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Monte Carlo approach to multiparticle production in a quark-parton model.
IV. Charge distributions and fluctuations
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.A Monte Carlo quark-parton model is shown to give a reasonable qualitative description of a representative
set of data on charge transfer and fluctuations in multiparticle production in hadronic collisions. In particular
this is shown for the charge distribution in rapidity, charge fluctuations across a given value of rapidity, and

the energy and multiplicity dependence of charge fluctuations across y =-- 0. Some dI.sagreement is found with

the data on the distribution of lengths of gaps with a fixed charge transfer. The results obtained in this series
of papers are briefly summarized.

I. INTRODUCTION

The present paper concludes the series' ' (re-
ferred to as I, II, and III) in which we have
studied a Monte Carlo quark-parton model of
multiparticle production in hadronic collisions
and in e'e annihilation. Here we shall compare
the results following from this model with a rep-
resentative set of data on charge distributions and
fluctuations in multiparticle production in hadronic
collisions. These data are particularly relevant,
since a few years ago they provided a substantial
motivation for the cluster models' of multiparticle
production. In making an attempt at describing
these data. by a quark-parton model we can learn
whether the concept of a "cluster" is really re-
quired by the data, or whether the effects con-
sidered as being of a "cluster origin" follow also
from another scheme. As will. be shown below,
the basic features of the data on charge transfers
and fluctuations do follow from a simple quark-
parton model. The only exception is perhaps the
data on the distribution of lengths of gaps with a
fixed charge transfer.

In comparing the model with the data we are
not trying to make fits. We prefer to keep the
parameters of the model at values fixed earlier' '
and look only at a qualitative agreement or dis-
agreement with the data. At the present level of
understanding of the details of the dynamics of
hadronic collisions, fits of. the model to a partic-

ular set of data make little sense. More instruc-
tive are just the qualitative features of the model
and of the data.

The paper is organized as follows. At the end
of this section we shall briefly describe the Monte
Carlo quark-parton model which we are using here
(for details see I, II, and III). Then in Sec. II we
shall coinpare the model with the data, on dQ/dy
(the distribution of charge in rapidity). Section III
contains a discussion of charge fluctuations. The
distribution of lengths of gaps is taken up in Sec.
IV. Section V contains comments and concluding
remarks to the present series of papers.

The model' ' has much in common with the earl-
ier work on quark models of multiparticle produc-
tion, in particular the work of Anisovich and
Shekhter"" and Bjorken and Farrar. ' It is based
on the assumption that hadrons in the final state
result from recombination of quarks (Q's) and
antiquarks (Q's) created (mostly) during the col-
lision, and that valence quarks keep large mo-
mentum fractions (this means that the collision
is initiated by the interaction of wee partons').
We do not try to describe the whole evolution of
a hadronic collision, but instead we make a Monte
Carlo model of the exclusive probability distribu-
tion of Q's and q's just prior to the recombination.
In, for example, a mN collision, the probability
of having three valence quarks (proton), valence
g and Q (pion), and 2n additional Q*s and q's is
given as

Here N =2n+5 denotes the total number of.Q's and
Q's in the system before the recombination. The

factor W«stands for the effects due to the identity
of partons (this term denotes hereafter Q's and
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Q's), G regulates the average multiplicity of part-
ons (and consequently also of final-state particles),
factors for p~ cutoff, for energy-momentum con-
servation, and for phase space are self-explana-
tory. The factors V(x„xa,x, ) and V(x~, x,) give
larger weights to configurations in which valence
Q's and Q's keep large momentum fractions x,
We have used a simple Kuti-Weisskopfa ansatz
V(x, yx2, x, ) = (x,x~,

~

'~' and V(X„x,) = [X,X, ~'~' for
proton and pion valence partons. It is also as-
sumed that valence partons keep their direction
of motion in the c.m. system of the hadronic col-
lision. In considering the proton-proton collision,
we just replace the factor lx~x5I

' ' by lx@"x6I'"
Equation (1) is probably the simplest ansatz

which takes into account energy-momentum con-
servation, p~ cutoff, and the tendency of valence
partons to keep large momentum fractions. In the
next step the rapidity neighbors are recombined
(see I) to hadrons. The unstable hadrons then de-
cay and one obtains the particles observed in the
final state. The model contains three free param-
eters G, A, and X (the suppression of the produc-
tion of strange Qqpairs during the collision).
These parameters were fixed at values following

from our previous studies of other aspects of
multiparticle production. ' '

