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Charge structure of multiparticle final states in pp collisions at 102 and 400 GeV/c*
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We investigate the distribution of charge in events produced by pp collisions at 102 and 400 GeV/c. The data
are from exposures of the Fermi National Accelerator Laboratory 30-in. bubble chamber. A comparison of the
energy dependence of the data with Monte Carlo simulations of random charge distributions provides support
for the hypothesis of local compensation of charge. Results on charge tranfer are in qualitative agreement with
predictions of an independent neutral-cluster emission model.

I. INTRODUCTION

A detailed investigation of the charge structure
of many-particle events has been proposed as a
source of useful information concerning the under-
lying mechanism of particle production. ' ' Thus,
for example, the behavior of the charge transfer
u (defined for pp collisions as half the difference
between the charges in the forward and backward
hemispheres of the center-of-mass system) has
been examined to test fragmentation models' and
multiperipheral models' ' of particle production.
In the first part of the present investigation we
will analyze our data in terms of a generalization
of the u variable as suggested by Krzywicki and
Weingarten, to obtain evidence concerning the
hypothesis of "local compensation of charge"
(LCC).' ' Then we will compare the inclusive and
semi-inclusive behaviors of u itself with the pre-
dictions of a particular model which fulfills the
LCC hypothesis, namely the neutral-cluster
emission model of Quigg and Thomas. '

The generalization of u used in Refs. 4-6 is a
function of rapidity Z(y), called a zone graph.
For an event with N charged particles Z(y) is
given by
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either beam or target particles ("compensating"
charges) and "central" zones containing only final-
state particles.

The LCC hypothesis, in one formulation, re-
quires that for sufficiently large values of the en-
ergy in the center-of-mass system (v s) (1) the
internal structure of zones, partially specified
for example by the mean zone length (Az) and the
mean number of charges per zone (ns), becomes
independent of s, (2) correlations between pairs of
zones decrease quickly with increasing separation
in rapidity space, and (2) the mean number of
zones, (Nz), grows with energy as lns. ' Although
these conditions are similar to the short-range-
order (SRO) hypothesis, they are not identical:
A collection of events including diffractive produc-
tion channels would not fulfill SRO but might,
nonetheless, exhibit local compensation of charge.

Z(y)=g q» e(y-y;) —qb.. &(y-&be~)
j=1

qtargeti (y Xtarget)r

where q, is the charge of the particle i and
e (y-y, ) is the usual step function given by 0
for negative arguments and 1 elsewhere. Thus
—Z(y} is the charge transfer across the rapidity
value y. (Zone graphs are illustrated in Fig. 1.)
Regions of y over which Z(y} remains positive
(negative) are called zones of positive (negative)
polarity; gapa of no charge transfer (Z=O) sep-
arate each successive pair of zones. A distinc-
tion will be made between "end" zones containing
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FIG. 1. Zone graphs for two typical events: (a) an
8-prong at 102 GeV/c, (b) a 10-prong at 400 GeV/c.
The graph is drawn with positive charges as upward-
pointing arrows and negative charges as downwa, d--
pointing arrows. The end zones, which contain the
beam (y& ) and target (y, ) rapidities entering as negative
charges, are shaded.

12 j224



12 CHARGE STRUCTURE OF MULTIPARTICLE FINAL STATES. . . 1225

In Sec. II, we will test the LCC hypothesis by
comparing the charge structure of measured events
with the charge structure of a set of fictitious
events obtained by randomly reassigning charges
to the observed particle tracks. The character-
istics of this "randomized charge model" (RCM),
which conserves total charge but randomizes the
charge distribution of the experimental data, will
be used whenever simple theoretical expressions
for random behavior are unavailable.

