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A mixed two-component model is used to fit the available charged-particle multiplicity
distribution from pp, ~+—p, and E—+p collisions and e+e and pp annihilations. Generally
good agreement is obtained between theory and experiment with respect to the dispersion,
and second, third, and fourth normalized moments. Koba-Nielsen-Olesen scaling is seen
to hold approximately in this model.

I. INTRODUCTION

The charged-particle multiplicity distribution
has been extensively measured and studied for pp
collisions for beam momenta up to 405 GeV/c
(Ref. 1) and for intersecting-storage-ring (ISR) en-

ergies up to 63 GeV. Inelastic topological cross
sections for m-+-p and K—+p collisions have also been

reported for somewhat lower beam momenta.
One remarkable feature that has emerged is that
Koba-Nielsen-Olesen (KNO) scaling appears to
hold at least approximately. ' Thus the inelastic
topological cross sections plotted in the form of
(n)or„/o;„d against /n( n) (where o„ is the par-
tial inelastic cross section for the reaction hh —+n

charged particles, o.;„~ the total hadron-hadron in-

elastic cross section, and (,n ) the mean charged-
particle multiplicity) appear to be independent of
the incident energy.

Recently, the topological cross sections for
e 4e annihilations have become available for cer-
tain ISR energies and KNO scaling again appears
to be valid, albeit the KNO plots for pp collisions
and for e+e annihilations differ significantly.
The pp-annihilation topological cross sections are
more uncertain as at large energies the pp inelastic
scattering channels become significant. To a first
approximation, the difference between the pp and

pp topological cross sections at the same beam
momentum may be considered as the pp annihila-
tion cross section. It has been noted that the
KNO plots for the e+e and the pp annihilations
are remarkably similar.

In this paper is presented an analysis of the pp,
m+-p, and I( -+p inelastic, and e+e and pp annihila-
tion topological cross sections using the extension
of a semiempirical mixed two-component (MTC)
model first proposed by Kam, Low, and Phua for

fitting the multiplicity distribution of negatively
charged particles emitted in pp collisions.

II. THE MIXED T%0-COMPONENT MODEL

It is supposed that as the two colliding hadrons
pass through each other energy is dissipated in a
central region, where pionization subsequently
takes place, while each hadron becomes excited and
fragments. The particles arising from pionization
and from fragmentation are assumed to be pro-
duced independently in so far as charge conserva-
tion allows. The probability for producing n

charged particles in a collision is then the sum of
the products of the probabilities for producing n,
charged particles by pionization and nf charged
particles by fragmentation where n, +nf ——n:

P(n)=2 g' Q(n, )F(nf) .
n =n +nf

Note that charge conservation requires that g'
sums over even values of n only, i.e., n =2,4,6, . . .,
and the missing terms are compensated by the fac-
tor 2. The pionization process is assumed to be
random and to follow a Poisson distribution

Q(n, ) =exp( —rn)
n, f

where m is the mean number of charged particles
arising from pionization.

Studies of high-mass diffractive dissociation, in
which one proton is quasielastically scattered while
the other is excited and fragments into particles, at
the CERN ISR have shown that the excitation
spectrum has a M dependence, where M is the
"missing mass, " up to M-5 GeV, after which the
differential cross section levels off. This sug-



26 CHARGED-PARTICLE MULTIPLICITY DISTRIBUTIONS IN pp. . . 1645

gests' a simple n distribution for fragmentation
multiplicity n .To allow for the presence of a lead-

ing particle we use the expression (n +k), where
K is a constant for a given collision energy, for the
relative probability of finding n charged fragments
from an excited hadron Consider for example the
simple case of an excited proton fragmenting into
n —1 charged pions and a leading proton, all hav-

ing the same velocity. We would have

respectively.
Only one or both of the excited hadrons may

fragment. If D is the probability of a hadron frag-
menting and E =1—D, then the relative probabili-
ties of elastic scattering, single, and double frag-
mentation are E, 2ED, and D, respectively. E is
thus the ratio of the elastic to the total cross sec-
tion, and the probability of single fragmentation
occurring is

M ~ [3(n —1)/2+m&/m ]

a: [n +(2m&/3m —1)] .

