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ABSTRACT

Semi-inclusive ﬁ' cross sections in 200 and 300 GeV/c pp interactions
are présented and compared with lower energy data. In the target fragmenta-
tion region the data are compared to the hypothesis of semi-inclusive KNO
scaling. The energy and charge multiplicity dependences of the semi-
inclusive cross sections in the central region are studied and a simple

parametrization of the semi-inclusive density function is described.
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}. Introduction

~ Single particle spectra from the semi~inclusive reaction

| pp + n + {n-1) charged + anything (1)
are reported in this paper using 200 and 300 GeV/c data obtained in the
Fermilab 30-inch bubble chamber-wide gap spark chamber hybrid system(]).
These data form a natural extension of the inclusive spectra from the
process(2’3)

pp -+ v+ anything, (2)
particularly since there is a significant dependence on the charged wmut-
tip]icitj in high energy hadronic¢ interactions.

In Section 2 we discuss the data sample used in this analysis. We
present in Section 3 the rapidity and transverse momentum distributions for
different charged multiplicity reactions. In Section 4 we present a test of
semi-inclusive Kuba-Nielsen-Oiesen (KNO) scaiing(a) in the target fragmen-
tation region where, to a first approximation, inclusive scaling is known
to hold. In Section 5 we turﬁ to the systematics of the central region and
attempt to answer the following questions: What is the energy and charged
multiplicity dependence of the semi-inclusive cross sections and is the

inclusive cross section approaching asymptotic scaling with an s-]/4

behavior?

2. Experimental Details

The results reported here'come from a total of 21,887 events of 200
and 300 GeV/c pp interactions and are listed in Table 1 in terms of the
negative particle multiplicity, n_. After two measurement passes, 97% (50%)
of the four-prong (3 twenty-prong) events were successfﬁ11y measured, with

the trend monotonicaily decreasing with increasing charged multiplicity.
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The events from each charged mu]tiplicit} have been subsequently normalized
to published topological cross sections(s). In this analysis each negative
particle has been called a n~ and the K~ contamination has been subtracted
from the negative particle spectra by utilizing K production data at a
center of mass energy /5 = 23 Gev.(6) Since no semi-inclusive K data have
been published we have assumed that the K~ spectra are independent of n_,

The resulting n momentum spectra were studied separately in the
forward and backward hemispheres in terms of the rapidity and transverse
momentum squared variables. The required symmetry between backward and for-
ward hemispheres in pp interactions is an excellent indicator of the possible
effects of experimental resolution on the results quoted in this paper. In
this regard, it is observed that the cm rapidity (ycm) spectrum is symmetric
around zero for Yem X 3 and thé transverse momentum squared distributions in
the two hemispheres agree with each other up to ~0.6 (GeV/c)z, but disagree
significantly beyond ~1 (GeV/c)z, particularly for Yem z 3. Thus, in all
the data except for Figure 7(d), where only the backward hemisphere is used,
we havé utilized tracks from both hemispheres. For this study no signifi-
cant differences between data utilizing only the "bare" bubble chamber and
those utilizing the bubble chamber and the downstream spark chambers were

detected. Hence, in order to optimize statistics the "bare” bubble chamber

data are reported in this study.

3. Single Particle Spectra

Inclusive particle spectra of reaction {2) have received considerable

attention, largely stimulated by the concept of possible scaling in high

energy interactions.(7) However, high energy data on the corresponding semi-

inclusive reactions are somewhat sparse in the literature.(g) In this
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section we present » spectra from reaction (1) in terms of the laboratory
rapidity (y]ab) and transverse momentum (pT) variables. For comparison with
lower energies, we use pp data at 21, 24 and 28.5 GeV/c.(g)

