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Inclusive production of A hyperons by 300-GeV protons has been measured at fixed production angles in

the laboratory between 0 and 9 mrad and laboratory momen'. a from 6S to 300 GeV/c. Three
different solid targets were used: beryllium, copper, and lead. The A dependence of the data is suggestive of
a collision model in which the hadron loses energy and gains transverse momentum as it leaves the nucleus.
The experimental results are compared to such a model, and the implications are discussed.

I. INTRODUCTION

The dependence of various high-energy pro-
cesses on the atomic weight of the target nucleus
(A dependence) has attracted considerable atten-
tion both experimentally and theoretically in re-
cent years. The total absorption cross section cr,

(hadron+ nucleus) behaves very nearly as A' ', as
would be expected from an opaque disk of radius
A' '. Measurements' at 60 GeV of cr, (p+A} give
a power law 0, o-A'69, where the small difference
between 0.69 and 0.67 can be understood in a
Glauber' picture as slightly imperfect screening
of one nucleon by another within the nucleus. More
detailed studies of high-energy A-dependent phe-
nomena have also been made. For example, in-
clusive particle cross sections have been measured
near P(, =0 in the center-of-mass frame and at
high transverse momenta as a function of A in the
region up to 400 GeV (see Ref. 3) and also at an
incident energy of 28.5 GeV.4 The multiplicity
of produced particles (predominantly pions) has
been measured by counter techniques at various
energies up to 200 GeV. ' High-energy multiplicity
studies have also been made in nuclear emulsions. '

The A dependence found in the high-transverse-
momentum inclusive measurements was expressed
by the authors' as a power law, in analogy with
the absorption cross section: Edo(p„A)/d'p
=E(p, )A ~~, where the power n(p, ) was allowed
to vary with the transverse momentum. The re-
sulting curves at 400 GeV showed that +(p~) in-
creased monotonically with increasing p, from a
value near 0.9 at p, -1 GeV/c to values exceeding
unity for all secondary particles measured, and
approaching 1.3 for protons at p„—6 GeV/c. ' The
trend z - 1 at high P, can be understood by sup-
posing that these rare collisions take place be-

tween pointlike particles, where screening of one
particle by another becomes negligible. ' For z
to become greater than unity in this picture a re-
scattering of the outgoing state is necessary. This
possibility has been considered by a number of
authors. ' "8

The ratio of multiplicities (n„)/(n„) for a nu-
cleus A compared to hydrogen shows essentially
no A dependence for forward angles in the labora-
tory less than 3.5'. ' This result might appear
surprising, because in a heavy nucleus such as
lead the nuclear thickness is of the order of three
mean-free paths, and if ten pions are produced at
each interaction, 1000 pions might come out.
There are good reasons from basic quantum me-
chanics' to believe that in a volume with radius of
the order of the nuclear force range the highly
excited hadronic state produced in the first colli-
sion does not contain a fixed number of particles.
This idea has been refined by Gottfried to explain
the constancy of the multiplicity. " In this picture
the projectile, a proton for example, retains
much of its protonlike character in excited form
after the primary collision in the nucleus. Sub-
sequent interactions within the nucleus are much
like the primary one, hardly altering the final-
state multiplicity into which the "proton" decays
after leaving the nuclear volume. The multipli-
city at larger angles would be expected to in-
crease with A as a result of the excitation of tar-
get nucleons within the nucleus by the projectile.
Such an increase in multiplicity at large angles is
consistent with experiment.

In this paper results are reported for the A de-
pendence of the inclusive production of A hyperons
by 300-GeV protons at Fermilab: p+A- A'+X,
where nuclear targets Be (A = 9), Cu (A =64), and
Pb (A = 206) were used. The inclusive A' spectra
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have many leading particle characteristics, simi-
lar to those of the proton. The region of phase
space studied was predominantly projectile frag-
mentation with p„~ & 65 GeV/c and P~ ~ 1.5 GeV/c,
and hence in the same kinematic range as the
multiplicity work of Ref. 5. It will be shown that
the observed A dependence of A' production can
be described by a simple collision model in which

the outgoing excited baryon loses energy and ac-
quires transverse momentum through collisions
with other nucleons in the target nucleus.

