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Measurements of the invariant cross section Ed a./d 'p are presented for the production of hadrons (m, K,
p; and P) at large transverse momentum (p,) by 200-, 300-, and 400-GeV protons incident on H„D„Be,
Ti, and W targets. The measurements were made at a laboratory angle of 77 mrad, which corresponds to .

angles near 90' in the c.m. system of the incident proton and a single nucleon at rest. The range in p~ for
the data is 0.77 & p~ & 6.91 GeV/c, corresponding to values of the scaling variable x, = 2pl/~s from
0.06 to 0.64. For p-p colhsions, the pion cross sections can be represented in the region x, ~ 35 by the
form (1/p, ")(1—x,)", with n = 8 and b = 9. The ratio of m+ to m production grows as a function of x,
to a value larger than 2 at x, ~ 0.5. The ratios of the production of E. + and protons to m+ and of K .and
antiprotons to m also scale with x& for p-p collisions. The K+, p, and P fitted values for n and b are
given. Particle ratios are also presented for D„Be,Ti, and % targets and the dependences on atomic
weight (A) are discussed.

I. INTRODUCTION

It is only very recently, with the advent of quan-
tum chromodynamics (QCD), that models of large
transverse-momentum (p,) behavior have had a
fairly firm theoretical foundation. ' Previously,
each of several hard-scattering models have had
striking partial successes, such as the predic-
tions for the x~=—2p~/ s and p~ dependences of the
w', K', p, and p cross sections in the constitu-
ent-interchange model (CIM), ' or the v'/w ratio
versus x, predicted by the Field-Feynman "black-
box" model. ' However, in these older models
there is a large ad hoc component.

The early single-particle inclusive measure-
ments made at the CERN ISR~ and at Fermilab"
have been important in this evolution. The dif-
ficulty of the multiparticle "jet" experiments on
the one hand, and the strong theoretical motiva-
tion from the results of e'e annihilation and from
deep-inelastic lepton scattering on the other hand,
have resulted in a great deal of theoretical anal-
ysis of the single-particle measurements. It now

appears that with a theory which actually predicts
the single-particle spectra to be rather compli-
cated functions of x, and p„precise measurements
over a wide range in these variables will again be
impor tant.

In this paper we summarize the results from a
study at Fermilab of the production of hadrons at
large transverse momentum. Some of these data
have already been published, in particular the
cross sections and particle ratios' measured with
K, and. D, targets, and a brief summary of the

atomic-weight (A) dependence of the cross sec-
tions on D„Be,Ti, and Vf targets. .

'
. %e have remeasured many of the nuclear cross
sections published in an earlier Physical Review
paper. ' The nuc1ear cross sections presented
here have been measured with thinner targets of
larger cross-sectional. area, and we feel they
are systematicaQy better measurements than the
older ones. In particular, a problem, never under-
stood in the older data, with the normalization
between energies now seems to have been correct-
ed. '

The experimental technique is simple and is
thoroughly described in Ref. 5. In Sec. II, we
briefly describe the spectrometer emphasizing the
changes from that description. In Sec. III. we pre-
sent and discuss the results for pion production
in p-p and P-d collisions. Crass sections for p-"n"
collisions derived from a subtraction of the p-p
cross sections from the P-d cross sections are
also given. The P-P cross sections are compared
to those of the 33R. Data on the production of E ',
E, protons, and antiprotons inP-p, p-d, and p-
"n" collisions are presented in Sec. IV. Section
7 contains cross-section data for Be, Ti, and %
targets, and a discussion of their dependence on
atomic weight (A). Section Vl is a summary of
our conclusions.

II. THE APPARATUS

The apparatus used to make these measurements
was located in the Proton East area of Fermilab.
It consisted of a single-arm spectrometer located
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TABLE I. The invariant cross sections Zd o/tf Q (cm Gev ) for r+ (upper. lines) and r (lower lines) production in
200-, 300-, and 400-GeV p-p and 400-GeV p-d collisions.

pi{GsY/c) 200 GeV

P-P
300 GeV 400 GeV

p-d

4QO GeV

p. 77

1.16

1,02 + 0.10 10-27
1.06 + 0.11

1.37 + 0.14 „10-271.22 + 0.12 " 1.32 + 0.13 „10-271.09 + O. ll

' "'-'"
x lo'1.69 + 0.17

2.75 + 0.27 10-27
2.65 + 0.27

3.43 + 0.34
x 10-28

3.29 + 0.33

1 .54

2.31

3.08

1.84 + 0.09
x 10-29

1.4Q z 0.07

' 6+ 1
x lo1.68 + 0.08

2'44 + 0'l2 10 29
2.04 + 0.10

4.47 + 0.22 10-32
3.42 + 0.17

2.63 + 0.13 „10-29
2.31 + 0.12 "

11.00 + 0.55 10-31
8.88 + 0.44

7.04 + Q. 35 10-32
5.26 + 0.26 '"

5.70 + 0.28 lp-29
5.06 + 0.25 "

2.28 + 0.11
x 10 30

2.04 + 0.10

1.35 + 0.07
„

lp-31
1.16 + 0.06

3.85

5'89 + 0'29 10 35
2.98 + 0.15

2 63 + 0 13 x 10-34
1.44 + 0.07

4.52 + 0.45
„

10-33
3.36 + 0.17

4.88 + 0.24 10 34
3.21 + 0.16 "

8'99 + 0'45 10 33
7.60 + 0.38

9.28 + 0.46 10 34
7.30 + 0.37

5.38 '" + '-4' 10 36
1.64 + 0.20 " 2.80 + 0.16 10-35

1.36 + 0.08 10 5 o 0'5 103.48 + 0.17 8.74 + 0.44 "

6.15

6.91

+ 6' 108.1 + 1.9
2.36 + 0.21

„

10-36
1.14 a 0.09

9.63 + 0.57
„

-36
4.29 + 0.25

15.2 + 2.0 10 37
6.1 + 1.0

1.65 + 0.10 10-35
1.26 + 0.07

2 48- 0'29
x 10-36

1.76 + 0.27

efficiencies, etc.