The data to be presented are from approximately
3000 measurements of inelastic PP collisions at
102 GeV/c and from 2200 measurements of collis-
ions at 400 GeV/c. The events were observed in
exposures of the Fermilab 30-inch bubble chamber
to extracted proton beams of machine energy. The
experimental procedures at 102 GeV/c are descri-
bed in previously published work. ' Similar analysis
procedures were employed for the data at 400
GeV/c. The major source of systematic error is
the lack of particle-identification information for
particles having laboratory momenta in excess of
1.2 GeV/c. (This region of uncertainty corres-
ponds to x= pj'/p* )-0.5 for protons, where p*,

and P *,„are the center-of-mass values for the
longitudinal momentum of the final-state particle
and the incident momentum, respectively. ) For
a given measured momentum, the value of a par-
ticle's rapidity is affected by the choice of mass
hypothesis; in particular, a pion mass assignment
for high-momentum protons causes, typically, an
upward shift of -0.7 in rapidity. The cross section
for pion production at large i x, i

is small com-
pared to that for proton production, and this fact
permits us to assign, with great assurance, the

proton mass to all positively charged tracks which

yield reconstructed values of x„greater than 0.6.
This procedure diminishes somewhat the uncer-
tainty in y due to proton/pion mass ambiguity for
y)1.5. For iy i&1.5 pion production greatly dom-
inates proton production and the bias is conse-
quently small. '

II. LOCAL COMPENSATION OF CHARGE

AND ZONE STRUCTURE
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FIG. 2. Probability distributions for the number of
zones per event.

more zones per event than is found using the BCM.
The data also indicate a faster growth of the mean
number of zones with increasing incident momen-
tum than is provided by the RCM; the ratio of the
mean number of zones for the two energies
(Nz) «,/(Nx)», is 1.24+0.01 in the data and 1.15
in the model. This rate of growth of (Nz) is
somewhat smaller than the increase observed in
the mean charged-particle multiplicity ((n, ) = 6.32
a 0.08 and 8.96 + 0.10 at 102 and 400 GeV/c,
respectively" ). Dividing the mean charged-par-
ticle multiplicity, increased by two units of charge
(corresponding to the beam and target "compensa-
ting" charges}, by (Nx), one obtains the mean

Zone graphs for typical events at 102 GeV/c and

400 GeV/c are shown in Fig. 1. Each of the events
shown contains two end zones and two central
zones. The probability for observing an event
containing a total of N~ zones is shown in Fig. 2.
The probability distribution at 400 GeV/c is clear-
ly shifted toward higher values of N~. In Table I
we list the mean (Nz) and dispersion
((N (Nx)')' mxof these distributions; we

also provide these quantities calculated using our
model (RCM). The data at both energies contain

All zones
102 GeV/c
Data BCM

400 GeV//c
Data RCM

(Xz)

((x,') —(x,) ')' '

(nz)

(A, )

3.23+ 0.02 2.96 4.00 + 0,03 3.40

1.13+0.01 1.06 1.51 + 0.01 1.39

2.55 + 0.02 2.81 2.75 + 0.03 3.24

0.97 + 0.01 1.15 1.00 + 0.01 1.29

TABLE I. Zone structure parameters.
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number of charges per zone ( nz) = (( n, )+2}/( ~z);
this quantity increases with s, indicating that the
average internal structure of zones changes some-
what between our two energies. It should be noted,
however, that the increase in (nz) is smaller than
expected on the basis of the RCM (see Table I).

The probability distribution of zone lengths, X~,
is displayed in Fig. 3; corresponding values of the
mean ( Xz) and dispersion ((&z') —( Xz) ')' ' are
given in Tables I and II. As was the case for
(nz), the mean rapidity length of zones (Xz) also
rises with increasing s at a rate far smaller than
predicted by the RCM (see Table I.} Thus both
(nz) and (Az) show trends in the direction re-
quired by local compensation of charge. The data
in Fig. 3 have been separated into end zones and
central zones. The difference between the length
distribution for these two types of zones can pre-
sumably be attributed in large part to the inclus-
ion of the beam and target rapidities in the defini-
tion of Z(y) given in Eq. (1). It is somewhat sur-
prising, however, that the average number of
charges (nz) for end zones does not differ sub-
stantially from the result for central zones. This
near equality suggests a similar production mech-
anism for the two types of zones.

