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W
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0.001 =
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Cu
I

I I I I I I III
100

ATOMIC MASS A

I I I I IIII
1000

I

0.4
I

0.2
I

1.40 0.6 0.8 1.0
PT ( GeV/c )

FIG. 9. Powers rn (pT) of the xF dependence of the invariant
cross sections for (a) Kq production and (b) A production. The
inverted open triangle is the data of Ref. 15 for A production by
12-GeV protons on hydrogen. The crosses are the data of Ed-
wards et al. (Ref. 25) for I(.z and A production by 200-GeV/c
protons on Be and the data of Bobbink et al. (Ref. 26) for A
production in pp collisions at the CERN ISR.

1.2

C. A dependence of Eg production

The 2 dependence of the K~ production cross sections
was fitted to the empirical power law

The power m in the (1—xF) dependence of the for-
ward particle spectrum is related to quark-parton pic-
tures by the quark-counting rules, of which some
different versions have been proposed. The latest rule
by Gunion is based on gluon exchange rather than
quark exchange as the hadronic interaction mechanism
and pointlike pair creation as the mechanism for produc-
ing sea quarks. The suppression of d quarks as com-
pared to u quarks in proton structure functions in the
xF~1 limit is taken into account by increasing m by 1

unit. According to this rule, the power m is 4 for the
p ~Ez fragmentation and 1 for the p ~A fragmenta-
tion. These predictions are in qualitative agreement
with our data at small pT.

It should be noted that the quark-counting-rule predic-
tion depends on specific quark processes assumed for the
p~hadron fragmentation. The prediction m =1 for the
p~A fragmentation applies for the fragmentation of two
fast quarks into A . In addition to this process, the frag-
mentation of a single fast quark into A, for which the
counting rule predicts m =3, has an appreciable contribu-
tion to A production in proton-nucleus collisions at
moderate xF. The constituent-quark model allows separa-
tion of these two processes and hence more detailed com-
parison with the counting rule (see Sec. IV F).

FIG. 10. Typical plots of the Kq production cross sections on
Be, Cu, and W as a function of A. The straight lines are the fits
given by Eq. (6).

E (xF,pT., A)=E (xF,pT, A =1)A
dp dp

(6)

1.0

04—

0.2—

kI&

II

~ 0.35 XF 0.45
0.45 ~

XF ~ 0.55
~ 0.55» XF ~ 0.65

0.65~ XF ~ 0.75
o 300 GeV XF = 0.4

300 Ge V XF = 0.6

0 )

0.2
l

0.4 0.6
)

0.8

PT ( GeV/c )

I

1.0
I

1.2 1.4

FIG. 11. Exponents o.(xF,pT) of the A dependence of the It g

production cross sections as a function of pT at fixed xF. The
data at 300 GeV are from Ref. 11.

In Fig. 10 we plot the cross sections as a function of A
for several pr values at typical x~, together with the fits
given by Eq. (6). The data are well represented by the
power-law fit. The cross sections extrapolated to 3 =1
by Eq. (6), E d cr Idp (xF,pT', 3 =1), are used later in the
triple-Regge analysis (see Sec. IV E).

