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Abstract
A new method of analysis (Leading Charge Model) based on the zone
graph technique is used to separate charged particles produced in the target,
projectile, and central regions of phase space. A significant fraction of the

centrally produced particles follow a Bose momentum distribution with temperature

of 131+ 2 MeV.
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Introduction

Many experiments have now produced evidence supporting local compensation
of charge in hadronic reactions. One example of such evidence appears in the zone
graph analysis of charge structure in pp interactions at 102 GeV /c and 400 G&V/c1
and in w p interactions at 200 GeV/c. 2 At the same time, fragmentation-like
processes exhibit a strong influence on the charge structure of these reactions
(2a, 2b, 2c). In this work we present the zone graph properties of 147 GeV/c -n-‘p
events in the Fermilab 30-inch Proportional Wire Hybrid Spectrometer. We com-
pare these properties with a random charge model and a strongly ordered charge
model. The data deviate strongly from both and display a charge structure that is
well expressed by a leading charge model in which particle production comes from
three sources: beam fragmentation, target fragmentation, and central production.
After comparing the zone graph features with these three models, we examine the
rapidity gap distributions and find that they also exhibit charge structure which is
consistent with the leading charge model. Finally, the properties of the central
production isolated by the leading charge model are presented.

Our data come from a 105, 000 picture exposure in the Fermilab 30-inch
Hybrid Spectrometer which is described in detail elsewhere. 3 The downstream
proportional wire chambers give a momentum resolution (Ap/p) for fast secondaries
of 0.06% p (GeV/c). The film was first measured on the M. 1. T. PEPR system.
Failed and incomplete events were examined and remeasured on manual machines,
resulting in a data sample of about 6866 complete events. Protons with momenta
less than 1. 4 GeV /c were identified by ionization and all other secondaries were
assigned pion masses. Elastic events were removed by using the measurement of
the recoil proton in the bubble chamber to predict the trajectory of the outgoing
fast pion under the hypothesis that the event was elastic and then comparing the
prediction with the observed trajectory in the downstream electronic chambers

>

(see ref. [3]).
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Zone Graph Analysis -

. . 4 .
The zone graph technique formulated by Krzywicki and Weingarten assigns

the particles in rapidity space to neutral charge zones. For an event with N charged
particles, the zone graph function, Z(y), is given by
N

Z =i§i q € -y i) " 9peam P(y-ybeam) B qtarget € (Y—Ytarget)
where q is the charge of particlei and @ (y-yi) is the usual step function which is 1
for y> y; and 0 otherwise. Figure 1 illustrates the construction of a zone graph for
a ten prong event. Regions of rapidity over which Z (y) remains nonzero are called
zones; gaps where Z (y) = 0 separate each successive pair of zones. Zones containing
either beam or target particles are called end zones and zones containing only final
state particles are called central zones. Notice ;hat: -Z(y) is the charge transferred
across the rapidity y so that the usual charge transfer variable, 5 u, is equal to -Z (0).

The zone graph properties, such as number of zones per event, number of
particles per zone, rapidity intervals between ends of zones, or rapidity distribution
of zone centers, quantify the charge structure of the data. For reference, itis
useful to compare this structure with models representing two extremes of charge
structure: a non-ordered model in which no structure is imposed, and a strongly
ordered model in which maximal charge structure appears. The random charge
model (RCM) comparison is carried out using events created by randomly reassigning
the charges of the measured particles. The other extreme, which we will refer to
as the extreme compensation model (ECM), is created by reassigning charges to the
data in a strictly ordered fashion. The first particle in rapidity is assigned the
charge of the target (positive), the last particle in rapidity is assigned the charge of
the beam (negative), and the other particles are grouped into adjacent positive-
negative pairs. This model represents in some approximation the strongly-ordered

multiperipheral model.




While these two models represent the extremes of charge structure, we
find that the data confain significantly more structure than the random chaxge model ~
and significantly less structure than the extreme compensation model. We compare
the data with an intermediate case which we call the leading charge model (LCM),
which assumes charge structure res ulting from leading chaxge effects along with
a structureless central region. This model, too, is tested by reassigning charges
of the data. First the leading clusters (forward-going and backward-going) are
identified. Then the charges of the leading clusters are held fixed while the charges
of the central particles are randomly reassigned. The leading clusters are defined
as the end zones in the zone graphs with the addition of positive-negative charge
pairs which are near to the end zones in rapidity space.* Particles not in a leading
cluster are defined to be in the central region.