Ke plot in Fig. 1{a) d°/dy1ab for reaction (2) at 28.5, 200 and 300
GeV/c. It is seen that scaling holds rather well in the region Yab < 1.
More detailed ana]yses(]o) of the inclusive data in the fragmentation region

have shown an 5'1/2

behavior in the approach to scaling, consistent with the
Mueller-Regge theory.(7) The inclusive transverse momentum distributions,
do/dpi, shown in Fig. 1(b) are similar in shape but grow in magnitude with
increasing s. However, inthe region Yiab < 1 this cross section appears to

)2. For p% 2 0.2 (GeV/c)2 the

be independent of energy for p% <0.2 (GeV/c

cross seﬁtion appears to increase between 28.5 GeV/c and 200 and 300 GeV/c.
The charged multiplicity dependence of the Y1ab and p% spectra are

presented in Figs. 2 and 3 respectively, in terms of the densities

do

1 “n :
. F (y ss) = — (3)
n*lab o, dy]ab
do
and Gn(p$,s) -1 —~%-. (4}
. g
n de

Also shown in Figs. 2 and 3 are lower energy semi-inclusive data.(g) The
dominant features of these data are: (a) the four prong {n_=1) data show a
broad minimum in the central region unlike any of the higher multiplicity
spectra shown in Fig. 2. This feature is also absent in the lower energy -
data and is presumably due to diffractive processes which dominate the four
prong events at higher enerqy; (b) for n_ 2 2 the shape and width of Fn(y]ab)
vary mildly with n_, Except for the target and beam fragmentation regions,

Fn can be fitted to a Gaussian form, with the width parameter decreasing
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slowly with increasing n_; and (c) no appreciable dependence on n_ is ob-
served in the shape of Gn(pi). However, at the detailed level, the average
transverse momentum is observed to increase with energy and, at a given

energy, decreases with increasing n_. We defer further discussion of these and

other systematics in the central region to section 5 of this paper.

4. KNO Scaling
In 1971, Koba g;_gl.(q) proposed that the 7 invariant cross section

of reaction (1) depends on the charged multiplicity only through the variable

z=n /< >:
;1_ _df_n"f = h(y,p%,z) [v+ O(E:TS')J ’ (5)
n dyde

for s ~ = and n zufficiently large {n 2 Qn:}, provicca that scaling is valid
in the inclusive reaction (2). Soon after the iqitial operation at Fermilab,
Ma gg_gl,(]]) tested this prediction with preliminary data from an exploratory
pp experiment at 205 GeV/c and found the general trend of the data in the
fragmentation region to be in reasonable agreement with this prediction. In
Fig. 1 we have shown that the scaling hypothesis for inclusive »~ production
is rather well satisfied in the restricted region Yab < 1. It is now of
interest to investigate with high statistics whether the semi-inclusive KNO
scaling as suggested By Ma et al. holds in this region.

, To improve the statistical accuracy of the investigation we propose to
test this scaling in Y1ab and p% separately. Namely, we investigate the

behavior of the functions

Fn(.‘/]abis) S—':;-'ff(}']ab-l) (6)
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and Gn(pg.s) g(p¥,z). (7)

S+ w

A number of lower energy data with similar z values as the corresponding
high energy data have been plotted in Fig. 2 for the full kinematic range of
the rapidity variable. We see that for Yab < 1 the lower and higher energy
data generally agree.

In Figures 4 and 5 we study in more detail the Fn and Gn functions,
the latter with a cut y]a; < 1, for z values closely matched between lower
and higher energies. In these figures, {a-h) refer to the data sets in in-
creasing order of z values as listed in Table 2. The general behavior of
these functions is such that in the region Yiap < 1, the Jower energy data
approximately agree with, but 1ie slightly above, the higher energy data.

As an alternative test of the scaling and in a way which is more
sensitive to the variations in z, we show in 7ig. 6 the funlutich Fn(y]ab,s}
versus z at fixed regions of Y1ab for different %nergies. In the region

Yiap < 1 the Fn function decreases with increasing energy for all z values,

except possibly for very low z. On the other hand, in the region 1 < Yab < 2

and for z < 2 we note little variation with energy (for z > 2 the high energy
data indicate a fall-off with z, which is consistent with the effect of phase
space restrictions on high multiplicity events). Thus the data taken as a
whole present a somewhat complicated picture of a possible semi-inclusive
scaling with different approaches to scaling with energy for different re-

~gions of the kinematic variables studied.