The exponents a(x~,pT) are plotted as a function of pT
at fixed x~ in Fig. 11. Also shown are the data of Skubic
et al. " at 300 GeV. Our data indicate a trend to increase
with increasing pT and are consistent with the data at 300
GeV.
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The exponents a at pT =0, a(xF,pT =0), were calculat-
ed by fitting the extrapolated cross sections
Ed o. /dp (xF,pr=0) to Eq. (6). The results are plotted
in Fig. 12 in comparison with the data" at 300 GeV and
several model predictions. The nuclear attenuation' "'
in forward hadron production implies that
a(xF,pT =0) & ao for large xF, where ao=0. 695 is the ex-
ponent in the power-law fit of proton-nucleus inelastic
cross sections. In the framework of the constituent-
quark model, Dar and Takagi and Berlad et al. predict
that a(xp, pT=0) for Ks production does not depend on
xF above moderate xF (xF ~0.4). Numerical values pre-
dicted by Refs. 5 and 6 are essentially the same for the
combination of Be, Cu, and W targets and are shown by
the line 1 in Fig. 12. Nikolaev and Pokorski predict
weaker attenuation, i.e., larger values of a(xF) in the ad-
ditive quark model and stronger attenuation in the collec-
tive model. Capella and Tran Thanh Van predict like-
wise stronger attenuation based on the dual-parton model.
Note that all the models mentioned above reproduce the
measured behavior of a(xF) for A production' "' and
are not distinguished by the A data alone. Our K~ data
are consistent with the data" at 300 GeV and favor the
constituent-quark models of Dar and Takagi and of Ber-
lad et al. , the collective model of Nikolaev and Pokorski,
and the dual-parton model of Capella and Tran Thanh
Van, but do not favor the additive quark model of Niko-
laev and Pokorski.

The results for the power-law analysis of the A depen-
dence of the present A data were essentially the same as
described in Ref. 14.

D. Cross-section ratio Kg /A

=a exp( bxF) .— (7)

The parameters a (b) obtained are a = l.34+0.37
( b =7.03+0.65 ) for Be, a = 1.08+0.41 ( b =5.61+0.72 )

for Cu, and a =1.22+0.34 (b =5.89+0.65) for W, indi-
cating that the K~/A ratio does not depend strongly on
A.

The pT-integrated cross-section ratios Kz/A for Be
are plotted versus xF in Fig. 14 in comparison with oth-
er experiments. Skubic et al. " report that the Kz/A
ratio in proton-nucleus collisions at 300 GeV is de-
scribed by the function 2.99exp( —6.45xF) in the range
0.2 &xF (0.7, irrespective of pT between 0 and 2
GeV/c, and that the ratio does not depend strongly on
target nucleus, Be or Pb. Their results are shown by the
dashed line in Fig. 14. Figure 14 shows that the xF
dependence of the Kz/A ratio obtained in the present
experiment is consistent with previous experi-

The ratio of the invariant cross section for Kq produc-
tion to that for A production is plotted against A for typ-
ical x~ and pT values in Fig. 13. For given values of xF
at fixed 0, the corresponding p T values are different for
Kq production and A production. The Kq/A ratios as a
function of xF and pT were calculated by interpolating or
extrapolating the cross sections according to the Gaussian
pT dependence at each xF. Figure 13 shows that the
K~/A ratio does not depend strongly on A and that the
ratio decreases at higher xF and p T.

The Kq/A ratios in terms of the pr-integrated cross
sections were fitted to a simple exponential function of xF ..

d d3fE, (p~Ks)dpr' fE, (p~A')dpT'
dp dp

1.0— ~ This experiment

D 300GeV I I I I I I !II I I I I I I III ! I I I I I I I I I I I I I III I I I I I I III1:
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x 06
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FIG. 12. Exponents a(xF,pT =0) of the A dependence of the
Kq production cross sections in comparison with the data at 300
GeV (Ref. 11) and theoretical predictions: curve 1, the
constituent-quark models of Dar and Takagi (Ref. 5) and Berlad
et al. (Ref. 6); curve 2-1, the additive quark model of Nikolaev
and Pokorski (Ref. 29); curve 2-2, the collective model of the
same authors; curve 3, the dual-parton model of Capella and
Tran Thanh Van (Ref. 30).

0.01—
I I IIIIII I I I IIIIII I I I IIII! I I I IIIIII I I I IIIIII i I

10 100 1 10 100

FIG. 13. Cross-section ratios Kq/A as a function of 3 for
typical xF bins at (a) pT=O, (b) pT=0. 5, (c) pT ——1.0, and (d)

pT =1.5 GeV/c.
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FIG. 14. The pT-integrated cross section ratios Ks/A versus
xF in comparison with other experiments. Data are taken from
the following references: open triangles and open squares, Ref.
31; open circles, Ref. 32; open diamonds, Ref. 25; dashed line,
Ref. 11.