D. Low-transverse-momentum runs

In this experiment cross sections which span
10 orders of magnitude have been measured. For
low values of P~, where the cross sections are
large, there is a problem in that the counting rates
become high. In the data taking and analysis des-
cribed in Ref. 5, small scintillation counters were
remotely moved into the spectrometer to decrease
the solid angle subtended and thus the counting
rate. Since then, changes made in the beam trans-
port to the Proton Area at Fermilab allowed the
beam intensity to be adjusted easily. Data were
thus taken at all transverse m'omenta with the
same trigger counters and hodoscopes.

IH. RESULTS ON THE PRODUCTION OF x+ AND m'

IN p-p, p-d, AND p- "n" COLLISIONS

IQ 26

[0 27

I
0-28—
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IQ 30=:

IQ
3I '—

IQ 32

IQ 33

b

10 34

IQ 35

I
0-36
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p+ p Tr = ~ anything
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400 GeV

The results presented in this section have been
summarized in a Physical Review Letter'. They
are presented again for completeness. The invari-
ant cross section Ed'o/d'P for pion production
inp-P andp-d collisions at 200, 300, and 400 Gev'
are listed as a function of p, in Table I. The cross
sections for w production are plotted versus Pi

IQ 37

0
I I. I I I . I I

I 2 3 4 5 6 7 8
P~ (GeV/c)

FIG. 2. The invariant cross section Ed "a/d~p for the
production of n versus pi for 200-, 300-, and 400-GeV
proton-proton collisions.
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TABLE II. Experimental values for n, the exponent of
thep& in the parametrization Ed g/dsp= (1/p~") f (g~).

Group Ref. Parti cl.e

CCR

CCRS

B-S

ACHY

BNL-C IT-LBL

CSE

This experiment

22

15

23

l2

8.24 + 0.7

8.6 + O. l

7.5 + 0.2

9 + 0.3

Consistent with n = 8

7.2 + 0.2

10.8 + 0.4

6.6 + 0.8

8.2 + 0.5

8.5 + 0.5

in Fig. 2 for these three beam energies. The data
have been corrected for decay-in-flight, nuclear
absorption, and multiple scattering as described
in detail in Ref. 5.

One additional correction that was not applied
in Ref. 5 was made to the data presented here.
The average transverse momentum accepted by
the spectrometer depends on the slope of the pro-
duction spectrum in the region of the spectrom-
eter setting. Because of the energy dependence
of the cross sections at large values of p„the
slope, and hence the average value of p, accepted,
is different at 200, 300, a.nd 400 QeV. In the pre-
vious analysis the average accepted P, was cal-
culated at 300 QeV, and then was used also for
the 200- and 400-QeV data. In this analysis the
200- and 400-QeV data have been corrected for
this effect —the correction is negligible below
p~= 8 GeV, and reaches a maximum of 8%%up at the
largest measured values of P~.

Ref.
12

25 &
X

15 0
22 Il

0 I

0,2

CSE 7r'
ACHM . m'
BNL-CIT LBL z4
B S (Tr +sr )/2
CCRS
S S (w +w )/27r'
This Exp, (1r'+1r )/2

I I I I I I I

0,5 0,4 0,5 0,6 0,8 l,0
=-I —

X J

FIG. 4. A global plot of lines of constant cross sec-
tion derived from ISR and Fermilab high-energy data on

and (m'+7t )/2 cross sections near 90'. The solid
lines approximate the fits to our data, and have n=8.4
and b =9.45. The dashed lines are the fit of Ref. 12.

In addition to the statistical uncertainties in the
cross sections, we have assigned systematic er-
rors of 5'%%up everywhere except at the two lowest
p, values (where the spectrum is steepest and the
magnets are running at the lowest currents) where
a 10%%up error has been included. These estimates
of systematic error were chosen to exceed pos-
sible momentum scale nonlinearities or variations,
effects due to beam spill structure, and normali. -
zation errors. Typical run-to-run reproducibility
was appreciably better than 5/p, however. We
estimate the overall normalization is uncertain
to 20%%up, and the transverse-momentum scale is
uncertain to 1%. We estimate that the ratios of
v' to v cross sections are uncertain to 10%%up due to
possible systematic effects at all values of P,.

It has long been the expectation that the inclusive
production of high-p, hadrons should scale as
&dao'/dsp = (1/p, )f(4x, = 2pi/v s ) at sufficiently high
energies and P,.' There are now explicit pre-
dictions" that the cross sections should behave
as sums of terms each of the form (1/p~")(1-x~)~.
In the kinematic region we explore, one term is
expected to dominate. We have thus fitted the
cross sections to a single such term.
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TABLE III. The ratio of 7t' to ~ production versus p~ at 200, 300, and 400 6@V in p-p collj.
sions and at 400 GeV in P-d and P-"n" collisions.

p&{GeY/c) 200 GeY

P-P

300 Gev 400 GeV

p It/ tl

400 GeV

0.77

1.16

1.54

2.31

3.08

3.85

5.30

6.91

0.96+0.10

1.31+0.13

1 .29+0. 13

1.98+0.20

2.51+0.40

3.55+1 .12

1.12+0.11

1.20+0.12

1.31+0.13

1 .83+0.18

2.06+0.21

2.07.0.23

1.21+0.12

0.97+0.10

1.14+0.ll
1.24+0. 12

1.34+0.13

1.34+0.13

1.52+0. 15

1.72+0. 17

2.24+0. 22

2.49+0.51

1.04+0.10

1.05+0.10

1.13+0.11

1.12+0.11

1 .16+0.12

1.18+0.12

1 .27+0. 13

1.19+0.12

1.31+0.13

1 .41+0.27

0.92+0.09

1.13+0.11

1.12+0.11

1.02+0. 10

1.02+0. 10

1.06+0. ll
1.08+0. ll
0.83+0.10

0.82+0. 16

0.84+0. 37

. We have calculated a least-squares fit in the
region x, ~ 0.35. For the production of m', we find
n= 8.2 +0.5 and b= 9.0 +0.5, with a X' of 14.7 for
6 degrees of freedom (DOF). For m, we find
n=8.5+0.5 and b=9.9+0.5, with a, X of 2.1 for
6 DOF. Fits were also calculated for the regions
x, ~ 0.30 and x, ~ 0.40, and the errors quoted above
on b and n have been increased to include the re-
sults found with different fitting regions. The re-
sults for n and b are in good agreement with the
predictions of the CIM model' of n= 8 and b = 9.
The values also agree with a "smeared" @CD pre-
diction. '3 Fig. 3 shows the scaling properties of
the m' and m cross sections versus x,.