Examining separately the behavior of central
zones, we find there is essentially no energy
dependence observed for the average central zone
length (Xz) . The increase in (Az } from 102 to
400 GeV/c is only (1 + 1}%%, while a growth of 7%
is predicted by the BCM. Thus it would appear to
be justified to take (Xz) = 0.75 as the rapidity
length over which charge is compensated in the
central region. Although this value of (Az) is
remarkably stable, notice that (nz) for central
zones still increases by (10+2)%%uo. Thus the full
set of asymptotic conditions required by LCC are
not yet accurately satisfied at Fermilab energies.

For completeness, we display in Table III the
semi-inclusive zone parameters at 102 and 400
GeV jc. It is clear that the stability observed for
inclusive central values of (Xz) is not maintained
in the semi-inclusive channels.

Using the generalized charge transfer Z(y) let
us now define a zone correlation function, '

D(y„y, ) =(Z(y, )Z(y, )) -(Z(y, )) ( Z(y, )}, (2}
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FIG. 3. Distributions in zone lengths.

TABLE II. Zone structure for central and end zones.

102 GeV/c
Data RCAI

400 GeV/c
Data RCM

End zones

across y; for intermediate values of hy, e.g. ,
n y~(Xz), D(y„y, ) reflects primarily the internal
structure of individual zones; and for large ~y, i.e.,
Ay»( Xz), D(y„y, ) may be thought of as a gauge
of long-range correlations between pairs of zones.
Thus, for Ay=0 and for intermediate 4y, the in-
formation carried by D(y„y, ) overlaps to a degree

which, "when evaluated for PP collisions at
y, =y, =0, yields the variance of the charge trans-
fer across y =0:

(nz&

(xz)

2.62 +0.02 2.94 2.71 +0.03 3.43

1.10 + 0.02 1.38 1.24 + 0.02 1.73

D(0, 0) = ( Z(0)Z(0) ) —( Z(0) ) ( Z(0))

=-(u') -(u)' =in'} .
For ay = ~y, —y, ~

= 0 but y = y, =y, w 0, D(y„y, )
measures fluctuations in the charge transferred

C entral zones

2.51 +0.02 2.57 2.77 + 0.03 2.93

0.76 + 0.01 0.84(zz&

((Ag~) —(A~) ) 0.73+ 0.01 0.78 0.80 + 0.01 0.91
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TABLE III. Semi-inclusive zone structure l„. .meters.

nc &nz

All zones Central zones
&nz& &Zz&

End zones
&nz&

2
4
6
8

10
12
14

2.00 + 0.01
2.24 + 0.02
2.45 + 0.03
2.72 + 0.03
2.84 + 0.05
3.25 ~ 0.12
3.25 ~ 0.15

0.85 +0.04
1.01 +0.03
1.02 ~ 0.02
1.00 +0.02
0.88 +0.03
0.95 +0.06
0.78 ~0.05

102 GeV//c

2.00 + 0.01
2.28+ 0.03
2.52 ~ 0.03
2.72 + 0.08
2.78 + 0.12
3.18+ 0.20

0.98*0.04
0.91+ 0.03
0.73 ~ 0.02
0.62 + 0.03
0.54 + 0.05
0.46 + 0.07

2.00 + 0.01
2.32 + 0.02
2.55 ~ 0.03
2.90 ~ 0.05
2.97 + 0.09
3.79 +0.20
3.49 ~ 0.30

0.85 +0.04
1.03+0.03
1.09 ~0.03
1.23 +0.03
1.17 +0.04
1.41 +0.07
1.27 +0.08

2
4
6
8

10
12
14
16
18
20

2.00 ~ 0.01
2.17 + 0.02
2.35 + 0.02
2.59 + 0.03
2.70+ 0.05
2.92 + 0.06
3.14 + 0.09
3.17 ~ 0.10
3.33 ~ 0.16
3.83 ~ 0.30