FIG. 16. Effective Regge trajectory a&(t) for Kz production.
The data at 300 GeV are from Ref. 35.

K. Triple-Regge analysis of Es production
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The triple-Regge model ' is one of the successful phe-
nomenological theories of inclusive particle production at
low pT. In this model the invariant cross section for in-
clusive Ks production at c.rn. energy ~s is written in
terms of the missing mass squared M and the four-
momentum transfer squared t by the expression

'
1 —2ag (t)

d o( 2
)

G(t) M
(&)

dp 7T S

where G (t) is the residue function and aR (t) is the
effective Regge trajectory.

The A =1 extrapolated cross sections that were ob-
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FIG. 15. The A =1 extrapolated cross sections for Ks pro-
duction as a function of s/M' at fixed production angles. The
straight lines are the fits to data points.

FIG. 17. Residue function G(t) divided by ~ for Kz produc-
tion. The data at 300 GeV are from Ref. 35.
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TABLE VII. Results of the triple-Regge analysis of the A = 1 extrapolated cross sections for Kz pro-
duction. The errors are statistical only. The last column indicates the P values divided by the number
of degrees of freedom.

0
(deg)

3.5
5.0
6.5
8.0
9.5

[(CseV/c) ]
—0.4 & t & —0. 1

—0.8& t & —0.4
—1.4& t & —0.7
—2. 1 &t & —1.2
—2.9 & t & —1.6

—1.64+0.21
—2. 17+0.20
—2.69+0.21
—2.74+0.21
—3.27+0.33

6(t)/~
(mb/GeV )

1.3+0.6
1.5+0.6
2.1+0.9
1.2+0.4
2.3+1.5

X /DF

14/7
3/6

15/7
21/7
12/6

tained in Eq. (6) were fitted to Eq. (8) under the assump-
tion that G(t) and a~(t) were constants at each produc-
tion angle 0. In Fig. 15 we plot the A =1 extrapolated
cross sections as a function of s/M at fixed production
angles. The data are well reproduced by the straight-line
fit. The results of the fits are summarized in Table VII.
The range of t at each 0 is indicated as a bin width of t in
the table.

The aR(t) and G(t)/rr are plotted versus t in Figs. 16
and 17 in comparison with the data of Devlin et al. at
300 GeV. Their data refer to the A =1 extrapolated
cross sections determined from Be and Pb data. Also
plotted are some X states which may contribute to the-
reaction pp~K+X as the Reggeon. The present results
on az(t) and G(t) are consistent with the data at 300
GeV. Both of them seem to lie between X —X~ trajecto-
ry [X(1189), X(1670), and X(1915)] and X' —X~ trajec-
tory [X(1750) and X( 1940)], which are the natural-
parity trajectories.

The results for the triple-Regge analysis of the present
A data were essentially the same as described in Ref. 14.

F. Analysis in the constituent-quark model

Recently several authors have shown that the
constituent-quark models provide a reasonable description
of many features of low-p T hadron-nucleus collisions.
The basic picture of the models as applied to the projectile
fragmentation in proton-nucleus collisions can be summa-
rized as follows. (1) A nucleon is viewed as a system of 3
spatially separated constituent quarks, each containing a
valence quark and a virtual cloud of sea quarks and
gluons. (2) When an incident proton collides with a nu-
cleus, one, two, or three constituent quarks in the incident
proton are "wounded, " i.e., interact inelastically with tar-
get quarks and lose a considerable fraction of their initial
momenta. The number of wounded quarks in the in-
cident proton would usually be one in a proton-nucleon
collision, while in a proton-nucleus collision an increasing
number of constituent quarks are wounded with an in-
creasing size of the target nucleus or A. (3) The remain-
ing constituent quarks in the incident proton which were
not wounded pass through the nucleus, retaining their ini-
tial momenta, and hadronize through fragmentation or
recombination to form fast hadrons. They are called lead-
ing quarks. The spectra in the projectile-fragmentation
region x~ ~0.2 are dominated by contributions from the
leading quarks. The wounded quarks predominantly con-