These values of n are also in good agreement
with the original value of n =8.24 +O.V obtained
for m' production by the CCR collaboration' in
p-p collisions at the ISH. Subsequent measure-
ments of n by groups both at the ISR and at Fermi-
lab are listed in Table II.

A selection of single-particle cross sections
interpolated from ISR and Fermilab data for p,
&1.5 GeV/c is shown on a global plot in Fig. 4.
The data are for m' or the average of m' and m

production near 90 in p-P co1.1isions. Lines of
constant cross section have been plotted on a two-
dimensional plot of p, versus (1 —x,). 1f a single
term of the formP~ "(1-x,)~ dominates the form
of the cross section, the data should lie on
straight lines of slope n/b. The spacing between
these lines in the ordinate is then log10/n, and in
the abscissa is log10/b.

The solid lines drawn on the plot are an approx-
imation to our data, and have n= 8.4 and b = 9.45.
The dashed lines are the fit to the recent ISR data
of Clark et al."with n= 6.6 and b = 9.6.

(a)
P+P~ TI+X

3.0—
y (b)

p+ "n"- 7r + X
—30—

I

+ 2.0— —2.0—

I.O —I.O —
y200 GeV

300 GeV
400 GeV o 400 GeV

I i I I I I I I I I I I

O. . I .2 .3 4 .5 .6 .7 O. . l .2,3 .4 .5 .6 .7

X =2P IPs

FIG. 5. The ratio of m. + to x" production versus x~-for
200-, 300-, and 400- GeV incident protons. The leS-
hand plot is for p -p collisions; the right-hand for p-"n"
collisions. The dashed line is the Feynman-Field-Fox
QCD prediction of Ref. 12 for Ws =19.4 GeV/c&.

The ratios of m' to m versus P~ are presented in
Table III. These ratios are plotted versus x, in
Fig. 5; the dotted line is the QCD prediction of
Feynman, Field, and Fox." The indication of a
break in the theoretical curve at x,=0.3 is pre-
dicted to be due to the crossover of gluon and val-
ence quark fragmentation. The 200-, 300-, and
400-GeV data lie within statistics along a single
curve versus x, as scaling predicts.

A naive procedure was employed to extract p-n
invariant cross sections: the p-p cross sections
were subtracted from the p-d cross sections pre-
sented in Table I. The m'/m ratios for p-"n" as
well as for p-p and p-d collisions are given in
Table ID and are shown in Fig. 5. The result is
quite different from the P-p case: the possible
droop at large x, may be due to the fact that at
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TABLE gV. The production ratio p/r' (upper lines) and p/~ (lower lines) for 200-, 300-, and
400-GeV p-p collisions and 400-GeV p-d collisions.

p&(GeVjc) 200 GeV

0.25 + 0.01
0.059 + 0.003

P-P

300 GeV

0.21 + 0.01
0.066 + 0.002

0.36 + 0.0'}
0.100 + 0.002

400 GeV

0.21 + 0.01
0.070 + O.D03

0.34 + 0.01
0.106 + 0.004

0.21 + 0.01
0.075 + 0.003

0.37 + 0.01
0.116 + 0.004

1.54

2.31

3.08

3.85

4.61

5.38

0.54 + 0.02
0.095 * 0.003

0.60 + 0.01
0.050 + 0.002

0.41 + 0.04
0.010 + 0.004

0.27 + 0.07
0.028 + 0.020

0.37 + 0.13

0.46 + 0.01
0.103 + 0.002

0.52 + 0.01
0.092 + 0.003

0.47 + 0.01
0.064 + 0.002

0.39 + 0.01
0.033 x 0.003

0.30 + 0.01
0.020 + 0.003

0.20 + 0.02
Q Q08 + Q. QQ4

0.17 + 0.03
0.008 & 0.006

0.14 % 0.05

0.43 + 0.01
0.114 + 0.002

0.47 + 0.0l
0.099 + 0.004

0.42 + 0.01
O.D67 + 0.002

0.33 + 0.0l
0.04l + 0.002

0.27 + 0.01
0.021 + 0.003

0.20 + 0.01
0.017 + 0.004

0.12 + 0.02
0.019 + 0.007

0.08 + 0.02

0.46 + 0.01
0.120 + 0.003

0.52 + 0.0
0.091 & 0.005

0.45 + 0.0
0.071 + 0.002

0.36 + 0.01
D.041 + 0.002

0.26 + 0.02
0.023 + 0.003

0.24 + 0.02
Qll + 0.004

0.14 + 0.03
0.003 + 0.003

0.13 + 0.06

TABLE V. The production ratio K'/7)' (upper lines) and K /7t (lower lines) for 300-, 300-,
and 400-GeV P-P collisions and 400-Geg P-d collisions.

pi(GeV/c)