II. APPARATUS

A plan view of the apparatus is shown in Fig. 1.
Various aspects of the equipment have been des-
cribed in previous reports. " A beam of protons
at 300 GeV and typical intensity 10'/pulse struck
a solid target upstream of a sweeping magnet
which cleared charged particles from the neutral
beam. The neutral beam was defined by a colli-
mating system embedded in the sweeping magnetic
field. The solid angle defined was 1.2 p. sr. The
length of the magnetic fieLd was 5.4 m, over
which no neutral particle decays could be obser-
ved. The decay volume was a. I2-m vacuum drift
space, defined upstream by a veto scintillation
counter and downstream by the fir s t propor t ion al
chamber. Hyperons which decayed by the charged
mode A'- pm in this volume were detected by the
proportional chamber spectrometer, which was of
standard design. Fast signals from the chambers
themselves served as the trigger. An argon-filled
ionization chamber was the primary monitor of
the incident-proton beam flex. The nuclear tar-
gets were nominal1y —,

' interaction length thick.
Absorption corrections for finite target thickness

were obtained by studying the yield from inter-
action length targets. The spectrum shapes ob-
served did not depend on target thickness. " Data
were taken at fixed production angles in the lab-
oratory between 0 and 8.9 mrad. The incident
proton beam direction was changed in a vertical
plane to vary the angle between the proton beam
line and the fixed axis of the collimator.

III. RESULTS

Table I gives the invariant cross sections ob-
tained at three production angles for the three
nuclear targets, and Fig. 2 shows these cross
sections divided by the (P+A) absorption cross
sections reported in Ref. 1, i.e. , o(PBe) =216 mb,
o(PCu) = 812 mb, and &x(pPb) =1930 mb. Events
below 65 GeV/c in the laboratory have been omit-
ted because the corrections for losses in the colli-
mator become too Large to be reliable at: the
lower energies.

The data were fitted to empirical functions of
x=pf~/p*, „and p, =P sin8 for the produced hyperon
in order to interpolate between the fixed angles
and obtain invariant cross sections of the form
Ed'o(x, p~)/d p'. Satisfactory y' was obtained for
each fit, and the functions for each target gave
accurate and convenient expressions for the mea-
sured cross sections over the kinematic range
covered by the data. " These invariant cross sec-
tions were then used to determine the power of
A from the equation

The most complete sets of data were taken for Be
(A =9) and Pb (A =208), and these two cross sec-
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FIG. 1. Plan view of the apparatus. The first magnet shown, labeled 2G3, bends the incident proton beam in a verti-
cal plane down onto the target to obtain various production angles. J3Cl and A&2 are proportional chambers used to
determine beam position. The 'Peanuts" were small scintillators used to count the proton flux at low intensity, and
calibrate the ion chamber. I. C. Avis was a ferric superconducting magnet with aperture 20 cmx 60 cm&2m long and
J Bdl = 24 kg m. The Cherenkov counter and lead-glass array were not used in this experiment.
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TABLE I, A invariant cross sections. The error given is the statistical standard deviation.

p
(GeV/e)

Beryllium
Ed o/dp

(mb/GeV )

Copper
Zd'o. /dp'

(mb/GeV )

Lead
Zd'o. /dp'

(mb/Gev')

0 mrad production angle

65
75
85
95

105
115
125
135

155
165
175
185
195
205
215
225
235
245
255
265
275
285
295

4.39 + 0.21
4.40 + 0.18
4.22 6 0.16
4.39 6 0.16
4.31+ 0.10
4.16 + 0.09
4.16 + 0.09
4.09 6 0.09
3.89 + 0.08
3.71 + 0.08
3.60 + 0.07
3.51 + 0.07
3.32 ~ 0.07
3.18 + 0.06
2.S8 ~ 0.06
2.72 + 0.06
2.55 + 0.06
2.32 + 0,05
2.02+ 0.05
1.76 + 0.04
1.47 ~ 0.04
1.13 + 0.03
0.77 + 0.03
0.45 + 0.02

17.3 + 1,21
16.8 + 0.97
4.17 ~ 0.76

15.4 + 0.73
14.7 + 0.51
13.2 + 0.45
13.4 + 0.43
12.2 + 0.39
11.8 + 0.37
10.3 + 0.33
10.1 + 0.31
9.80 + 0.29
8.67 + 0.27
7.78 + 0.25
7.76 + 0.25
7.07 + 0.22
6.58 + 0.22
5.98 + 0.21
5.15 + 0.19
4.67 + 0.18
3.53 + 0.15
3.00 + 0.14
2.02 + 0.11
1.22 x 0.09