II. DISTRIBUTION OF CHARGE IN RAPIDITY

The results of our model for the charge distribu-
tiondQ/dy inn p collisions at360, 147, and40 GeV/c
are compared with the data in Figs. 1(a)-1(c). On
a qualitative level the agreement is quite reason-
able at 360 GeV/c, somewhat worse but still ac-
ceptable at 147 GeV/c, and there is a clear dis-
agreement with the data at 40 GeV/c. The situa-
tion is shown also in Table I where we give the
forward-moving charge Q~ = fgmax(dQ/dy)dy in
the center-of-mass (c.m. ) system. In our model,
Q~ in v p collisions is different from -1 because
of the short-range effects of recombination and
resonance decays which lead to some charge trans-
fer from the proton to the pion hemispheres. Apart
from these effects, the charge in the forward
(backward) hemisphere should be equal (in our
model) to that of the pion (proton). The reason
is simple. Quantum numbers of the initial hadrons
are carried by their valence quarks. In our model
it is assumed that the valence quarks take no part
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FIG 1 (a) The comparison of data (Ref 9) (solid line) on dQ/dy in m"p collisions at 360 GeV/c with the results
following from the present model (dotted line). Protons with p&~ below 1.4 GeV/c were excluded from both the data and
model calculations. (b) Calculated dQ/dy in x p collisions at 147 GeV/c (dotted line) compared with the data (Ref. 10)
{solid line). (c) dQ/dy in m p collisions at 40 GeV/c. Data (Ref. 11) are represented by the solid line, the calculations
by the dotted one. (d) Comparison of data (Ref. 11) on dQ/dy in 7t p at 40 GeV/c, with a model calculation (dotted line)
permitting the occurrence of valence quarks in the other hemisphere.
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TABLE I. The forward-movirg charge Qz in the c.m.
system for 7) p collisions.

p&~ (GeV/c) Qz, calcul Qz, exp

40
147
360

-0.75
-0.85
-0.86

-0.5
—0.72
-0.80

in the first part of the collision (the interaction of
wee partons), and that they roughly conser've their
momentum and, as a consequence, they move in
the same direction after the collision as before it
(in the c.m system). Because of that, hadrons
produced by recombinations of valence quarks
most likely remain in the corresponding hemi-
sphere. Since the central region is neutral, it
does rat contribute to the net charge transfer be-
tween the hemispheres. Resonance decays spoil
this picture a little; however, the expected Q~ is
not far from the charge of v (see the column

Q~ „, , in Table I). On the experimental side
some complications are caused by a possible par-
ticle misidentification. If the proton in the final
state is taken as a pion, it is sometimes assigned
to the wrong hemisphere in the c.m. system. 'This
effect may be rather large; in our simulations of
this misidentification we found that this can in-
crease the value of Q~ „,by about -0.1 (e.g. , from

Q~, =-0.5 to Q~,„,= —0.6). Because of that we
do not consider the differences between Qz „„„,
and Q~, at 147 and 360 GeV/c as really signifi-
cant. The situation is different at 40 GeV/c where
the discrepancy cannot be explained that way.
Here, however, a much simpler and more natural
explanation is possible. " At this energy, valence
quarks can rather frequently participate in the
first part of the collision, and in such cases the
charge of the valence quarks can be partly trans-
ferred between the hemispheres. In order to get
a feeling of how much these effects can influence
the distribution of charge in rapidity, we have
made a simple modification of the model. In the
standard version discussed above, valence quarks
have to remain in their own c.m. hemispheres
and the weight of the configuration includes factors
ix, i'i' for each valence quark. In the modifica-

tion we have permitted the occurrence of the val-
ence quarks also in "the other" hemisphere, and
instead of x'i'8(x) we have used (m„e')'i' as the
factor in the weight of the configuration. Both ex-
pressions are rather similar for positive values
of x and differ only for x(0, where one of them'

is very small and the other vanishes. The results
obtained for dQ/dy in w p collisions at 40 GeV/c
are shown in Fig. 1(d). It is seen that the agree-
ment with the data is considerably improved. The

modification was, however, very crude and ad hoc
and the problem of dQ/dy at energies below 100
GeV/c requires a more detailed study.
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FIG. 2. The energy dependence of the charge fluctua-
tion across y = 0 in pp collisions data (Ref. 15) is denoted
by full circles, calculations by crosses.
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III. CHARGE FLUCTUATIONS

The charge distribution dQ/dy in vp and pp col-
lisions discussed in the preceding section is es-
sentially given by the distribution of charges of
the valence quarks modified by the short-range
effects of recombination of partons to hadrons and
of resonance decays. Consequently, dQ/dy is not
very sensitive to the behavior of partons in the
central region. However, the dynamics of partons
in this region is rather interesting since this re-
gion contains not only the sea QQ pairs of the in-
itial hadrons but also the QQ pairs created during
the collision. '"As pointed out in Ref. 13, charge
fluctuations may be sensitive to the details of the dy-
namics of the central region. As can be seen
from Eq. (1), the nonvalence Q's and Q's are dis-
tributed in the present model statistically within
the cylindrical phase-space region left by the val-
ence partons (by constraints following from ener-
gy-momentum conservation). This assumption is
probably oversimplified. We have used it here
partly because it was used in I, II, and III and
partly because we wish to learn whether the data
really require some form of local compens'ation
of quantum numbers of sea partons. '4