5. Central Region

At high energy, the inclusive x invariant cross section is known to

rise with increasing s in the central region. Whether it is approaching an
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12) as expected in the
(13,14)

asymptotic limit (such as the A - |B|s'1/4 form!
Mueller-Regge theory) or increasing indefinitely is by no means esta-
blished. Much less known is the energy dependence of the semi-inclusive
cross sections in the central region and the nature of their individual con-
tributions towards the inclusive cross section in this region. These are
the questions on which we focus our attention in this section.

First we study the variation with n_ of Fn(y } and Gn(p$=0), as

e
well as the width (defined as full-width at half-maximum) of Fn and the
average values of p%, <p$>. As shown in Figs. 7(a) and (b}, Fn(o) and Gn(O)
are approximately linear with n_. The width of the Fn function and p%
(Figs. 7(c) and (d}*) both decrease slowly with n_. Fufthennore, for fixed
n_, Fn(O) decreases with increasing s roqgh]y as Qn'](s/mi), the inverse of
the rapidity range. The energy dependence of Gn(O) is less extreme than that
of Fn(O). We note that Gn(O) as studied here is not just for the central

region, but is integrated over all values of rapidity.

. We find that the s and n_ dependence of Fn(O) is fitted well by the

form
F(0) = ——p (-0.8+1.6n_+0.0502) , (&)
f.n(Ea/mp)

where Ea = /5 - 2mp is the available energy and n_ ranges between 1 and 9.
The validity of this expression is established by compariscon with the data
in Fig. 9, where Fn(O) is plotted versus zn"1(E§/m§) for various n_. Equation

(8) is represented by the straight lines in Fig. 8.

*As indicated_previously, only backward Qemisphere tracks have been used to
ctalculate <p%>. An additional cut of Py < 4 (GeV/c)2 has been imposed to

remove a very few tracks with high values of pT-whose measurement is thought
“to be in error.
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The inclusive cross section at ypm = 0 can be calculated from Eq.
(8) if we know the s-dependence of <n>, the average charged multiplicity,
and if we assume KNO multiplicity sca]ing.(ls) To be explicit, we take
the energy dependence of «<n> for pp interactions to be of the form(s)

an> = 2.45 + 0.322nE, + 0.53 anEa (9)

and the KNO multiplicity function to be of the form(ls)

Oinel
Ty ) o
with — wlw) = exp(=3.040) - (3.79% + 33.74° - 6.640° + 0.3324)

and 33 mb.

%inel

The inclusive cross section dg/dycm at y =0, as calculated from Eqs. {8-10},

(6,8)#.

cm
is plotted as the solid curve in Fig. 9 together with the available data

A similar calculation without the 0.05 n_2 term of Eq. (8) is shown as the
dotted curve for the purpose of comparison. We ;emark that an s-dependent
total ineléstic cross section‘(rather than the constant value of 33 mb) would
predict the inclusive cross section to rise with energy faster than that shown
by the curves in Fig. 9. On the other hand, the energy dependence of <n> as
givén by €q. (9) is not well established beyond /s = 28 GeV.

The rapidity distribution can be well approximated (except for the
regions of target and beam fragmentation defined by |y | ~ 2) by the Gaussian
form

expl-y’, /26)

Falyen) =m0 s , (m)
n n

#For the data of Alper et al. (Ref. 6), the fits given in Table 3 of their

paper were numerically integrated over p%.
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2,2
n_ ﬂp(Ea/mp)

with b2 — = (12
F (0)/2n  /2Zx(-0.8/n_+ 1.6 + 0.05n )

This expression for the width describes the energy and n_ dependences of the
semi-inclusive cross sections and, by summation of the different multipii-
city distributions,the s-dependence of the inc]uﬁive n cross sections.