35.8+ 2.3
32.1 + 1.7
29.5 + 1,4
28.9 k 1.3
24.8+ 0.S4
24.0+ 0.77
22.2+ 0.70
22.0+ 0.67
20.5+ 0.62
19.4 + 0.58
16.8 + 0.50
16.3 + 0.48
15.5 + 0.46
13.7+ 0.42
12.4+ 0.39
11.7+ 0.38
10.5 4 0.35
9.9 + 0.34
8.7 + 0.31
7.8 + 0.29
6.4+ 0.26
4.5 + 0.21
3.1 + 0.18
2.0 + 0.14

p
(Gev/&)

Beryllium
Zd'o-/dp'

(mb/Ge V')

Lead
Zd'o/dp'

(mb/GeV )

5.3 mrad production angle

65
75
85
95

105
115
125
135
145
155
165
175
185
195
205
215
225
235
245
255
265
275

3.22
2.91
2.41
2.09
1.73
1.45
1.16
0.941
0.740
0.571
0.415
0.315
0.217
0.157
0.110
0.069
0.050
0.028
0.016
0.0086
0.0036
0.0015

+ 0.074
+ 0.056
+ 0.042

0.03S
+ 0.030
+ 0.026
+ 0.021
+ 0.017
+ 0.014
+ 0.013

0.008
+ 0.007

0.005
+ 0.004
+ 0.003
4 0.002

0.002
+ 0.002
+ 0.001
+ 0.0008
~ 0.0005
+ 0.0004

26.7
23.1
18.1
15.1
12.2
9.49
7.52
5.71
4.56
3.36
2.59
1.59
1.33
0.91
0.64
0.41
0.26
0.15
0.058
0.037
0.022

0.99
+ 0.71
+ 0.50
4 0.41
+ 0.32
+ 0.26
+ 0.21
+ 0.17
+ 0.14
k 0.12
+ 0.09
+ 0.07
~ 0.06
+ 0.05
+ 0.04
+ 0.03

0.02
0.02

4 0.011
+ 0.009
+ 0.007
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TABL E I. (Continued)

p
(GeV/e)

Beryllium
Zd'0. /dp'

{mb/Geg' )

Copper
Zd'a/dp'

(mb/Gev )

Lead
Zd'o/dp'

(mb/Geg )

8.9 mrad production angle

65
75
85
95

105
115
125
135
145
155
165
175
185
195
205

2.10
1.61
1.05
0.72
0.50
0.316
0.218
0.124
0.079
0,046
0.024
0,014
0.0051
0.0023
0.0006

+ 0.05
+ 0.03
+ 0.02
+ 0.01

0.01
+ 0.007
+ 0.005
+ 0.004
+ 0.003
+ 0.002
+ 0.001
+ 0.001
+ 0.0006

0.0005
+ 0.0004

9.65
6.62
4.44
3.11
1.92
1.20
0.759+
0.479 +
0.304 +
0.179 +
0.096 ~
0.048 +
0.014+
0.013 +

0.35
0.22
0.14
0.10
0.07
0.05
0.03
0.02
0.02
0.01
0.009
0.006
0.004
0.003

20.4
13.8
8.75
5.94
4.22
2.63
1.77
1.02
O.652
0.431
0.223
0.116
0.045
0.011
0.0009

0.64
+ 0.39
+ 0.25
+ 0.17
+ 0.13
+ 0.09

0.07
0.05

+ 0.03
+ 0, 03

O. 02
+ 0.01
+ 0.008
+ 0.0064
+ 0.0064

tions were used at each (x, P~) to determine the
exponent n(x, p~). The Cu (A = 64) data then fur-
nished a check on the validity of the power-law
hypothesis. This check was always satisfactory,
indicating that Eq. (1) was a good parametrization
of the data. Table II gives the power n(x, P~) so
obtained as a function of P, for various values of
x and Fig. 3 shows a plot of the results. Note that
since n, (P+A) varies as A'", and most values
of e are below this number, the observed invari-
ant cross sections actually increase less rapidly
with increasing A than the overall absorption
cross section. Only at the lowest value of x
(x =0.2) doesthis trend reverse, and n exceed 0.69.
The 300-GeV proton data of Ref. 3 are also shown
in Fig. 3 for comparison. The trend of increasing
e with decreasing x continues into x = 0, and it is
clear that the data of Ref. 3 and the present experi-

ment are in qualitative agreement. This same
general behavior of e as a function of x has also
been observed in the high-energy production of
p+~ vector mesons. '4