Figure 2 displays the charge transfer (u = -Z(0) ) distribution for our
147 GeV/c m p data. Also shown on figure 2 are the results of applying the random
charge model and the leading charge model to the data. The random charge model
represents an extreme bound for the data while the leading charge model appears to
express its major features. Table I presents the dispersion ((u*) - (u)?) of the
charge transfer for the data and the models. The data contains slightly more local
compensation of charge than the leading charge model.

The first measure of zone structure comes from the distribution of the number
of zones per event. As figure 3 shows, the data rarely contain a single zZone. The
random charge model results in events with relatively few zones, while the extreme

compensation model results in many zones. The leading charge model reproduces

the principal features of the data.

*
This addition accounts for the situation in which a multiple-particle cluster dis-

tributes itself in rapidity in such a way that some particles are left out of the end

zone. For example, a three particle leading cluster (assuming a random break-up)

will result in a single particle falling in the end zone two thirds of the time.

Rapidity cuts were used to add the positive-negative pairs such that the defined three~
body leading clusters had a single particle end zone two thirds of the time,



The semi-inclusive distributions for the number of zones per event are
shown in figure 4. Here, as in the inclusive distribution, the leading charge
model (LCM) reproduces the data reasonably well. Table II presents the semi-
inclusive average number of zones per event and compares these with the values
obtained from the three models. The multiplicity dependence exhibited by the data
follows that of the leading charge model.

The average multiplicity of central zones is summarized in Table III. The
average multiplicities increase with the charge multiplicity of the event. The data
generally fall between the extreme compensation model and the random charge
‘model, as does the leading charge model. Figure 5 presents the distribution of
central zone lengths. The random charge model differs from the data principally in
normalization since in the random charge model many more particles appear in end
zones. The extreme compensation model has many more short central zones and
fewer long central zones than the data, The leading charge model is the most suc-
cessful of the three in reproducing the data. Table IV presents the data for the
average central zone lengths and the model values. |

The rapidity distribution of particles in the central zones is shown in figure 6.
The leading charge model, with random charge assignments among the central
particles, apparently has the proper amount of local compensation of charge since
it reproduces this distribution.

Rapidity Gaps and Associated Charge-Exchange

- The charge exchanged across rapidity gaps as a function of the gap length is
another measure of charge structure. Each rapidity gap is labeled by its length and
by the amount of charge transferred across it. First the n-charged particles are

ordered in rapidity sothat yj<yz..... < Yo Then, the ith rapidity gap has length
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and carries charge

(?q)-%
=1

where qj is the charge of the jth particle and q, is the charge of the target. Note
that odd-numbered gaps always carry even charge and even-numbered gaps always
carry odd charge.

H

Previous authofs 7 have noted the absence of large rapidity gaps with more
than one unit of charge exchanged. Figure 7 shows the distributions of rapidity gaps
carrying charge 0, + 1, or + 2. End gaps have been removed from these distributions.
The number of gaps carrying charge 4 2 falls more rapidly with gap length than does
the number carrying charge 0 or ¢ 1. This effect has been interpreted as evidence
that the exchanges in multiparticle production carry charges 0 or + 1 while thé
charge exchange 1 2 gaps come from crossovers of particles along a multiperipheral
chain. Crossovers would be expected mainly for small rapidity gaps just where the
charge exchange 4 2 gaps occur most.

One can define the probability (P AQ (2y) ) for finding a specific value of

charge exchange for a given gap length. 7 This probability is normalized separately

for even and odd gaps so that

2z Patey=1
AQ
AQeven '

» Polan=1.
AQ
AQodd

Figure 8 shows P

£Q=

with a charge exchange of 4 2 decreases with the gap length. The probability function

N o(AY) distributions.  The probability of observing a gap

P-AQ _ 2(AY) ~ is compared with the random charge model and the leading charge

model. The extreme compensation model camot produce gaps with charges of 1 2.
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The randorh charge model has a probability near one-half and approximately
independent of the gap length, while the probability distribution of the leading charge
model preserves the fall off with gap length for exchange of +2 units of charge.

This effect is examined semi-inclusively by defining two variables which summaxrize
‘ the charge exchanges across rapidity gaps. The first is just the event-to-event

average of the sum of the absolute value of all exchanges in the event:

n-1

Vi=3) .
1iZ:1‘ |AQ; |

A second variable, which weights large gaps more than small gaps, is

n-1
T |aQ; |ay;
- i=t .
\E -1
AY;

1

Pt
IR

Figure 9 presents the measurements of V4 compared to the values given by the three
models. The data clearly show for all multiplicities an absence of gaps carrying
a large amount of charge, unlike the random charge model, whereas the leading
charge model agrees very well with the data.