0.77

1.16

l.54

2.31

3.08

3.85

4.61

5.38

2QO GeV

0.2l + 0.02
0.15 + 0.02

0.32 + 0.02
0.20 + 0.01

0.42 + 0.02
0.20 + 0.01

0.51 + 0.04
0.13 + 0.02

0.55 + 0.08
0.06 + 0.03

0.36 + O. ll

P P
300 GeV

.0.19 + 0.02
0.16 + 0.02

0.28 + 0.02
0.20 + 0.02

0.33 + 0.02
0.22 + 0.01

0.39 + 0.02
0.25 + 0.01

0.45 + 0.01
0.25 + 0.0l

0.46 + 0.02
0.22 + 0.01

0.42 + 0.02
0.15 + 0.01

0.38 + 0.02'
O. ll + 0.01

O. so + 0.05
0.08 + 0.02

0.58 + 0.11
0.04 + 0.04

0.2l + 0.03
0.17 + 0.02

0.30 + 0.03
0.2l + 0.02

0.36 + 0.03
0.25 + 0.02

0.41 + 0.03
O. 27 + 0.02

0.46 + 0.03
0.27 + 0.02

0.47 + 0.03
0.24 + 0.01

0.46 + 0.03
0.19 + 0.01

0.40 + 0.02
O. l3 + O.Ql

0.45 + 0.03
0.06 + 0.01

0.53 + 0.08
0.09 + 0.64

P-d

400 GeV

0.19 + 0.02
0.14 + 0.02

0.31 + 0.03
0.20 + 0.02

0.34 + 0.03
0.23 + 0.02

0.44 + 0.03
0.25 + O. O2

0.46 + 0.03
0.24 + 0.02

0.47 + 0.03
0.20 + 0.01

0.49 + 0.04
0.15 + 0.01

0.49 + 0.05
0.09 + 0.01

0.44 + 0.06
0.06 + 0.02

0.35 + 0.13
0.13 + 0.06
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FIG. 6.—The particle ratios P/m and X/7r versus p~ for
200-, 300-, and 400-GeV p-p collisions.

O

D

/s = 25.4 GeV

g,.=ga
p-p collisions

' BS Collaboration
~ This Experiment

400 GeV the spectrometer is not at 90 in the p-n
c.m. , and is in fact in the neutron (backward)
hemisphere. Because the neutron has two d quarks
and only one u quark, one might expect somewhat
more w at large x~.

IV. PRODUCTION OFE+, E,p AND p IN p-p AND
p-d COLLISIONS

With the two 86-ft-long gas Cherenkov counters
(see Ref. 5 for a detailed description), pion, kaon,
and proton cross sections were measured simul-
taneously. The data were reduced as ratios of
kaons and protons to pions as this involved only
the information from the Cherenkov counters, and
are presented free from the normalization errors
we have added to the cross sections.

Target-empty subtractions were made separately
for each particle type. The particle ratios were
then corrected for decay in flight for the kaons
and pions, and for the differences in nuclear ab-
sorption" for the different particle types as a

I I l I l I

1.0 2.0 3.0 4.0 5.0 6.0
Pi (GeV/c)

FIG. 8. A comparison of the K"/7r . ratio versus P~
with the BS collaboration (Hef. 15) at Ms = 23.4 GeV/c ~.

function of momentum. The decay-in-flight cor-
rection, which for kaons ranged from a factor of
3.88 at p, =0.77 to a factor of 1.15 at a p~ of 6.91
GeV/c, was assigned a 10% error by estimating
geometrical uncertainties, which error was com-
bined in quadrature with the other errors. The
correction for differential nuclear absorption,
most significant for the P/w ratio at low momen-
tum, amounted to less than 10%. Finally an over-
all 2%%ug systematic uncertainty was included in the
final error.

A word of caution with respect to the ratios and
cross sections at lower values of p~ is in order.
Because the transformation from a fixed labora-
tory angle (in this case 77 mrad) to the c.m. frame
depends on the velocity of the particle, the pro-
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O
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Ps = 23.4 GeV
g,.«ga'

p- p collisions

o BS Collaboration
~ This Experiment

I I I I I I

I.O 2.0 3,0 4.0 5.0 6.0 7.0
P~ (GeV/c)

FIG. 7. A comparison of the X'/7r' ratio versus p~
with the 98 Collaboration (Ref. 15) at ~s =23.4 GeV/c .

.OI I I I I I I

l.0 2.0 3.0 40 5.0 6.0 7.0
P~ (GeV/c)

FIG. 9. A comparison of the P/m' ratio versus P~ with
the BS collaboration (Ref. 15) at v s =23.4 GeV//'c 2.
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FIG. 10. A comparison of the p/7r ratio versus p&
with the BS collaboration (Ref. 15) at Ms = 23.4 GeV/c2.
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TABLE VI. The best-fit parameters n and b in the
parametrization of the form (1/p~" ) (1-x~) for the
particle ratiosp/x+, p/g, X /x+, and E /7r inp-p
collisions.

X /DOf

K+/ +

n = 3.62 ~ &.5 b = -&.67 ~ &.0

n = 0.27 + l.7 b = 4.29 + 1.9 3.&/4

~ = 0.20 + 0.5 b = -0.68 + 0.4 &5. &/7

~ = &.58 +- 1.4 b = 1.59 + 1.2 9-0/6

duction angle at low values of p~ for protons and
antiprotons is different from that of pions mea-
sured at the same spectrometer setting. The pro-
duction angles for protons and antiprotons for
p~= 0.77, 1.16, 2.31, and 3.08 GeV are 125', 106',
99, and 93', respectively, at 300 GeV, while
the respective pion angles are all 89 . Not knowing
how to correct for this, we only warn the reader.

In Table IV we present the ratio of cross sec-
tions for p/v' (p/v ) for 200-, 300-, and 400-GeV
protons incident on hydrogen and 400-GeV pro-
tons incident on deuterium. The corresponding
data for the ratio K'/v' (Ã /v ) are listed in Table
V. Figure 6 shows the ratios P/v and K/v versus
p, for p-P collisions at the three incident proton
energies.

Figures 7, 8, 9, and 10 compare our 300-Ge7
data with those of the British-Scandinavian Col-
laboration" obtained at the same energy (Ws= 23.4
GeV) and at 90' in the c.m. There is good agree-
ment for the K/v ratios. However, our P/v' data
are 20%%ue below theirs and the j/w ratios are low-

QI I I l~ I i I QI+ I I I I I I

9.8 .7,6 .5,4 . 5 .9,8 .7 .6 .5 . 4

( I
- x.) ( I

—X&)

FIG. 11.The scaling properties of the K/7r and p/7t par-
ticle production ratios in 200-, 300-, and 400-GeV p-p
collisions. The solid line indicates the best fit for x~
~ 0.35.

er by a factor of -2 (see Figs. 9 and 10 for a com-
parison). We note that in our data the largest cor-
rection to the P/v ratio, the differential nuclear
absorption correction, is less than 10%%ug, however,
the production angle is backward in the c.m. at
low Pi.