It is convenient to use the longitudinal rapidity
variable y rather than x to display the invariant
phase space available. The rapidity is defined by

y = —,
' ln

& -PII

and has the convenient property that the invariant
phase-space element loses its energy denominator:

p = 7TAQPp~

Thus the invariant cross sections expressed in
terms of (v, p, ') can be directly integrated to give
the multiplicity. The data displayed in Fig, 2 are

TABLE II. Results of the power-law hypothesis.

p, (GeV/e)
g =0.2

d 0 d 0
. (A) =A~'"'~&'E (A =1)

dp~ dp3

x=0.6 x=O. H

0
0.25
0.50
0.75
1.00
1.25
1.50
1.75

0.676+ 0.014
0.685 + 0.014
0.708 + 0.014
0.748 + 0.014

0.553 + 0.014
0.563 + 0.014
0.584+ 0.014
0.619+ 0.014
0.673 + 0.014

0.480 + 0.014
0.490+ 0.014
0.506 + 0.014
0.532 + 0.014
0.571 + 0.014
0.625 + 0.015
0.685+ 0.020

0.456+ 0.014
0.465 + 0.014
0.471 + 0.014
0.479 + 0.014
0.492 + 0.016
0.511 + 0.020
0.528 + 0.028
0.520+ 0.070
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FIG. 3. Results using the interpolated beryllium and
lead data to obtain the power-law g dependence of Eq.
(1). Note that over most of the kinematic range studied
e(x,p~) & 0.69, indicating that the differential multipli-
city decreases with increasing A, . Because the data were
taken at fixed angles, the end points in x and p~ are
correlated. Also shown are two of the low-p, data
points from Pef. 3.

FIG. 2. Inclusive cross sections for p+A A'+X at
constant angle divided by the absorption cross sections
of Denisov et al. (Ref. 1). The statistical errors are of
the order of the size of the points except at very high
value of pl~, ~here typical errors are shown. There is
an absolute uncertainty in normalization of + 6k which
is not shown.

invariant cross sections divided by the absorption
cross section, and hence the differential multi-
plicities. In terms of rapidity, these cross sec-
tions are

1 d'n 1 d'cr

dydp~ 0, d p

Integration of this expression over all phase space
gives the average multiplicity, the average num-
ber of particles —in this case A"s —produced per
interaction. Thus

been divided by the extrapolated o, (pp)=45 mb
obtained from the complex nuclear cross sections
of Ref. l rather than the true value v, (PP) = 33 mb.
Note that about half of the available forward-hemi-
sphere phase space is missing because of the
65-GeV/c cut on laboratory momentum. This em-
phasizes the fact that this experiment is pre-
dominantly a study of projectile fragmentation.

e Be
CU
Pb

leri
a. Eq.(l)

(n) = dy dp, '
I;5)

~y O
ddP''

Longitudinal rapidities are additive for Lorentz
transformations along the incident-particle axis,
so the shape and total width of the curve in ra-
pidity is Lorentz invariant. For definiteness,
assume that the nucleon-nucleon center-of-mass
frame is appropriate. Figure 4 then shows the
0-mrad points in Fig. 2 replotted as a function of
center-of-mass rapidity y, . Also shown is the
extrapolated "nucleon" cross section obtained
from the beryllium and lead cross sections via
Eq. (l). For normalization this cross section has

~~ .Ol-
c a. '

5J

FIG. 4. Double-differential multiplicity as a function
of nucleon-nucleon center-of-mass rapidity at p~ = 0 for
the three nuclear targets. The functional fits men-
tioned in the text to these data points are shown as solid
li.nes. Also shown is the extrapolated "nucleon" dis-
tribution obtained from the beryllium and lead cross
sections via Eq. (1).
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FIG. 5. The solid curves give the results of inte-
gration of the differential multiplicities over p, . The
triangles and the squares are the predictions for the
copper and lead distributions, respectively, using the
collision model discussed in. the text and the beryllium
curve. The dashed curve is the extrapolated nucleon
spectrum based on Eq. (1), and the curve with dots is
the same spectrum from Eq. (11).