Furthermore, an energy-dependent cutoff is im-

posed on the number of such fragments.
In the case of a meson-proton collision we recog-

nize the fact that the two excited hadrons are like-

ly to be different in their fragmentation properties.
Thus in general the excited hadrons are assumed
to fragment with distributions (nf+K&) and

(nf +K2), and subject to cutoffs N& and N2,

2ED
p

The probability of producing n/ charged frag-
ments in a collision is therefore

F(nf)= F~(nf)+ g F2(ns, nL, )
p 1 —p

1 k 2 nf "R+nL

where

(3)

(4)

—,[(n f+K)) +(nf+Kg) ] for 0&nf (N),
F)(nf)= '(nf+K2) for N( &nf &Np,

0 for N2 &nf,

(n„+K, ) (nI. +K2) for 0&ng+nl &N)+N2,
0 otherwise,

nz and nL being the numbers of charged frag-
ments from the "right" and "left" excited hadrons,
respectively, k~ and k2 are normalization con-
stants:

N2

k) ——g F((nf),
nf ——0

N)+N2

kp gg ——Fp(ng, nL, )

nf =0 nf =ng +nL

and p is the probability of only one excited hadron
fragmenting given by Eq. (3). Note that in the
above we have taken N2 to be greater than or equal
to Ni.

The mean number of charged fragments is then

I

(n ) being the experimental mean charged-particle
multiplicity.

The model in general contains four parameters

E&, K2, N&, and N2 and requires the input of the
experimental mean multiplicity (, n ). For com-
parison with experiments it is convenient to present
the theoretical distribution in the form of KNO
plots, i.e., (n )P(n) versus n/(n ). For our calcu-
lations we have used a value 0.20 for the ratio elas-
tic to total cross section for hadron collisions"
which gives p =0.618. The theoretical distribu-
tions in the form of KNO plots have been found to
be quite insensitive to the variations of the parame-
ters p, E), E2, N), and N2.

N)+N2

S = g nfF(nf),
nf ——0

whence the mean number of charged particles form
the pionization of the central region

m =(n) —S,

III. CHARGED-PARTICLE MULTIPLICITY
DISTRIBUTION IN pp COLLISIONS

For pp collisions the model requires that
K& ——E2 =—K. A cutoff N is imposed on the num-
ber of charged particles from double fragmentation
and a cutoff N/2 [or (N+1)/2, whichever is an
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integer] is imposed on single fragmentation. The
number of free parameters is thus reduced to two.
The pp-collision inelastic topological cross sections
for beam momenta above 50 GeV/c are fitted by
the following procedure. For each experiment the
values of the parameters E and N are found for
which the mean X per data point falls in the range
of smallest values. Only data points which have
been based on four or more observed events or
which are stated to have errors better than 50%
are included in the X computation. The calculat-
ed distribution for such values of E and N which
best matches the calculated and experimental
values of the dispersion

is considered to be the best fit. The results are
given in Table I, where the theoretical and experi-
mental values of the normalized moments C2, Ci,
and C4, defined by

(ne)
Cq ——--

(n)' '

are also compared.
The fit is generally good as can be seen from the

agreement between the theoretical and experimental
values of the dispersion and normalized moments.
The X 's are quite reasonable except for three ex-
periments where 7 per point exceeds 3. One case,
namely that for beam momentum 405 GeV/c, has
X /point-9. It reduces to -4 however if the data

point for n =2 is excluded from the X computa-
tion.

The parameter E appears to increase slowly with

energy. However, a common value E =6 would be
able to fit all the data with only marginal sacrifice
in the goodness of fit.

Figure 1 shows two examples of the fitting
curves, presented as KNO plots, corresponding to
the lowest and highest energies fitted. It is in-

teresting to note that whereas KNO scaling is not
valid it holds approximately in our model.

IV. CHARGED-PARTICLE MULTIPLICITY
DISTRIBUTION IN e+e AND pp

ANNIHILATIONS

To apply the MTC model to annihilations, we
again suppose that as the particle and antiparticle
come into collision energy is dissipated in the cen-
tral region where pionization subsequently takes
place. The annihilation itself produces two fire-
balls which fragment into mesons. Two modifica-
tions are then to be made to the model: As there
is no leading particle, Ei ——E2 ——0, and as fragmen-
tation must take place for both fireballs, p =0.
For the fragmentation cutoffs, we set Ni N2 N—— ——
so that only one free parameter remains.

The result of fitting the e+e annihilation data
of PLUTO Collaboration at ISR energies of 9.4
GeV and 29.9—31.6 GeV is shown in Table II and

TABLE I. pp collisions. Experimental data from Refs. 1 and 2.

Author
Beam momentum

or ISR energy
Dispersion D

Expt. Theor.