If at high transverse momentum the invariant
cross sections for all types of hadrons factor into
a power of p, and a function of the scaling vari
able x,=2p, /Ws [i.e., Edso/dsp=f(x, )/p, "j, so
should the ratios P/v', p/v, and K'/v'. Using

f(x~) = (1 —x~)s, a least-squares fit in the region
x,&0.35 gives the values for n and b presented
in Table VI. The errors again have been increased
as described in Sec. III.

These values for n and b correspond to the dif-
ferences between the proton (or kaon) powers and
those of the pion of the same charge. They are in
good agreement with the predictions of the CJM'
and of dimensional counting. ' Figure 11 illus-
trates the scaling properties of these ratios.

Tables VII and VHI present the cross sections
for K, p, andp production inp-p andp-d col-
lisions derived from the particle ratios and the
pion cross sections of Table I. A naive estimate
of the p-"n" cross sections and particle ratios
can be made from these data.
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TABLE VII. The invariant cross sections Ed3a/d3p (cm GeV ) for K' (upper lines) and E
(lower lines) production in 200-, 300-, and 400-GeV p-p and 400-GeV p-d collisions.

Pg

(Ge V/c)
200 GeV

P-P

300 GeV 400 GeV

P d

400 GeV

0 77
2 1 +0 3 10 28
1.6 +0.2

" 2.6 +0 4 10-28
2.0 +0.3 " 2.8 +0.5 10-28

1.9 +0.3
5-2 +0.8 10-28
3.7 +0.7

1.16

2.31

5.9 +0.4 lp-3Q
2.8 +0.2

I

8. 1 +0.6 xlp-30
4.5 +0.3

4'9 +0'7
10 29

3.5 +0.5 "

9.4 +Q. 9 xlp-30
5.8 +0.5

4'5 +0'4
10 31

2.4 +0.2

1.1 +0. 1 1(-28
0.66+0.09

9 +0'2
10 29

1.2 +0. 1

1.0 +O. l -30
0.51+0.05

3 08 ' ' '
xlQ3.4 +0.2

3.85

2.0 +0.1 10-32
p. 86+0 6

x10 xl 01.4 +O. 1"-"10-"0.81+0.05x o

+0'5
lp 32

2.8 +0.3

4'2 +0'3
10 33

1.5 +O. 1
"

4.61 3.0 +0. 3 10-35
0.39+0.06

1.1 +O. 1 -34
p 22+0 02xl 0 2.2 +0.2 -34

0'. 61 0.04x'0
4.5 +0.4 10-34
1.1 +O. 1

2.3 +0.4 -36
5 38 0 10 O'05xlp

1.1 +O. 1 lp0.15+0.02
2.4 +Q. 2 -35-
0 46.-0 04xlo

5. 1 +0.6 -35
0 79+0 lpxlp

6.15 1'0 +0'4
0 37xl 0+

1'2 0'2 lo 36
0.09+0.02

4.3 +0.4 10 36
0.26+0.Q5

7.3 +1.1 -36
0 76+0 26xlp

6.91 8. 1 +1.6 -37
0 55+0 26xlo

8.7 +3.4 10-37
2. 3 +1.1

TABLE VIII. The invariant cross sections Ed30/d3p. (cm GeV ) for p (upper lines) and p
(lower lines) production in 200-, 300-, 400-GeV P-P and 400-GeV P-d collisions.

Py

(Ge Y/c)

200 GeV 300 GeV 400 GeV

p-d

400 GeY

0.77
2.6 +0.3 10-28
0.62 +0 ~ 07

1.16

2.9 +o.3 lo 28
0.80+0.08

2.8 +0.3
0.76 +0.08

5.5 +0.6
1.8 +0.2

xl 0

lo 29

5.8 +0.6 102.0 +0.2

+ ' xlo0.38 +0.04

2.31

9.9 +0.6 10-30
1.3 +0. 1

1.12+0.06 , )p-29
0.21+0.01

1.1 +0.1

0.26 +0.01

5.2 +0.3
0.88 +0.06

lp-29

xlO-"

2.6 +0. 1

0.61 +0.03

1.2 io. l
0.19 +0.01

lp-29

10 30

3.85

1.30 +0.07 -32
0.084-0. OO5

"' 2 1 +0 1 lp 32
0.22+0.01

3.0 +0.2
0.35 +0.02

1.5 +0.2
0.14 +0.01

xl0

xl 0

61 +0 3 xl0320.82 y0. 05

3.2 +0.2 xl 00.31 +0.02

4.61
2.40 +0.03 lp-35
0.03%0.012

1.10 + 0.30 -36
0 049-0 033

6 '15 +- ' 10

7.9 +0.5 -35
0 29, 0.04 xlp

5.6 + 0.6 10 36
0.11+0.06

4'0 +0 8 10 37
0.09+0.07

1 3 +0'1 10 34
0.067+0.010 "

1 2 +01 -35
0 059-, 0 014 xlo

+o.2 lo 36
0.082+ 0.030

2 4 +0'2 10 34
0.17 +0.02

0.096+0.035

2. 3 +0'5 10 36
0.035-0.038

6.91 3.2 +1.5 xlO-'7
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TABLE lX. The invariant cross section Ed~a jd p per nucleus (cm26ev 2) for v+ (upper line) and w gower line)
production on Be, Ti, and W targets at 200, 300, and 400 GeV.