Figure 4 clearly shows that the differential multi-
plicity decreases with increasing A for y, &1.5,
that the curves cross around y, = 1.5, which is the
middle of the forward hemisphere, and that a nat:—

ural extrapolation into small y would be a differ-
ential multiplicity which increases with increasing
A. In this manner the total multiplicity (n) could
be A independent, consistent with the pion data of
Ref. 5. The average energy loss between Be and
Pb displayed in the figure is a.bout 6P& i.e., 18
GeV. This fraction must appear at: large angl. es
in pions from the target nucleons, where the
multiplicity is known to increase rapidly with in-
creasing A. It is interesting to note that lomer-
energy data for proton spectra produced by 24-GeV
protons on the same target nuclei show the same
general A dependence, and the same fractional
energy transfer to the nucleus between. Be and
Pb." Figure 5 shows the re suit of integrating
the functional forms for the three invariant cross
sections over the p~' variable. The A dependence
of the single differential multiplicity dn/dy re-
sembles that of the double differential at p, = 0

~Be
X CU

aPb

«d (

~ ~02
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CL
C
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~~ Pb yc = l.5

Be

I

.25

yc =~,75
Pb e 2

.50 .75 I.O

(GeVzc )

FIG. 6. I3ouble-differential multiplicities plotted as a
function of p~2 for various fixed values of y. The inter-
polated fits to the data were used to generate the points
shown for the three targets. The lines are to guide the
eye. Only at low y is an& dependence as a function of
p g appa rent.

I I I

0 . S I.O I.S

p tt GeV/c) ]
FIG. 7. Differential multiplicity dn/dp~ 2 vs p~ .

Beryllium and lead are shown, with slopes —2.8/(GeV/
e) and —2.6/(GeV/e)2, respectively, indicating a slight
tendency for the distribution in transverse momentum
to become shallower as A, increases, The open circles
are the result of the calculation of the lead spectrum
from bexyllium using the collision model discussed in
the text.
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because the A dependence is not a strong function
of transverse momentum, and the yield drops ex-
ponentially with increasing p~'.

These features are shown by the companion
curves as a function of p, ', Fig. 6 and 7. Figure 6
gives the double differential d'n/dydp, ' for three
different values of y vs P, ', and Fig. 7 gives the
results of integration over the rapidity range
1.5 «y «3.0. At fixed y the curves in Fig. 6 are
approximately exponential in p~', mith a slope
which increases as y increases. There is a ten-
dency (very slight at large y, stronger near

y = 1.5) for the lead data to approach the beryllium
data as P~' increases; that is, the slope of the
lead data is somewhat shal1ower. The integrated
curves dn/dp, ' are characterized by a single ex-
ponential in p~' for 0- p~' «1 GeV'.

These features of the A dependence exhibited by
Figs. 4, 5, 6, and 7 are strongly suggestive of a
collision process, where the excited baryonic
state which eventually decays into the observed
A loses in rapidity and gains slightly in p~' by
interaction with target nucleons on its may out of
the nucleus.

IV. ANALYSIS

In the spirit of the energy-flux-cascade model.
of Gottfried (Ref. 10) it is natural to take the in-
clusive proton distributions p+ p- p+X as a
guide for the r apidity and trans ver se -mome ntum

dependence of the collisions, since the final-state
hadronic matter is protonlike. This has the

added advantage that the order in which collisions
take place within the nucleus is irrelevant. The
number of collisions can be estimated from the

average number of absorption mean free paths
encountered by the incident particle in going
through the nucleus as defined by Ref. 5:

V =AOhN/Oh A . (8)