=PpAfp Ao(XF)PT)+Ppafp po(XF)PT) (9)

where o.pq is the total inelastic cross section for pA
collisions, I'p& is the probability that i constituent quarks
in the incident proton are wounded in nucleus A, andf" ~o(xF,PT) is the (xp,pr) distribution of A 's that are
produced in the fragmentation or recombination of the
remaining (3 i) lead—ing quarks. The probability P~~ de-
pends on A, but not on the final-state particle observed.
The distribution function f" Ao(xp, pr) of the final-state

particle is independent of A.
Optical-model calculations with the help of the quark

additivity approximation give

(i)
Ppw =3(ops —cr~w )/o'pw

(2)
PpA =3(3crvrA 0pd 0 qA )/Op&

(i) (2)
Ppz =1—Pp~ —Pp~

(loa)

(lob)

(10c)

where opq, cr„~, and o.q~ are inelastic pA, aA, and qA
cross sections, respectively. If some reasonable estimation

(i)of Ppz or a set of cross sections op&, o„z, and oqz is
available, one can determine the distributions

f ' &o(xp,pr ) from experimental data on the A depen-

dence. Takagi analyzed the Fermilab data"' on for-
ward A and:" production by 300-GeV protons on nu-
clei by using the cross section data o.p~ and o. ~ of Den-
isov et aI. for the incident energies of 20—60 GeV and
by estimating o.qz by means of optical-model formulas
applied at the constituent-quark level with the simple
uniform-disk approximation for quark densities in nuclei.

TABLE VIII. The A-dependent parameters o.~~ and P~'~ in

the constituent-quark model of Takagi (adapted from Ref. 9).

Target

Be
CU

W

o.pg (mb)

206.8
808.1

1684.8

0.846
0.585
0.439

0.146
0.347
0.425

tribute to the spectra in the central rapidity region.
According to the above picture, the A production cross

section in the projectile-fragmentation region of proton-
nucleus (PA) collisions is written by the expression

1 do.
F. (xF,P T, A)'

opg dp
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FIG. 18. The (xF,Pr) distribution functions in the constituent-quark model: (a) f"' o{xF,Pr), (b) f' '„o{xF,Pr), and (c)

f' ' p{xF,pr). The uncertainties are large ( —100%) for high pz. {see text). The results of Ref. 9 on A production by 300-CxeV pro-
p ~Ks

tons are shown by dashed lines.

Analysis by Eq. (9) with the functional form axF (1 —xF)'
assumed for the distribution functions was then found to
give satisfactory fits to the measured A and:" spectra.

The present data at 12 GeV were analyzed by using the
cross sections o.~~ of Denisov et al. and the probabili-
ties PFq of Takagi (see Table VIII). This seems to be a
good approximation since the inelastic total cross sections
o.

~ ~ and o.„~ remain approximately constant above
the 10-GeV region. At fixed p T we parametrized
f'"Ao(xF,pT) in the form axF (xp —xF)' and
f' ' Ao(xF,pT ) in the form d (xp —xF)'. We then fitted the

A production cross sections on Be, Cu, and W to Eq. (9)
and determined the parameters a —e at each pT. The
target-to-target systematic error of 9% was taken into ac-
count in the fits. The results of the fits are given in Table
IX. The X values in the fits indicate that Eq. (9) de-
scribes the present data reasonably well.

The distributions f'"Ao(xF,pT) and f' 'Ao(xF, pT)
obtained are shown as a function of xF for several values
of pT between 0 and 1.15 GeV/c in Figs. 18(a) and 18(b).
The uncertainty in f"'„p(xF,pT) roughly ranges from

20%%uo at pT ——0 to 100%%uo at pT ——1.15 GeV/c, and that in

f Ap(xF, pT ) is 40%%uo at smaller xF and more thanp~A

100% at larger xF. Also shown by the dashed curves
are the results of Takagi for the Fermilab data at
8=0.25 mrad, " which can safely be regarded as the
values at p T