Pl , 200 GeV

(Gevgc)

Tungsten {W) Target

300 GeV 400 GeV 200 GeV

Ti tanium Target

300 GeV 400 GeV 200 GeV

Beryllium Target

300 GeV 400 GeV

1.16

1.01+0.10 10-25
1.03+0.10

1.54 2.74+0. 14 10-27
2.31+0.12

2.31

3 08 6.03+0.30 x]05. 12+0.26 "

3.85

1.41+0.14 10-2
1.30+0.13

3.74+0.19 10-27
3.33+0.17

1'18 0 06 xlo 29
1.08+0 F 05

1.58+0.16 10-25
1.60+0.16

2.42+0. 24 10-26
2.40+0.24

4 68+0 23 10 27
4.49+0.22

2.56+0.13 10-28
2.34+0.12 "

101.68+0.08

1.43+0.07 10 30
1.30+0.07

3.23 0.32 10-26
3.17+0.32

1.28+0.06 xlo1.08+0.05 "

4 ~ 28+0.43 10-26 4.47+0.43 10-26
4.05+0.41 4.57+0.46 "

6'46+0'65 10 27
6.86+0.69

l.16+0.85 10-27
1.17+0.06 "

6.21+0.3 10 2
5.33+0.27

10" ' 102.33+0.12 " 3.69+0.18 "

3'14'0'16 xlo 31
2.93+0.15

8 98+-0 90 xlo 27
8.37+0.84

2.22+-0. 11 10-31
1.94+0. 10

1'07+0 11 10 26
1.00+0.10

4.36-'0.22 10 31
3.99+0.20

1 16+0 12 xlo 26
1.09+0.11

1,47+0.15 10-27
1.47+0.15

2.64 0.13 10 2
2.43+0.12

1.15+0.06 10-29
1.05+0.05 "

7 41+0 37 10«31
6.23+0.31

5.22+0.26 10 3
4.2 7+0.21

4.61 2.04+0. 10 10 32
1 .52+0.08

5 38 13.02+0.95 x106.39+0.48

6 15 8.85+1.32 xlo 3S
4.54+1.17

6.91

7'33'0'37 10 2
6.35+0.32

6.60+0. 37 -33
5.51+0.28

7.09+0.S3 10 34
5.23+0.59

1.35+0.07 10-31
1.23+0.06

1.66+0.08 „10-32
1.36+0.07

' "-"'.1O
33

1.66+0.00

2 81+0 40 10 34
2.31+0.25

'
xlO2.89+0.14

1.45.O. O7
1O1.22+0. 06 " 102.46+0. 12 "

3 ~ 19+0 ~ 26 102.59+0.14

3.84-'0. 62 10-34

6.18+0.31 10 34
4.43+0.22

" 2.44+0. 12 10 33
2.02+0. 10 " 103.7&0.19

104. 72+0.24

6.86gl. 11 xlo-35

V. HADRON PRODUCTION IN COLLISIONS OF
200-, 300-, AND 400-GeV PROTONS WITH Be, Ti,

AND W TARGETS

The original intention in our earlier work in
having three nuclear targets with a wide range
of atomic weight (A.) was to be able to extrapolate
to A. = 1. We felt, naively, that for the "hard" col-
lisions only a single nucleon in the nucleus would
be involved. It was therefore a surprise when we
found that although the cross sections did extra-
polate as A. , the power a is a function of p, and
for all particle types grows to be greater than
1.0 at large p, 5' implying that more than one nuc-
leon is involved. This work has been verified by
other experiments, "'"and similar behavior has
been observed for dihadron systems. "

Among the possible explanations of these effects
are a change in the single nucleon "sea,""a
change in the c.m. energy due to hitting a "tube"
of nucleons (coherent tube modelac), and multiple
scattering of bare quarks in the nucleus. " So far
however, it has been a field in which experiment
leads theory.

The data we present here on the power-law de-
pendence in A of the cross sections taken with the
thin nuclear targets, agree well with our own pre-
viously published data. These new data, however,
include data on a deuterium target, which increase
the lever arm in A. and thus improve the accuracy
in a. The hydrogen points have not been included
in the fits since the m' points clearly lie above

,and the m points lie below the extrapolation to
4=1.

I

The invariant cross sections per nucleus for
the production of 11' (upper lines) and s (lower
lines) are presented in Table IX for Be, Ti, and

H~ Oe Be

I I I I I I III I I I I l: l l I l:

c 10'=
(D

U
Q)

~10'=
Z

(D

0-

p-p~7T + x

Ps = 27.4 GeV

P~ = 4.61 GeV/c

I I I I I I III I I I I I I III

IO 100

Atomic Weight

I I I 1 llll

FIG. 12. A plot of the ratio of the cross section for the
production of 71. per nucleus for H2, D2, Be, Ti, and W
targets, normalized to the W'yieM, plotted versus the
atomic weight. The solid line is the power-law fit of the
form Af" ~»~. The fit is only to the four complex nucleus
data points.
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TABLE X. The values of the power „ found in fits to the atomic-weight behavior AN+& for ~' and the values of
the differences az-&~, 0&-o., forproductionfrom02, Be, Ti, and%targets. The upper line of eachp& value is for
positive particles; the lower line for negative particles.

Pg

(eev/c)