In Fig. 2 we compare our results for the charge
fluctuation ((&Q)') across y = 0 with the data" in
the Fermilab energy range. Here SQ is defined
as b,Q=(Q„)„,„-(Q„),„„„„and(Q„)„„,is the
charge in the right-hand hemisphere in the final
state and (Q„)„«,~ is the charge of the right-
moving hadron in the initial state. Figure 3 shows
the probability distribution of charge transfer
P(&Q) for PP collisions" at102, 205, and 405 GeV/c.
Both Fig. 2 and Fig. 3 indicate that in our model
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FIG. 3. Energy dependence of the probabilities P(4Q)
of the charge transfer ~Q across y =0 in pp collisions.
Data (Ref. 16) are represented by the histogram, our
results by full circles.

we somewhat overestimate the large fluctuations.
This could be remedied by introducing local com-
pensation of the charge of nonvalence partons.
Such calculations would require some additional
parameters and the available data could hardly fix
them in an unambiguous way. The point is simple;
in models such as the present one, the number of
central partons increases like ln(s). If these par-
tons can fluctuate in the central region, ((&Q)')
will also increase as ln(s) (for a qualitative dis-
cussion see Ref. 13). In models with a local
charge compensation of nonvalence partons, the
energy dependence of ((nQ)') should eventually
level off. The data in the Fermilab energy range
are (see Fig. 2), however, still consistent with
a logarithmic rise of ((&Q)'). More detailed and
quantitative insight into the problem can thus
come only from data at higher energies.

In Fig. 4 we compare our results on the charge
fluctuations across y =0 at fixed topologies with
the data" for pp collisions at 205 GeV/c. The
agreement is quite good. The fluctuation of charge
across a given value of c.m. rapidity is defined

FIG. 5. The charge fluctuation D(y) across a given
c.m. rapidity y compared with the density of charged
particles dn/dy in the final state. Data (Ref. 17) on
D(y) are represented by full circles, our results for
D(y) by open squares, and the histogram gives our re-
sults on dn/dy multiplied by 0.6.

for pp collisions as

D(y) = &(nQ(y))') - «Q(y))',

where

nQ(y) =2 QQ, e(y -y, )-QQ, e(y, -y1

Q, is the charge of the hadron at y „and 8(x) = 1
for x ~ 0, 8(x) =0 for x &0. The data"'" show that
D(y) is roughly proportional to the average density
of charged particles dn/dy in the final state. This
result has been successfully explainedis by the
cluster model and interpreted as a strong support
of that model. . In Fig. 5 we compare the results
of our calculations with the data" on pp collisions
at 205 GeV/c. It is seen that the quark-parton
model reproduces well the data on D(y) and that
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FIG. 4. The charge fluctuation ((n Q) ) across y = 0 in

pp collisions at 205 GeV/c as a function of the number of
negative particles in the final state. Data {Hef. 17) de-
noted by full circles, our results by crosses.

FIG. 6. The distribution of rapidity gaps between
charged secondaries (upper part) and between negative
secondaries gower part). Our results are given by
histograms, the data (Ref. 20) by dots. Since arbitrary
units are used in Ref. 20 we have made our results coin-
cide with the data at small rapidity gaps.
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the model calculations satisfy the approximate
relationship

D(y) =0.6(dn/dy) .

The average density of charged particles dn/dy
was also calculated within the model. As was
shown in II, the calculations of quantities such
as dn/dy are in a reasonable agreement with the
data. This shows that the proportionali. ty between
dn/dy and D(y) is not a specific feature of the
cluster model but can be obtained quite naturally
also in the quark-parton model.

is therefore rather difficult to say which of these
is responsible for the observed disagreement with
the data. For future possible applications of
quark-parton models to multiparticle production,
it is useful to keep in mind that the distribution of
rapidity gap lengths may be a sensitive quantity
for discriminating between the models.

&0 (aj
pp 205GeVj»

10

IV. GAP-LENGTH DISTRIBUTIONS

In Ref. 20 PirilK, Quigg, and Thomas argued that
the probability distribution P(r) of gap widths
r = 4y between charged particles in the final state
gives direct evidence for the existence of clusters.
Lety, &y, «y„and Q(y, ), i = 1, 2, . . . , nbe
the rapidities and charges of charged particles in
a particular event. 'The length of the ith rapidity
gap is r, =y „,-y, . The symbols P~(r) and P„,(r)
denote the distributions of gap lengths between
charged and negative particles respectively. The
ith gap is said to carry the charge

1 i
~@=-2 P e(y)-ge(y) .