——0. The xF dependences off'" p(xF,pT 0) an——d f' 'Ap(xF, pT=O) at 12 GeV are
similar in shape to those at 300 GeV. The absolute
values of f'"Ap(xF, pT ——0) (f' 'Ap(xF, pT ——0)) at 12

GeV are smaller than the 300-GeV values by a factor of
about 2 (5). This reflects the fact that the 12-GeV region
is below the Feynman scaling limit for A produc-
tion. ' ' ' The difference of factors 2 and 5 is consistent
with the observation' that the Feynman scaling is
achieved from larger xF, since f'" Ao(xF, pT ) is more im-

portant than f ' ' Ap(xF, pT ) at large xF, as can be seen in

Figs. 18(a) and 18(b).
Fast Kg mesons are produced in the fragmentation or

recombination of a single leading quark even if there are
two leading quarks. The cross section for E~ production
is then written by

1 do.E (xF,pT, A)
opa dp

=P,~f,"'~o(xF,pT )+PF"~'f,'"~o(xF,pT ), (I »)

TABLE IX. Fits of the (xF,pT ) distribution functions for A production to the Be, Cu, and W data:

f"' p{xF,pr) =axF (xp —xF)', f"' p{xF,pr) =d(xp —xF)' .

The errors include the systematic uncertainty of 9%. The last column indicates the reduced 7 in the fits.

pT (GeV/c)

0
0.65
0.75
0.85
0.95
1.05
1.15

a (GeV ')

0.028 3 +0.003 6
0.007 3 +0.0024
0.015 1 +0.0095
0.006 7 +0.002 9
0.002 8 +0.001 1

0.0020 +0.001 9
0.000 56+0.000 42

0.59+0. 11
0.42+0.23
1 ~ 13+0.38
0.87+0.31
0.63+0.33
0.58+0.64
0.10+0.61

1.04+0. 11
0.84+0. 14
1.52+0.39
1.28+0.21
1.08+0. 14
1.22+0.48
0.85+0.28

d (QeV ~)

0.016 +0.010
0.007 6 +0.002 9
0.0063 +0.002 1

0.0043 +0.001 3
0.0028 +0.0010
0.001 30+0.000 48
0.001 10+0.000 37

4.7 +1.5
2.75+0.90
2.92+0.80
2.23+0.50
2.07+0.54
1.35+0.39
1.46+0.30

X'/DF

16/34
3.9/7
3.6/7
4.2/7
2.4/7
4.0/7
1.2/4
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with

(1 lb)

The function f' '~0(xF,pr) describes the (xF,pr) distri-

bution for Kq's that are produced in the fragmentation or
recombination of a single leading quark. The constant y
in Eq. (11b) allows for a difference between the probability
for a leading single quark to hadronize into a Kq and that
for a leading diquark. If one assumes that two quarks in
the leading diquark hadronize into a Kz independent-
ly, then y is equal to 2. Determination of y through
least-g' fits of the present data turned out to be difficult,
since the optimum y ranged from 0.6 to 4.0 depending on
pz-. In the following analysis we assumed y=2 as in
Refs. 5 —7.

Equations (11) have a characteristic feature that the A

dependence and the (xF,pr) dependence are factorized.
This means that the (xF,pr) distribution of Es's produced
on nuclei does not depend on A. As mentioned in Sec.
IVA, the slope parameters b(xF) of the pr dependence
differ slightly for Be, Cu, and W targets. Equations (11)
thus fail in describing a fu11 detai1 of the present data on
K~ production. Neglecting the sma11 discrepancy, we
parametrized f' zo(xF,pz. ) in the form a (xo —xF) and

determined the parameters a and b by fitting the Be, Cu,
and W data to Eqs. (11). An alternative method, for ex-
ample, determination of f' 'zo(xF, pz-) from the Be data

alone, does not alter the main conclusions of our results.
The results of the fits are given in Table X, together with
the 7 values.