Ammosov et al.
Bromberg et al.
Ammosov et al.
Morse et al.
Erwin et al.
Chapman et al.
Bromberg et al.
Charlton et al.
Dao et al.
Bromberg et al.
Thome et al.
Thome et al.
Thome et al.
Thome et al.
Thome et al.

50 GeV/c
60 GeV/c
69 GeV/c
100 GeV/c
100 GeV/c
102 GeV/c
102 GeV/c
205 GeV/c
303 GeV/c
405 GeV/c

ISR 24 GeV
ISR 31 GeV
ISR 45 GeV
ISR 53 GeV
ISR 63 GeV

5.32+0.13
5.60+0.09
5.89+0.07
6.37+0.06
6.49+0.10
6.34+0.14
6.32+0.07
7.65+0.17
8.86+0.16
8.99+0.14
8.12+0.08
9.54+0.12

11.01+0.17
11.7 +0.10
12.7 +0.12

5
5
5

5

5
5
5
6
6
6
6
6
6
7

6
6
8

10
10
10
9

13
15
17
13
17
23
25
27

2.58+0.05
2.56+0.06
2.89+0.03
3.26+0.05
3.28+0.09
3.19+0.08
3.13+0.04
3.88+0.13
4.38+0.10
4.75+0.09
4.05+0.08
4.83+0.13
5.90+0.18
6.39+0.02
6.92+0.13

2.54
2.60
2.90
3.26
3.28
3.25
3.10
3.90
4.41
4.75
4.00
4.81
5.96
6.35
6.87
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FIG. 1. KNO plots for pp collisions. Experimental
points: )& 50 GeV/c, ~ 63 GeV ISR. Theoretical
curves: dashed 50 GeV/c, solid 63 GeV ISR.

FIG. 2. KNO plots for e+e annihilations, o.,„„be-
ing the total annihilation cross section. Experimental
points: X 9.4 GeV ISR, 0 29.9—31.6 GeV ISR.
Theoretical curves: dashed 9.4 GeV ISR, solid
29.9—31.6 GeV ISR.

Fig. 2. The fit is generally good, though for the
high energy data, the 7 square value is rather high
(4 per point).

Rushbrooke et al. have compiled the annihila-

tion topological cross sections for pp collisions,
taken as the difference between pp and pp cross
sections, for beam momenta up to 100 GeVlc.
Their graph has been reproduced as Fig. 3 together

TABLE I. (Continued).
Expt. Theor. Expt. Theor. Expt. Theor. I'/point

1.23 +0.04
1.21 +0.05
1.24 +0.02
1.26 +0.03
).26 +0.04
1.26 +0.06
1.24 +0.03
1.26 +0.04
1.25 +0.05
1.28 +0.03
1.249+0.009
1.26 +0.01
1.29 +0.02
1.295+0.008
1.30 +0.01

1.23
1.21
1.24
1.26
1.25
1.26
1.24
1.26
1.25
1.28
1.241
1.25
1.29
1.294
1.29

1.75+0.08
1.68+0.09
1.79+0.04
1.87+0.05
1.85+0.07
1.85+0.11
1.81+0.05
1.85+0.07
1.82+0.09
1.96+0.08
1.84+0.03
1.86+0.04
1.99+0.05
2.01+0.03
2.02+0.03

1.74
1.69
1.79
1.87
1.84
1.87
1.79
1.87
1.83
1.96
1.80
1.86
2.03
2.04
2.03

2.89+0.17
2.60+0.19
2.97+0.08
3.10+0.11
3.09+0.16
3.07+0.22
2.98+0.11
3.06+0.15
2.98+0.19
3.42+0.20
3.08+0.09
3.12+0.11
3.53+0.16
3.58+0.09
3.60+0.10

2.73
2.61
2.88
3.12
3.05
3.13
2.87
3.14
3.02
3.40
2.93
3.13
3.66
3.72
3.68

6.1/7
1.8/7
13/8

32.1/9
10/8

5.5/9
14.1/9

28.8/10
28.9/11
113/12
19.2/9
13/10

16.3/10
51/11
29/12
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TABLE II. e+e annihilations. Experimental data from Ref. 6.

26

ISR energy (GeV) &n)
Dispersion B

Expt. Theor. Expt.
C2

Theor.