-k= i+&

Pao(r) denotes the distribution of lengths of gaps
carrying a specified charge &Q. In Figs. 6 and
'I we compare our results with the data,"onP~(r),
P„,(r), and Pao(r) obtained in pp collisions at
205 GeV/c. In general, our results have a smaller
slope than the data. Quigg et a/. ao have shown that
the independent-cluster model predicts

P(r) = pe-'"
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for larger values of r, say x&1, where p is the
rapidity density of clusters. The data seem to
agree with this relationship with p= I (this means
that the cluster decays in the average to about
three particles, one of them being neutral).

Our results have a somewhat smaller slope of
gap distributions. 'This is a bit surprising since in
our model the role of clusters is played by reso-
nances and by stable (directly produced) hadrons,
and one could expect that our "density of clusters"
should be a bit larger than that of the authors of
Ref. 20. Unfortunately, a model of independent
clusters is a rather crude approximation and it
is impossible to use it in order to learn what went
wrong. In fact, the quantities P~(r), P„,(r), and

Pao(r) are given by. a rather complicated interplay
of three factors: the distribution of Q's and Q's
before the recombination, the prescription' for
the recombination, and the resonance decays. It
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FIG. 7. The distribution Pz~(r) of lengths (r) of ra-
pidity gaps carrying the charge 4Q in pp collisions at
205 GeV/c. Our results are given by histograms, the
data (Ref. 20) by dots. The same normalization conven-
tion as in Pig. 6 is used: {a}bQ=O, {b} ~nQ (=1, {e}
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V. COMMENTS AND CONCLUSIONS

The model used here and in the preceding papers
of this series is probably the simplest way to con-
struct a quark-parton model of multiparticle pro-
duction with

(i) final-state hadrons being originated by the
recombination of quarks and antiquarks,

(ii) the pr cutoff,
(iii) energy-momentum conservation, and

(iv) valence quarks keeping rather large mo-
mentum fractions during the collision.

At the price of implementing these items into a
Monte Carlo program, the results following from
the model can be compared, in principle, with any
characteristics of the experimental data. In I, II,
III, and here we have shown that the model gives
a reasonable qualitative description of the follow-
ing data: particle multiplicities and their energy
dependence, rapidity distribution of final- state
particles, "p~ spectra of stable particles and
resonances, ' and charge distributions and fluc-
tuations in the Fermilab energy range. The same
model with some simple additional assumptions"
has given' a qualitative description of the quark
fragmentation functions and the multiparticle pro-
duction in e e annihilation (the latter, oI course,
only for the part not caused by the production of
charmed quarks and heavy leptons in the first
stage of the annihiLation). In an approach closely
related to that of I—III, we have also studied the
production of low-mass dimuons in hadron-hadron
and lepton-hadron collisions. " The idea" '" was
rather simple. We assumed that the Q's and Q's
created during the collision can, during their
short time of existence, either recombine to had-
rons or annihil" te to dilepton pairs. The con-
straints following from the space-time evolution"
of the collision allow only annihilations of Q's

and Q's separated by small rapidity gaps (only
such Q's and. Q's are excited simultaneously).
As a result thereof, the rapidity and p~ spectra
of low-mass dimuons are rather similar to the
spectra, of directly produced hadrons. The com-
parison with the data" on low-mass dimuon pro-
duction was, on a qualitative level, quite favorable.
As pointed out already in I, the model has several
deficiencies. It works with probabilities and not
with amplitudes. As a consequence, it cannot de-
scribe the diffractive dissociation and the Bose-
Einstein effects. Furthermore, when we started
to work on the model, there was much less ex-
perimental information about the resonance pro-
duction than available today. Still, we did not want
to modify the model continuously, and we have
rather kept the same values of resonance-stable-
hadrons recombination probabilities throughout.

The conclusions following from the results of
the model are simple and probably not very en-
couraging. It seems to us that the multiparticle
production in hadron-hadron and lepton-hadron
collisions is to a large extent regulated just by the
four constraints listed at the beginning of this sec-
tion. This follows from the fact that our simple
model gave a qualitatively reasonable description
of the data we have studied. ' ' 7 One apparently
has to look very carefully at the data to be able
to select those which are really sensitive to the
details of the multiparticle dynamics. We think
that further studies of this type need also deeper
theoretical input. This concerns in particular the
introduction of color degrees of freedom, "a more
deeply motivated description of the distribution of
Q's and Q's in the intermediate stages of the col-
lision, and a deeper understanding of the dynamics
of the recombination, or more generally, of the
process responsible for the formation of the final-
state hadrons in multiparticle production.
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