The distribution f ' ' +p(XF,pr ) obtained is shown as a
p ~Ks

function of xF for several values of pr in Fig. 18(c). The
uncertainty in f' ' zo(xF,pr) roughly ranges from 30%

p ~Ks
at pz ——0 to 80% at pz ——1.15 GeV/c. The xz depen-
dence of f' '~o(xF,pz-) shows a steep fall with increas-p-Ks
ing xF and is similar to that of f ' 'Ao(XF, pr), altllollgh

the pz. dependence is different.
In a similar manner as in Eq. (9), the pr-integrated

spectra for A production can be written by the expression

g" ~o(xF)= f dpr f" Ao(xF,pr) . (13)

The pr dependence of f" ~o(xF,pr) at fixed xF was well

reproduced by the form a exp(bpr+cpr ) (Ref. 20). By
means of this pararnetrization the integral in Eq. (13) was
evaluated, yielding the results shown in Fig. 19. The xF
dependence of g

" Ao(xF ) was parametrized as

g ~o(xF ) =0.0125xF (1—xF )' ', (14a)

g' ' Ao(xF) =0.0074(1 —xF ) (14b)

The powers of (1—xF) obtained in Eqs. (14) are con-
sistent with the quark-counting rule of Gunion for in-
teractions involving sea quarks which are created from
pointlike emitted gluons. At large xF, the model pre-
dicts the xF distribution ( 1 —xF )

' for A 's produced in
the fragmentation of a leading diquark and (1—xF) for
A 's produced in the fragmentation of a leading single
quark.

For proton-nucleon collisions, we have Ppp" = 1 and
P~p' ——0 from the quark-additivity approximation. Thus

g ' Ao(xF) is to represent the xF distribution of A 's in

pp collisions. The cross sections for A production by
12-GeV protons on hydrogen were measured in the previ-
ous experiment' by subtraction of A yields on po-
lyethylene and carbon targets. The p~-integrated spectra
of Ref. 15 are normalized by the pp inelastic cross section

10

U
OC

O(
t

CL

1 2 d 0
dpi'. E (xF,pr, A)

~pa dp

=Ppgg' 'Ao(XF)+Ppgg' 'Ao(XF), (12)

where the xF distribution g" Ao (xF ) is related tof" o(xF,pr) by

10

TABLE X. Fits of the (xp,p~) distribution function for Ks
production to the Be, Cu, and W data:

f ' ~0(xF,pr ) = & (xo xF )" . —

The errors include the systematic uncertainty of 9%. The last
column indicates the reduced g in the fits.

10
~ —dp'

pr (Ge&/~)

0
0.55
0.75
0.85
0.95
1.05
1.15

0.005 08 +0.000 77
0.002 24 +0.000 23
0.000 82 +0.000 10
0.000 381+0.000 035
0.000 360+0.000 060
0.000 112+0.000 019
0.000 033+0.000 004

2.51+0.18
2.14+0.09
2.00+0. 11
1.64+0.07
1.98+0.14
1.46+0. 11
0.79+0.06

X'/DF

52/22
30/7
8/7

11/10
14/7
16/7
14/7

1

0.2
l

0.4 0.6
I

0.8 1.0

FIG. 19. The xF distributions g" o(xF) in A production.
p h

The shaded areas indicate the experimental uncertainties in-

cluding the systematic errors. The A production cross sec-
tions on hydrogen (Ref. 15), normalized by the total inelastic
cross section o.

~p =28.5 mb, are plotted for comparison.
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ozz ——28. 5 mb and are plotted in Fig. 19. Agreement be-
tween the experimental data and g ' "