0.78 + 0.07
1.03 ~0.04
1.13+0.03
1.14+0.03
0.98 +0.03
0.97+0.03
0.96+0.04
0.88 +0.05
0.85 ~ 0.07
0.83 ~0.08

400 GeV/c

2.00 + 0.01
2.21 + 0.03
2.46+ 0.03
2.59 + 0.05
2.88 + 0.08
2.99 + 0.09
3,17+0.15
3.31 + 0.20
3.93+0.30

1.07 + 0.05
1.01 + 0.04
0.91+ 0.03
0.74 + 0.03
0.74 + 0.03
0.63 ~ 0.03
0.60 ~ 0.04
0.53 ~ 0.05
0.53 + 0.06

2.00+ 0.01
2.24 + 0.02
2.44 + 0.03
2.72 + 0.05
2.85 + 0.08
2.98 + 0.10
3.37+ 0.20
3.17 + 0.20
3.39 + 0.30
3.14 ~ 0.40

0.78 ~0.07
1.01 + 0.04
1.22 + 0.04
1.34+ 0.04
1.27 +0.05
1.29 + 0.05
1.46 + 0.07
1.40 ~ 0.09
1.49 +0.10
1.47 +0.10

with the results gotten by examining zone lengths
Az and multiplicities nz, but for large Ey,
D(y„y, ) provides completely new information.

In Fig. 4 we plot D(y„y, ), evaluated at y, = 0,
and —1.2 as functions of Ay; curves representing
the results of the RCM are given for the same
y values. The data have smaller values of D(y„y, )
thanprovided by the RCM curves; the discrepancy
is more pronounced at higher energy. (This im-
plies that the high-multiplicity events do not ex-
hibit the large fluctuations in charge transfer gen-
erated by the RCM. ) The values of D(0, 0) are
0.90 ~ 0.04 and 1.12 +0.05 at 102 and 400 GeV/c,
respectively. The small magnitude and the energy
dependence of D(0, 0), which will be discussed later
in terms of a cluster model, are cited here as
further evidence for the presence of an LCC mech-
anism. We also note the rapid, nearly exponential
fall of D(y„y, ) as a function of Ay. This exponential
behavior again indicates a stronge tendency for
charge transfer to occur only over small distances
in rapidty space. In addition, it implies the absence
of significant long-range correlations between
separated pairs of zones. The rate at which

D(y„y, ) falls with increasing rapidity separation
can be characterized by a correlation length L,
where D(c y) =exp (-ny/L). We obtain L =1.1 —1.2,
somewhat larger than the value of the average zone
length (A.z) =0.75.

It is probably useful to point out that the well-

known "leading particle effect, " which in LCC
language is compensation of the charge of incident
particles near the edges of rapidity space, cannot
explain the main features of the discrepancy be-
tween the data and the RCM. For example, fixing
the rapidities of the extreme positive particles
and randomizing the charges only of the remaining
particles reduces the RCM values of D(0, 0) by
=0.5." The new values, 1.08 and 1.74 at 102 and
400 GeV/c respectively, are still significantly
above the data and rise with energy more rapidly.

In the above analysis we have found that para-
meters describing the statistical properties of
zone graphs exhibit regularities which tend to
support the LCC hypothesis. When compared to
the RCM predictions, the very weak energy de-
pendence of the mean zone length (Xz) and the
rapid decrease of the zone correlation function

D(y„y, ) with increasing rapidity difference n y
are trends in the direction required by LCC.
However, we also find that the mean number of
charges per zone (n~) and the magnitude of the
zone correlation function D(0, 0)—= (u') rise with

increasing s. These energy variations can be
attributed, at least in part, to the growth of the
single-particle densities in the Fermilab energy
range. Because the latter feature of the data is
ignored in the asymptotic forms of simple multi-
peripheral cluster models as well as the LCC
hypothesis, we anticipate that simple cluster
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models will also fail to provide a complete account
of the observed energy variations of charge dis-
tributions.