The width of the inclusive rapidity distribution thus obtained is compared
with the experimentally determined width as a solid curve in Fig. 10. It
reproduces the experimental width reasonably well up to Prap ™ 400 GeV/c.
Also shown in Fig. 10 for comparison is the prediction of the hydrodynamic

modeI(IB),

Ghyd =‘Vzn(/§72mp) , (13)

as a dotted curve. The agreement between the hydrodynamic model and the
fesu]ts of our parametrization is interesting, considering the different
energy dependences in Eqs. (12) and (13). The trend of the data indicates
that bgth éalcu]ations may possibly underestimate the experimental width at

very high energy.

6. Conclusions

We have presented a study of the energy dependence of semi-inclusive
n data from pp interactions. In the target fragmentation region the 200 and
300 GeV/c data, together with lower energy data, indicate a possible semi-
inclusive KNO scaling with different approaches to scaling with energy for
different regions of the kinematic variables studied.

In the central region we have described a relatively simple parame-

trization of the energy and charged particle multiplicity dependences of the
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semi-inclusive density functions, and by summation of the different multipli-
city distributions, the energy dependencé of the inclusive = cross sections.
The results of this parametrization suggest that the inclusive cross section
in the central region increases faster than the A - |B] s7V/% form in the
Fermilab-ISR energy region.

We thank the staff at Fermilab and,in particular, the 30-inch bubble

chamber crew for their help with the data collection phase of this work.
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Table 1. Numbers of Events Used in This Analysis

n_ 200 GeV/c 300 GeV/c
1 3544 3861
2 3605 4402
3 1468 962
4 1027 m
5 592 508
6 328 318
7 147 185
8 60 78
9 15 50
10 2 13
N 3 3
12 - 5

sum 10791 11096
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Table 2. n_ at Various Energies(a) having Equivalent Yalues of
zZ=n_/<n>
Data Set z Pinc(GeV/c)
21 24 28.5 200 300

a 0.8 1 2-3
b 0.9 1 2-3 3
c 1.5 2 5
d 1.6 2 4-5
e 1.8 2 5 6
f 2.3 | 3 6-7 7-8
a 2.4 ‘ 3 7 8
h 2.6 3 . 7-8 8-9

'(a)<n_>'s at 21, 24, 28.5, 200 and 300 GeV/c are 1.15, 1.24, 1.30,
2.84 and 3.25, respectively. |
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FIGURE CAPTIONS

(a) do/dy,,, at 28.5,200 and 300 GeV/c; (b) do/dp¥ at 28.5,
200 and 300 GeV/c. Also shown is do/dp% for Yiab € 1.

Fol¥iap) = (do/dy; p)/o, versus n_ at 200 and 300 GeV/c. Lower

energy data at equivalent z = n_/<n_> values are also plotted.

Gn(pi) = (don/dpg)/cn versus n_.
Fn(ylab’s) at different z values. (a-h) refer to the data

sets listed in Table 2.
2 : N
Gn(pT,s) for ¥qap 1 for the same data sets as in Fig. 4.

Fn(y]ab,s) versus z for different Y1ab regions.

(a) Fn(ycm=0), (b) Gn(p$=0), (c) the full width at half maximum
(FHHM) of F_and {d) <p$>, all plotted versus n_.

F (y_=0) versus zn']

2, 2 .
aYen (Ea/mp) for various values of n_.

do

dy at Y0 versus AR

The solid curve is a calculation of

Egs. (8-10). The dotted curve for comparison is a similar

calculation without the 0.05 n_2 term in eq. (8).

. The gaussian width of the inclusive rapidity distribution. The

s01id curve is obtained from Eqs. (8-10}. The dotted curve is the

prediction of the hydrodynamic  model.
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