~o (xF ) is satisfacto-
ry. It was observed in Ref. 15 that the A =1 cross sec-
tions extrapolated by the power law 3 differed from the
measured cross sections on hydrogen by a factor of 2. As
can be seen from Fig. 19, discrepancies are much smaller
in the case of the 3 =1 extrapolation according to the
constituent-quark model. (PT ) ' = f P T f (xF&p T )dP T xF~PT dPT

leading quarks (a diquark) into A, (2) hadronization of a
leading quark into A, and (3) hadronization of a leading
quark into Ks. The (xF,pT) dependences of processes (1),
(2), and (3) are described by f'" Ao(xF,pz ), f Ao(xF,pz ),
and f &o (xF,P T ), respectively. A specific average p T

can be defined to each of the process (i) by

G. Average pT 's Of Xp's, A 's, and quarks l =1,2, 3 (16)

The integration over pT was performed to the kinematic
limit, based on the Gaussian pz dependence Eq. (4) of the
cross sections. The results were very nearly equal to
1/b (xF ), where b (xF ) was the slope parameter of the pT
dependence. From the xF dependence of b(xF) it can be
seen that the average pT 's of Kg's and of A 's produced
on hydrogen do not depend strongly on xF, and that the
average pT 's of A 's produced on nuclear targets decrease
gradually as xF increases. As an example, in Fig. 20 we
plot the (pT ) of A 's for the W data in comparison with
that for the hydrogen data. '

In order to interpret the above features in the
constituent-quark model, recall that A and Kz produc-
tions in the projectile-fragmentation region are described
by the following three processes: (1) hadronization of two

1.4

1.2—
pW —R X

~ pp
—t)~X

1.0—

0.8— (pT )p

0.4—

2)

0.2—

l

0.2
I I

04
I

0.6 0.8 1.0
XF

FIG. 20. The average pz 's in processes (1)—(3): (pz') ~, di-
quark~A transition; (pr')z, quark~A transition; (pr )3,
quark~Kz transition. The shaded areas indicate the experimen-
tal uncertainties including the systematic errors. Also plotted
are the average pT of A 's on W and that on hydrogen (Ref. 15).

The average pT 's of Kq's and A 's were calculated at
each xF by

d d3(p?')= fpT'E, dpz' f &, dpT'=
dp' dp' b (xF )

where f"(xF,pz ) (i =1,2, 3) stand for f'" Ao(xF,pT),
f &o(XF,PT ), and f ' ' Xo(XF,PT ), reSPeCtiVely. The

(pT ) of A 's is then written by a weighted sum of the
average pT 's in processes (1) and (2), the relative
significance of the two processes being dependent on xF
and A.

F ()PT ) +P?&~g (AoF )(p?

PF g g Ao (XF ) +PF g g Ao (XF )

(17)

The (pT ) of ICs's is identical to (pT ) 3.
The integrals in Eq. (16) were evaluated by means of

the parametrization a exp(bpz +cpz. ) of f"(xF,pz. ) at
fixed xF, similarly as in Eq. (13). The results are shown
in Fig. 20. The (pz. ) ~ does not depend strongly on xF
and is consistent with the measured values' of (pT ) of
A 's in proton-proton collisions. The (pz )3 is roughly
equal to (pT )~. The (pz )2 is significantly larger than
(pT') ~ and (pz. ) 3, although the experimental errors are
large, especially at large xF.

The = hyperons in proton-nucleus collisions are con-
sidered to be produced mainly by a process similar to
process (2): a leading u quark picks up two s quarks
from the sea. We calculated the average pT of:" 's in
inclusive production by 400-GeV protons on Be using
the Fermilab data given in Ref. 12. The results are
0.59 —0.65 (GeV/c) in the range 0.3 (xF (0.7 and are
consistent with our (pT )2.

From Eq. (17) and the xF dependences of g" ~o(xF) il-

lustrated in Fig. 19 we find that, at lower xF, g'" ~o(xF)
and g' '~o(xF) are in the same order of magnitude and

hence processes (1) and (2) contribute roughly equally to
the (pz- )~o in proton-nucleus collisions, according to the

(1) (2.)
relative weight given by P~z and Pz~. As xF increases,
however, g' 'Ao(xF) falls more rapidly than g "~o(xF)
and contributions from process (2) become less important,
resulting in the gradual decrease of the (pT )zo.