1.0

102 GeV/c

III. CHARGE TRANSFERS ACROSS 3' = 0
0.5

The independent neutral-cluster emission model
is one of a large class of models which satisfy the
LCC hypothesis. In this section we compare the
data for charge transfer across y =0 with a cluster
model of this sort investigated by Quigg and
Thomas. ' The model assumes multiperipheral
production of neutral clusters which subsequently
decay into a fixed number of pions; the decay
pions are dispersed over a finite region of rapidity
space. Quigg and Thomas prove the following re-
sults for the functional dependences of charge-
transfer parameters in their model:

(4a)

I.O

0.5

01

2.0

1.0

y(=- I.

(4b) 0.5

(4c)

The notation is as follows: Y is the total range of
rapidities; (N) is the mean number of clusters;
I, and r are respectively the number of negative
particles emitted into the left and right (backward
and forward) center-of-mass hemispheres; K is
a constant which depends only on the nature of
the cluster decay. The value of (N) is assumed to
grow logarithmically with s (i.e. , a constant clus-
ter density, (N) /Y, is assumed); consequently
the value of (u') is expected to approach a con-
stant a.t high energies. (Note that (u') contains an
averaging over all events, while the subscripted
u variables are averages over fixed multiplicity. )
The magnitude of (u') has already been shown to
differ significantly from that expected for a random
charge distribution; here we note that the energy
dependence of (u'), given in Fig. 5, does not yet
suggest an approach to a, constant value. " Since,
as we have already mentioned, there is no evidence
at the energies we are considering for an s-in-
dependent rapidity plateau, which is assumed in the
model of Quigg and Thomas, a slow increase in
(I') is not surprising. (The single-particle in-
variant cross sections at y =0, integrated over
transverse momenta, are 48.3 +2.5 and 64.6+3.2
mb at 102 and 400 GeVjc, respectively. )

Charge-transfer properties as a function of
charged-prong multiplicity are given in Table IV
and in Figs. 6 and V. In obtaining these data we
have made use of the symmetry about y =0 expected
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FIG. 5. Energy dependence of (u2).

10 500

FIG. 4. The correlation function D(y&, y&) evaluated
at y&=0 and yg =-1.2 as a function of Dy. The curves
are the results of randomizing the charge distributions
in each event (RCM described in the text).
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TABLE EV. Charge-transfer average&.

n, & r (u)- „-)

2 0

4 1 0 0.24 + 0.02

0 -0.02 + 0.02

102 GeV/c

(u7 y, ) (u) y, )

0.17+ 0.02

0.41 + 0.02

(u l
- „)

-0.01 + 0.03

0.26 + 0.03

400 GeV/c

(u&- „-) —(u&- „-)