Q. 77

1.16

1.54

2.31

200 GeV

SK -c

0,810+0.015 -0.012+0.029 0.081+0.028
0.840+Q. Q16 -0.027+0.015

0.860+0.015
0.854+0.015

300 GeV

K vr
L

0.059+0.020
0.040+0.023

p

0.066+0.014
0 036+0 017

0, 904-+0.005
0.906+0.005

0, 943+0.P05
0.943'-0.005

0.982-+0.007
0.989+-0.005

1,046-+0.005
1.051+0.005

400 GeV

CL), - 0
w

0.058+0.016
0.073-+0.013

0.047+0 ~ OQ9

P P46+0 OP7

0.035+0.005
0.024+0.005

0.030-+0.009
0.019-+0.006

0.090-0.014
0.002-0.013

0.075+0, 009
0 000 0 009

0.085-'0.003
0.052-+0.005

0.105+-0.004
0.073+0.009

3.08 1.11 +O. Q2

1.10 +0.02
0.018+0.014 0.099+0.014
0.034+0.014

1,10 +0.02
1.'10 +0.02

0.037+0.014
0.010+0.014

0.110+0.014
0.070+0.014

1.092'-0. 007
1.1Q0-0.005

1.120-'0.006
1.1 37-'0.005

0.033+-0.005
0.028+0.004

0.035+0.005
0.051-+0.007

0.137-'0, 002
0.097+0.006

0, 1S6+0.00
0.151+0.012

4.61

5.38

6.15

6.91

1.16 +0.02
1.19 +0.02

0.041+0.029 0.1S2+0.023
0.004+0.040

1.14 +0.02
1.16 +0.02

0.027+0.016 0.192+0.020
0 ~ 076+0.018 0, 064+0.031

l. 109+0.008
1.148+-0.010

1.128+0.009
1.129+0.014

1.074+0.021
1.082+0.015

1.048+0.043
1.085-'0. 007

0.044-+0. 015
0.079-+0.012

0.023+0.014
0.160+-0.024

0.050+0.032
0.194+0.056

0.06 +0.09
-0.04 -'0. 12

0.231+0.013
0.200-+0. 025

0.199-0.018
0.31 +0.07

0.248+0.045
0.41 +0.22

0.27 +Q. 10

W targets. Because of limitations on data-taking
time at 200 and 300 QeV/c, we were not ab1e to
take as many data points as at 400 QeV/c.

Figure 12 shows a typical log-log plot of the
cross sections for m production per nucleus,
normalized to a Vf nucleus, versus atomic weight.
One can see that the four complex nuclei are fit
very well by the power-law form A; the point
for hydrogen (a nucleus with no neutron content)
does not lie on the fitted line. The values of a

l.20

versus p, for n' and m are presented in Table X,
and are shown in Fig. 13.

The particle ratios p/w and K/w for these three
nuclear targets are presented in Table M and

Table XD, respectively. As an example, Fig. 14
shows the p/w ratio as a function of p, for the

H„Be,and W targets. The particle ratios K'/
w', K /w, p/w', and p/w also show a strong pow-
er-law A. dependence. These ratios for the four
nuclear targets at p, =3.85 QeV/c are shown in

Pig. 15. The exponent in the power-law behavior
of the K'/w' ratio, for instance, is the difference

I. Io—
I.O

I,OO— o O. IO

CL

~ OOI
Ps = 27.4

080 I I I I I I I

0 I 2 5 4 5 6 7 S
P~ (GeV/c)

O.OOI

~ p-p
~ p-Be
~ p-'Ittf'

I l I I I

I.O 2.0 5.0 4.0 5.0 6.0 7.0
P (GeVt'c)

FIG. 13. The value of the power 0, ;in the fit A~ versus
p~ for x' and x production on D2, Be,' Ti, and%'nuclei
at Ms =27.4 GeV. The lines, which are identical for n'
and g, are drawn to guide the eye.

FIG. 14. The p/n' and p/x ratios as a function of p~
for p-p, p-Be, and p-W targets. One can see the strong
A dependence at large p~.
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TABLE XI. The particle ratios p/7r+ (upper line) and p/m gower line) for Be, Ti, and W targets.

Tar get Ti Target Be Target

Py

(GeVgc) 200 GeV 300 GeV 400 GeV 200 GeV 300 Gev 400 GeV 200 GeV 300 GeV 400 GeV

0.77

1.16

1.54

0.328+0.011
0.068+0.005

0.797+0.023
0.104+0.007

0.304+0.004
0.074+0.002

0.507+0.005
0.107+0.003

0.694+0.007
0.123+0.003

0.294+0.015
0, 068+0.003

0.487+0.Q15
0.110+0.003

0.641+0.005
0.145+0.002

0.334+0.008
0.067+0.003

0.289+0.006 0.264g0. 005
0.073+0.003 0.071+0.004

0.433+0.013
O. ill+0. 003

0.579+0.005
0.13810.002

0.261+0.006
0.056+0.003

0.250~0.006
0.066+0.003

0.226+0.0", 1

0.065+0.(:03

0.318+0.010
0.115t0.003

0.497+0.004
0.126a0.002

2.31

3.08

3.85

4.61

5.38

6.15

6.91

1.047+0.014
0.069+0.002

1.026+0.033
0.028+0.003

0.94 +0.08
0.017+0.012

0.81 +0.15

O. 871 O. O16
0.118+0.005

0.857+0.008
O.O94.O. OOl

0.802+0. 009
0.059+0.002

0.713+0.008
0.044+0.002

0.657+0.022
0.028+0.004

0.54 +0.03
0.011+0.010

0.34 +0.10
0.02 +0.02

0.794+0.008
0.135+0.003

0.789+0.005
0.109+0.002

0.712+0.006
0.077+0.002

0.633+0.015
0.054+0.002

0.510+0.015
0.038+0.004

0.46 +0.05
0.019+0,004

Q. 34 +0.08
0.008+0.008

0.936+0.011
0.066+0.002

0.76 +0.04
0.028+0.006

0.737+0.007
0.084+0.003

0.606+0.01 7
0.042+0.004

0.705+Q. QP7
0.131+0.003

0.686+0.004
0.099+0.001

0.600+0.012
0.061+0.004

0.431+0.022
0.046+0.003

0.420+0.04
0.021+0.005

0.32 +0.05

0.779+0.010
0.059+0.002

0.67 +0.04
0.030+0.006

0.615+0.006
0.076+0 002

0.396+0.015
0.036+0.Q03

0.581go.007
0.116+0.003

0.52%0.003
0.085z0.001

0.44%0.00&
0.04%0.003

0.3~0.0i9
0.02&0.004

0.259k 0.020
0.01%0.003

0.29 z0.06

nz+ (pi) —n, + (p,). As examples, the values of the
(u„—u, ) differences at 400 GeV/c and the (u~ —n,)
differences at 300 GeV/c are shown in Figs. 16
and 1V, respectively. These differences are pre-
sented in Table X. The value of ~~, —n„is con-
sistent rvith being flat at large P„butthe other
particle types show a much stronger A. dependence
than that for pions at large pi. The values for

Q 4R~ Q~ Qp and +p are shown in Fig.