9.4
29.9—31.6

6.9+0.1
10.6+0.1

3
13

2.2+0.2
3.8+0.2

2.19
3.61

1.10+0.07
1.13+0.04

1.10
1.12

with our curve for fitting the e+e annihilation at
ISR energy 9.4 GeV. Good agreement is seen,
which gives support to our view that particle pro-
duction mechanisms are grossly similar for e+e
and pp annihilations.

V. CHARGED-PARTICLE MULTIPLICITY
DISTRIBUTIONS IN MESON-PROTON

COLLISIONS

To fit the inelastic topological cross sections for
w+—p and K+-p collisions the model requires four
parameters E~, K2, Xi, and E2. However as one
of the colliding particles is a proton we might ex-
pect that one set of the parameters, say E2 and N2,

would not be very different from the parameters K
and N/2 obtained for pp collisions.

It can be seen that the P square values are quite
reasonable for beam momenta up to 200 GeV/c in-

dicating generally good fitting. However, P per
point for the fit to the higher momentum data at
250 and 360 GeV/c are rather high (about 7 per
data point). Figure 4 shows the fitting KNO
curves for m p collisions at the lowest and highest
momenta fitted, 40 and 360 GeV/c. The fit is
good for low and medium multiplicities. For the
highest multiplicities, particularly for the higher-
energy data, the model tends to give lower values
than experiment. This can also be seen from Table
III, where the theoretical normalized fourth mo-

TABLE III. ~+—p and E—+p collisions. Experimental data from Ref. 3.

Author Beam

Beam
Momentum

(GeV/c) (n)
Parameters

K2 Nl N2

Dispersion D
Expt. Theor.

Balea et al.
Akopdjanov et al.
Berger et al.
Fong et al.
Ljung et al.
Bogert et al.
Hays et al.
Firestone et al.

Akopdjanov et al.
Bromberg et al.
Morse et al.
Erwin et al.

Akopdjanov et al.
Cochet et al.
Fong et al.

Akopdjanov et al.
Morse et al.

40
50

100
147
205
205
250
360

50
60

100
100

32
32

147

32
100

5.62+0.04
5.78+0.04
6.79+0.08
7.40+0.04
7.99+0.06
8.02+0.12
8.43+0.06
8.73+0.04

5.89+0.06
6.23+0.10
6.62+0.07
6.80+0.14

4.88+0.05
4.96+0.02
7.33+0.21

5.11+0.05
6.65+0.31

1

1

4
6

14
14

15

1

10

6
5

5

3
2
3
3
3
3

4

4
4
6
8

9
9

-9
10

2.77+0.04
2.70+0.03
3.16+0.04
3.54+0.03
3.87+0.06
3.91+0.10
4.13+0.04
4.31+0.03

2.58+0.04
2.80+0.07
3.19+0.05
3.30+0.13

2.32+0.03
2.29+0.02
3.51+0.17

2.21+0.03
3.34+0.19

2.76
2.70
3.18
3.58
3.84
3.84
4.05
4.29

2.61
2.78
3.18
3.21

2.33
2.33
3.56

2.31
3.31
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TABLE II. (Continued ).

Expt. Theor. Expt. Theor. I /point

1.30+0.10
1.39+0.06

1.32
1.38

1.64+0.15
1.86+0.10

1.69
1.86

0.5/6
40.8/11

ment C4 tends to be lower than the experimental
value, though the lower moments show good agree-
ment. This suggests that channels in addition to
what are considered in the model also contribute to
the production of charged particles.

The fitting parameters for the different types of
meson-proton data are similar. Figure 5 shows the
KNO plots for ~ p, m+p, and E+p collisions at
100 GeV/c and E p collisions at 147 GeV/c, as
well as the theoretical curves for m p and E p
collisions at 100 GeV/c. The agreement among
the data is remarkable. This agreement is reflected
in the closeness of the two theoretical curves.

It is interesting to compare the KNO curves
from our model for pp and m p collisions at the

same beam momentum. The theoretical curves for
such collisions at 205 GeV/c as well as the experi-
mental data from Charlton et al. ' and Bogert
et al. are shown in Fig. 6.

VI. DISCUSSION

We have been able to fit the available high-
energy topological cross section data from pp,
e+e, and pp interactions in terms of a single
model —the MTC model. The only empirical in-
put is the mean charged-particle multiplicity (n ).
As E is only mildly energy dependent, there is
essentially only one free parameter to be fitted, the

TABLE III. (Continued ).
Expt. Theor. Expt.

C3
Theor. Expt.