Here A is the atomic weight of the nucleus in ques-
tion, and o», o» are the absorption cross sec-
tions for the incident hadron on a nucleon and on
nucleus A, respectively. The significance of this
formula ean be grasped by considering tmo ex-
treme cases. The numerator is the total area
which A nucleons present to the incident hadron
if they do not screen each other. Thus if the nu-
cleons were nonoverlapping disks in a plane nor-
mal to the incident hadron, then the denominator
mould equal the numerator, and v= l. If on the
other hand the nucleons were distributed in a
line along the beam axis, screening each other
perfectly, then o.„„=o», and v=A. In this for-
mula it is appropriate to use the true cross sec-
tion in hydrogen, o» = 33 mb. This number to-

gether with the absorption cross sections of Ref. 1,
namely o~g, =216 mb, O~c„=812 mb, and Oppb
= 1930 mb leads to the values v~ = 1.4, vc„= 2.6,
and vpb: 3 6 Taking Be as the "fundamental" nu-
cleus, there is approximately one extra collision
in copper and two extra collisions in lead.

Suppose then that a baryon in a single collision
acquires a distribution f(v, P~') in rapidity and
transverse momentum. Since the baryon is not
lost, the function is normalized to unity:

2
l'max

dy eP, 'f(~, p, ') =1.
&min

If the function can be separated into a product
f (y, p~') =f,(y)f, (p, '), which is only approximately
true for inclusive distributions, then f, a.nd f,
are each separately normalized to unity. Two
folding functions F,(y —y') and F,(p' —ph ), ob-
vious extensions of f, and f„can be used to ob-
tain the final distribution after one collision'.

2
d 2~g ~&max &max

dy' dP,"F,(y - y')
dgdP l 0

x F,(P,' —p,")
(8)

Here d'no/dy' dp~ represents the distribution in-
cident, and d'n, /dydp, ' the final distribution after
collision. Because of the normalization condition
and separation in to I',I„ it is irrelevant mhether
double differentials as in Eq. (8) or single differ-
entials of the form dn/dy are used, since

(8)
"&min

follows from Eq. (8) upon integration over p '.
The function F,(y —y') was obtained numerically

from the data of Fig. 5 using the assumption
beryllium+ one collision = copper. The results are
shown in Fig. 8. Note that F,(y —y') has a sharp
"diffraction peak" and a rather flat continuum at
lower rapidity, suggestive of the data obtained for
the inclusive process p+P- p+X. ' The results
of applying this function to the beryllium data once
to obtain copper and twice to obtain lead are al. so
shown in Fig. 5, and it is clear that the shapes of
the curves are satisfactorily reproduced by this
procedure.

A natural choice for the folding function F,(p~'

p,") is an exponential in transverse momentum.
The data of Ref. 16 suggest a function of the form

(1o)

where b= 10/(GeV/c)'. Such a steep slope for F,
mould have little effect on the beryllium distribu-
tion shown in Fig. 7, where the slope is 2.8/
(GeV/c)', and indeed the beryllium and lead dis-
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~ 6 —= A a(y)+ A b(y) + A c(y)dr /y

dy

Eq. (1) and Eq. (11) agree with the data, they give
slightly different extrapolations to A =- l.

V. CONCLUSIONS

0 I

b(y)

FIG. 10. Results of the inversion of Eq. (11) for the
three nuclear targets to obtain coefficients a {y), b (y),
and c(y) in units of mb. According to Eq. (11), the
"nucleon" distribution should be a+ 5+c, and this div-
ided by 46 mb is plotted in Fig. 5.

Inclusive production of A' hyperons by 300-GeV
protons has been studied on three different target
nuclei, beryllium, copper, and lead. With re-
gard to the propagation of an excited baryonic
state through nuclear matter, copper is approxi-
mately one collision length thicker than beryllium,
and lead in turn is one collision length thicker
than copper. A simple collision model based on
this property and using distributions characteris-
tic of high-energy proton inclusive reactions as a
guide has been applied to the data and shown to
reproduce the experimental observations satis-
factorily. The model is not known to the authors
to be in contradiction with other experimental
data on A dependence.

because as A increases the rapidity spectrum is
depressed. The extrapolated "nucleon" cross sec-
tion from this expansion is obtained by setting
A=1 in Eq. (11): da/dy=a(y)+b(y)+c(y). This
expression divided again by 46 mb —the extra-
polated absorption cross section for p+nucleon-
is shown in Fig. 5 for comparison to the extra-
polation obtained through the power law Eq. (1).
It is clear that al.though the two parametrizations
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