18.
Little energy dependence in a is seen. In Fig. &9

the value for ~ for each particle type is plotted
versus beam energy for three values of P~; O.VV

GeV/c, 3.08 GeV/c, and 4.62 GeV/c.
In the analysis of Ref. 5, lacking hydrogen data

ere extrapola, 'ted the nuclear-target data to 4 = 1.
These extrapolations %ere then used to extract
the energy-dependence parameter n in the expres-

TABLE XII. The particle ratios K /x+ (upper line) and K /x" (lovrer line) for Be, Ti, and W targets.

Pi
(Ge V/c)

0.77

l. 16

1.54

2.31

3.08

3.85

4.61

200 GeV

0.226+0.018
0.151+0.,015

0.386+0.022
0.204+0.013

0.487+0.010
0.222+0.005

0.585+Q. 026
Q. 160+0.009

W Target

300 GeY

0.277+0.008
0.195+0.008

0.341+0.007
0.223+0.006

0.413+0.007
0.239+0.005

0.467+0.014
0.266+0.008

0.525+0.007
0.254+0.003

0.567+0.008
0.246+0.004

0.546+0.008
0.203+0.005

400 GeV

0.27 + 0.03
0, 20 + 0.02

0.374+0 ~ 020
0.243+0.013

0.402+0.021
0.254+0.013

0.496+0.026
0.272+0, 015

0.522+0.026
0.274+0.014

0.557+0.029
0.258~0.014

0.572+0.033
0.224+0. 012

200 GeV

0.240+0. 014
0.146+0,010

0.489+0.009
0.210~0.004

0.518+0.033
0.132+0.014

Ti Target

300 GeV

0 244+0 011
0.184+0.008

0.488+0.007
0.249+0.005

0.536+0.018
0.202+0.009

400 GeY

0.24 +0.02
0.17 +0.02

0.335+0.18
0.236+0. 14

0.390+0.021
0.255+0.004

0.461+0.024
0.275+0.015

0.497+0.025
0.263+0.013

0.540+0.030
0.240+0. 015

0.497+0.03?
0.206+0.013

200 GeY

0.238+0.012
0.159'-0.009

p. 462+0.029
0.200+-0.004

0.,53 +0.04
0.166+0.016

Be Target

300 GeV

0.235+0.012
0.173-'0.010

0.469+0.008
0.246+-0. 005

0.502+0.019
0.158-+0.008

400 GeV

0.24 '-0.02
0.16 +0.02

0 315+0 018
0.203+0.011

0.36)+0.019
0.235+0.012

0.444+0.023
0.256+0.014

0.474+0.024
0.254+0.013

0.501+0.026
p. 222+0.013

0.46 +Q.03
184+0.014

5.38

6.15

6.91

0.63 +0.07
0.12 +0.03

0.68 +0.14
0.08 +0.08

0.584+0.023
0.152+0.011

0.62 +0.04
0.13 +0.03

P. 39 +O. 12
0.06 +0.04

0.530+0.031
0.195+Q.013

0.59 +0,06
0.139+0.012

0.48 +0.11
Q. 11 +0.03

0.55 +0.06
0.139+0.015

0.46 +0.07

0.47 +0.04
0.129+0.012

0.56 +0.08
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FIG. 15. A plot of the particle ratios versus atomic
weight A at a p~ of 3.85 GeV/c. The lines are fits of the
form A~a +&).

sion for the cross section Ed'o'/d'P =(1/P~")f(x~).
For 7t production a value of n =10.8 +0.4 was
found, in disagreement with the value of m=8. 5
+0.5 reported here using the hydrogen target. If
we now extrapolate the above nuclear data to A = 1
in the same way as in Ref. 5, we find n=8.7 +0.5,
in agreement with the hydrogen data.

Extensive reanalysis of our previous results
indicates that the most likely reason for the dis-
crepancy was an error in the relative normaliza-
tion of the runs at the three different energies
(a 20% error in the normalization between the
200- and 400-QeV data would account for the dis-
crepancy). In the present data the relative nor-
malization is much more reliable for the following
reasons: (1}The transverse dimensions of the
targets were large compared to the beam size so

I I I I I I I

Vs = 27.4 GeV

0 I 2 3 4 5 6 7

Pi (GeV/c)

FIG. 17. The value of the differences 0&- n, derived
from the parhcle ratios versus p~ at 300 GeV/c. The
lines are drawn to guide the eye.

VI. CONCLUSIONS

We have measured
at 6I =90' for the

the invariant cross sections
production of m', m, K', K, P

I I I I I I I

(b)

~ ~ ~

0,9 -'

that all the beam monitored by the secondary emis-
sion monitor strikes the target. (2}The targets
were thin so that aQ the produced particles exited
from the downstream face of the target. (3) The
data at 200 and 300 QeV were taken simultaneous-
ly, the Fermilab accelerator delivering both 200-
and 300-Qe7 protons sequentially during the same
acceleration cycle.

.3
ef
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FIG. &6. The value of the differences n&- ~ derived
from the particle ratios versus p~ at 400 GeV/c. The
lines are drawn to guide the eye.
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FIG. 18. The power e of the A dependence of the in-
variant cross section versus p~ for the production of
hadrons by 400-GeV protons; (a) m', (b) 7I, (c) E', (d)
X, (e) p, and (f) p. Unless indicated, the errors are
smaller than or equal to the size of the points.
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scale versus x, for x,& 0.35, and are fit well by
the form (1/P~")(1 —x,)~. The values of n and b

are in good agreement with the predictions of the
CIM.' In particular, the value of n for proton
production is different from that for the other
particles.

2. The ratio of m' to w produced inP-P col-
lisions is observed to grow to be much larger
than one at large x„and is observed to scale
with energy. It agrees with @CD predictions of
Feynman, Field, and Fox." Proton-neutron cross
sections for the production of the above charged
hadrons have been derived from p-d and p-p data,
and the m'/v ratio is close to one as expected.

3. Data from deuterium, beryllium, titanium,
and tungsten targets confirm and extend our pre-
vious measurements of the atomic-weight depen-
dence.
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main conclusions are:

1. The invariant cross sections in p-p collisions
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