In the picture of the constituent-quark model, the
transverse momentum of the final-state hadron originates
in two separate subprocesses. The leading quark or di-
quark travels down the nucleus with a certain amount of
the transverse momentum, and then hadronizes through
fragmentation or recombination to the final-state hadron,
acquiring additional transverse momentum kicks. Let the
transverse momentum distribution of the leading quarks
(diquarks) emerging from the nucleus be Gaussian with a
rms spread oq(crd ). Assume that the transition of a lead-
ing quark or diquark to a hadron through picking up a
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single sea quark (two sea quarks) adds an effective trans-
verse momentum kick, which obeys a Gaussian distribu-
tion with a rms spread o ~, (o 2, ). Then we have

(18a)

(18b)

(18c)

Substitution of the experimental result (pr ) ~= (pr )3 in
Eqs. (18a) and (18c) yields the relation crd =tr~ T. he pT
spread of leading diquarks is roughly equal to that of
leading single quarks. Using the observation (p r ) 2

& (pT )3 in Eqs. (18b) and (18c), we find that o.q, is
significantly larger than o. i, . The hadronization of 1ead-
ing quarks through picking up two sea quarks results in
larger pT kicks compared with the process of picking up
one sea quark.

V. CONCLUSIONS

The cross sections for K~ production by protons in-
cident on nuclear targets (Be, Cu, and W) were measured
in the 12-GeV region for the first time. The A produc-
tion cross sections were measured simultaneously. The
kinematic range covered was 0.3 & xF & 0.8 and
0.4&pT &1.3 GeV/c for Kq's and 0.2&xp&0. 9 and
0.4&pT &1.7 GeV/c for A 's. The results were com-
pared with other experiments and were confronted with
current theoretical models of hadron production at low
transverse momentum. The main conclusions of this ex-
periment are summarized as follows.

(1) The pT dependences of the Ks and A production
cross sections are well represented by the Gaussian form
a exp[ b(xF)pr ].—The slope parameters b (xF) for Ks
production do not depend strongly on x~, while those for
A production increase gradually with increasing xF.

(2) The xF dependences of the Ks and A production
cross sections are well represented by the power law

(xo —xF ) . The powers m for A 's do not depend
rn (pT) O~

strongly on pT and increase with A. The powers m for
K~'s appear to decrease with increasing pT. At smail pT,
the powers m are in qualitative agreement with the
quark-counting rule of Gunion.

(3) The A dependence of the Ks production cross scc-
a(~F,pT)tions is well represented by the power law 3 ' " . The

exponents a(xF,pT) show a trend to increase with pr. At
pr=0, the exponents ct(xF,pT=0) are consistent with
theoretical predictions of the constituent-quark models of
Dar and Takagi and of Berlad et al. , the dual-parton
model of Capella and Tran Thanh Van, and the collec-
tive model of Nikolaev and Pokorski.

(4) The cross-section ratios Ks/A do not depend
strongly on 2, and decrease at higher xF and pr. The xF
dependence of the pT-integrated cross-section ratios
Kg/A is well represented by a simple exponential func-
tion.

(5) Triple-Regge behavior of the A = 1 extrapolated
cross sections for K~ production is consistent with that
observed at 300 GeV. The effective Regge trajectory lies
between X —Xz and X' —Xz trajectories.

(6) The constituent-quark models provide a satisfac-
tory description of the present data. Based on the proba-
bilities I'p~ given by Takagi, the distribution functions
f Ao(xF pT), f &0(xF,pr), and f &o(xF,pr) are

determined. At pT ——0, the xp dependences of
f"'„o(xF,pT=0) and f' 'Ao(xF, pT=0) are similar in

shape to those at 300 GeV. At fixed pz-, f ' o(xF,pr)
and f' 'zo(xF, pT) fall steeply as xF increases. The A =1
extrapolated cross sections g'"~0(xF) reproduce the A

spectra on hydrogen' well.
(7) The average pT 's are evaluated for the diquark~A

transition, the quark —+A transition, and the quark~Kq
transition. The quark~A transition has a significantly
larger average pT compared with others. These results
are used to discuss the average pT 's of quarks and di-
quarks involved in the production of K~'s and A 's.
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