C4
Theor. oint

1.24 +0.03
1.22 +0.02
1.22 +0.02
1.23 +0.02
1.23 +0.03
1.24 +0.04
1.240+0.005
1.244+0.003

1.20 +0.02
1.20 +0.05
1.23 +0.03
1.24 +0.04

1.23 +0.03
1.21 +0.01
1.23 +0.11

1.20 +0.02
1.25 +0.12

1.24
1.22
1.22
1.23
1.23
1.23
1.231
1.242

1.20
1.20
1.23
1.22

1.23
1.22
1.24

1.20
1.25

1.82+0.05
1.72+0.04
1.71+0.04
1.75+0.03
1.77+0.06
1.78+0.08
1.80+0.02
1.80+0.01

1.65+0.04
1.65+0.09
1.77+0.06
1.78+0.08

1.74+0.05
1.69+0.03
1.78+0.20

1.63+0.04
1.84+0.24

1.80
1.71
1.71
1.76
1.74
1.73
1.75
1.78

1.63
1.64
1.75
1.72

1.74
1.71
1.79

1.65
1.80

3.05+0.13
2.71+0.07
2.71+0.08
2.82+0.07
2.84+0.13
2.86+0.15
2.98+0.06
2.94+0.04

2.52+0.08
2.52+0.17
2.84+0.12
2.87+0.18

2.76+0.09
2.64+0.06
2.96+0.43

2.48+0.07
3.05+0.54

2.95
2.70
2.69
2.79
2.71
2.70
2.77
2.81

2.47
2.51
2.76
2.69

2.75
2.68
2.93

2.52

2.88

4.1/9
19.8/8
11.6/9
47/11

30.9/10
18.2/11
83.1/14
88.8/14

21.2/8
4.6/8

8.8/10
12.9/9

3.8/7
23.1/7
11.2/9

16.3/7
4.3/7
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FIG. 3. KNO plots for pp annihilations, o.,„„being
the total annihilation cross section. Experimental points
[(compiled by Rushbrooke et al. ' (Ref. 7)]. ~ 100
GeV/c (pp —pp), O 32 GeV/c (pp —pp), V 22.4 GeV/c
(pp —pp), V 14.75 GeV/c (pp —pp), 4 12 GeV/c
(pp —pp), )& 9 GeV/c (annihilation). Solid curve is the
theoretical curve fitting e+e annihilations at 9.4 GeV
ISR.

I

2
n/gn)

FIG. 5. KNO plots for collisions at beam momenta
100 GeV/c ( )& v p, ~ m+p, 8, E+p) and 147 GeV/c
(V K p). The theoretical curves are for m p (continu-
ous) and E+p collisions (dashed) at 100 GeV/c.
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FIG. 4. KNO plots for m. p collisions. )& 40 GeV/c,
360 GeV/c. Fitting curves: dashed 40 GeV/c, con-

tinuous 360 GeV/c.

FIG. 6. @NO plots for pp collisions ~ [Charlton
et al. (Ref. 12)] and npcollisions 6 [B. ogert et a&.

(Ref. 3)] for beam momentum 205 GeV/c. Fitting
curves: continuous pp, dashed m p.
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FIG. 8. m/(n) versus (n). Opp collisions, 0
e+e annihilations.

FIG. 7. Fragmentation cutoff N or N~+N2 versus

mean charged multiplicity (n ). 0 pp, ~ m p, +rr+p, V

E p, L K+p collisions; X e+e annihilations. The
straight line is the best-fit line for pp collisions.

fragmentation cutoff N. Figure 7 shows the varia-
tion of N with (n ) for the pp collision data.
These may be fitted with a linear equation

N =2.84(n ) —8.96 .

The total fragmentation limits N, +N2 for the
meson-proton collision data are also plotted in the
same figure.

In the MTC model, the processes of pionization
and fragmentation are mixed in the sense that

charge conservation applies to the interaction as a

whole; they are otherwise independent. This would

imply some kind of underlying long-range interac-

tion. A more acceptable alternative is that the

charges of the excited hadrons are determined dur-

ing excitation, with diffractive fragmentation fol-

lowing. A matter of some interest is the relative

contributions of the nondiffractive pionization and

the fragmentation to the mean multiplicity in the

MTC model. Figure 8 shows the ratio m/(n ),
where m is the contribution of the central region as

defined by Eq. (6), as a function of (n ) for pp col-

lisions and e+e annihilations. The ratio de-

creases from about 0.65 to 0.5 as (n ) increases

from 5 to 13 for pp collisions.
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