0.09+0.02

0.31 +0.03

6 2
1

8 3
2

10 4
3
2

12

14 6
5
4
3

16 7 0
6 1
5 2

4 3

18 8 0
7 1
6 2
5 3
4 4

0.62+ 0.04
0.09 ~0.04

1.15 + 0.08
0.36 + 0.05

1.3 ~0.2
0.87 +0.11
0.18 +0.09

2.3 ~0.3
1.0 +0.3
0.39 +0.14

1.5 +0.4
0.8 ~0.4
0.3 +0.4

0.1 +0.5

0.62 + 0.04
0.62+ 0.04

0.89 + 0.10
0.86 + 0.06

1.6 ~0.6
1.1 +0.2
0.79+0.10

0.90 ~ 0.35
1.2 ~0.3
1.2 +0.2

1.1 + 0.4
1.7 + 0.9
0.9 +0.6

2.1 + 0.8

0.49 ~ 0.05
0.07 + 0.05

0.92 ~ 0.08
0.23 + 0.05

1.0 + 0.2
0.44+ 0.09
0.03 + 0.11

1.2 + 0.3
1.05 6 0.14
0.12 + 0.10

1.6 ~0.4
1.1 + 0.2
0.65 + 0.15

-0.14~ 0.20

0.74 ~ 0.23
-0.12 + 0.20

2.1 +0.3
0.23 ~ 0.36
0.00+ 0.4

0.53 +0.05
0.52 ~0.05

0.91~0.09
0.82 +0.06

1.1 +0.2
0.90 +0.10
1.10 +0.16

1.3 +0.5
1.14 +0.22
1.04 +0.14

1.3 ~0.4
0.75+0.20
1.3 ~0.2
1.4 +0.3

0.98 +0.32
1.7 +0.4

1.0 +0.4
1.6 ~0.9
2.4 ~0.9

for pP collisions. For example, in the eight-
pronged topology the value of (u, , ) has been
averaged with —(u»). This folding procedure
tends to reduce the systematic biases in the data
due to proton/pion misidentification near y = 0. We

have not corrected the symmetric entries in Table
IV (e.g. , ( u, , )) for this known bias, and conse-
quently the deviations from (u ) =0 provide a
measure of the systematic uncertainties in our
measurements. (The errors given in Table IV are
statistical. }

In Figs. 6(a} and 6(b) we present the dependence
of (u, - „)on (I -r ) and the dependence of

(u&-, „-') —(u, — „-)' on (I +r ). The straight
lines given in Fig. 6 are expectations based on
the independent-emission model (IEM)—i.e.,
the independent emission of single pions rath-
er than pion clusters. " The s-independent
rather than pion clusters. ' ' The s-independent
expressions in the IEM are (u, -, ) =-,'(I -r ),
and (u, -, - ) —(u, -, -)'=-4(I +r ); these simple
forms are very close to the HCM values with the
"leading particle effect" removed.

The data in Fig. 6(a) lie below the IEM prediction,
indicating the presence of substantial clustering.

The linear dependence predicted by the cluster mo-
del [ Eq. 4 (b)] is consistent with the data; however,
the significant scatter in (u, „)at fixed (I —r )
and fixed s cannot be understood on the basis of
the simple model of Ref. 2.

In Fig. 6(b) we again note discrep'. ncies between
predictions of the IEM and the data. In particular,
for n =l +r &3 the data are above the curve,
indicating the presence of diff ractive "spQlover"
contributions near y =0.' For n &3 the data are
statistically poor; nevertheless they clearly lie
below the IEM line, suggesting the presence of
clustering effects [Eq. 4(c)].

We investigate the energy dependence of

(~- „-)in Fig. 7, where the data from this and

other experiments" "for r =0 are plotted. The
s dependence is consistent with a I/lns form

[ Eq.4(b)] and extrapolates reasonably to (u, , )
=0 for all available data.

Although parameters relating to cluster proper-
ties can be extracted from the data presented in

this paper (e.g. , an average of 2-2.5 charged
particles per cluster), the precise values obtained
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for these parameters are sensitive to model-de-
pendent corrections resulting from the nonasympt-
otic energies of Fermilab. 400 GeV/c

2.0—
A,

I

V

IV. SUMMARY

1.0—
We have presented new results on the charge

structure of final states observed in pP collisions
at 102 and 400 GeV/c. We find significant devia-
tions from the assumption of random charge dis-
tribution. These deviations are in the direction
required by the hypothesis that local compensation
of charge is fulfilled asymptotically at high ener-
gies. The neutral-cluster model which we ex-
amined is able to account for the general features
of our data for the charge transfer u. However,
neither the predictions of LCC for the fu11 charge
structure of events nor the predictions of the
neutral-cluster model for the charge transfer u

are in complete agreement with the data. We
attribute this lack of detailed agreement, at least
in part, to the nonasymptotic nature of Fermilab
ene rgies.

0.0

(b)

CV

A

2.0—

V
I

A
CV

I

I,O—

V ~ r
0

Or
I0.0

4 5
(E+r )

0 I 2 3 6 7 8 9

FIG. 6. (a) The mean of the charge transfer for fixed
l and r as a function of the difference l -r . (b)
The variance of the charge transfer for fixed l and r
as a function of the sum l + r . Expectations for models
with independent emission of single pions (Ref. 1,2) are
given by dashed lines.
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