Figure 10 presents the measurements and model values of V, . Again, the
absence of gaps with large amounts of charge is clear for all multiplicities. The
. leading charge model reproduces the data well.

Central Production

The preceding sections have demonstrated that the leading charge model
reproduces the principal charge structure of the data. This model implies that the
pion-proton multiparticle production reactions of this experiment may develop
through a production mechanism in which two leading particles (or clusters) are

produced in association with a central fireball. *

¥ .
The name "fireball" was introduced by G. Cocconi? i reference to an object which

decays into pions isotropically. We shall see that a large fraction of the products of
our central region behave as though they have been produced isotropically in some
rest frame,



We will now turn our attention to studying the properties of the isolated
central production. The leading charge model assumes that the charges of the pions
in the central region are random. This means that the x' and the 7" rapidity
distributions must be similar. In fact, this observation is the first indication that
the isolated central production may come from a fireball. An earlier investigation
of inclusive rapidity distributions from this experiment showed there is no central
region where the 1r+ and the 7 rapidity distributions are identical. 2a The difference
between the rapidity distributions for 'n'+'s and that for = 's in 1r—p interactions
passes through zero near y = 0, but there is no flattening of this difference about y = 0.

Figure 1la shows the asymmetry

- (ggx)+ ) (%QZ)—

A(Y) - /d d *
(@) * Ca3)-

As figure 1la shows, the positive particles outnumber negative particles for negative
rapidities and the negatives outnumber positives for positive rapidities. There is

no central region where both charges appear in equal numbers. Figure 11b shows
the asymmetry when only central zone particles are included. A region of about two
rapidity units in extent appears where positive and negative charges exist in equal
numbers.

Van Hove10 has defined a cluster as an aggregate of final state particles such
that in the rest system of this aggregate the longitudinal and the transverse momenta
of the particles are similar. In figure 12a the center of mass longitudinal and trans-
verse (along one transverse direction) momenta of all final particles in the ‘n'—p
interactions are compared. The particles clearly contain larger amounts of longi-

tudinal momenta than transverse momenta. This feature is the well known effect of



limited transverse momenta. Figure 12b shows a comparison of the longitudinal

and transverse momenta of charged particles in the central fireball. These

momenta are defined in the center of mass of the charged particles in the central
fireball. The two componenté follow very similar distributions and satisfy Van Hove's
definition of a cluster.

Having shown that the momenta of charged particles in the fireball behave
similarly, transverse to and along the interaction axis, we shall now investigate the
angular distribution of these particles. Figure 13 shows these distributions for the
'n'-p data as a function of the particle momenta in the fireball rest frame. The angleg
is the angle between the particle's momentum vector and the beam direction. The
distributions of particles with momenta less than 400 MeV /c (53% of the particles)
are completely isotropic. The particles with momenta in excess of 400 MeV/c (and
especially those above 600 MeV /c) exhibit forward-backward peaking. Itis the
isotropic behavior of the low momentum particles, along with the random chaxge
assignments, which leads us to refer to this as the central fireball.

Figure 14 shows the multiplicity distribution for the central fireball. The
multiplicity as a fuﬁction of the mass of the fireball can be compared with statistical
theory predictions. The Fermil.1 and Landa.u12 theories predict an M% dependence,
Pomeram::huk13 devised a linear mass dependence, and recent hydrodynamic models 14
show that the mass dependence hinges strongly on the speed of sound in nuclear
matter. Feinberg15 has included a description of viscosity estimated by quantum-
field methods in the Landau model to derive an M% dependence. We are restricted
to measuring the mass of the charged particles, but the functional dependence should
be the same. The mass dependence of the average charged multiplicity is presented
- in figure 15; The best fit of the form

(ny=M"
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yields b= .70 & .01 (with y? = 2. 35 per degree of freedom).
Figure 16 displays the momentum distribution of fireball particles. The data

were fit to a Bose distribution of the form

2

F(p)TA7PT—1——

e -

for p < 800 MeV/c and E = (p2+ MTT2 )%. The fit gave a temperature for the fireball
of 131+ 2 MeV (with y % = 2. 8 per degree of freedom).

Conclusions and Discussion

This work presents the results of a study of + p multiparticle production
reactions at 147 GeV/c. The details of zone graphs and charge exchange across
rapidity gaps are consistent with a leading charge model in which events proceed
through the production of three distinct groupings in phase space: two leading particles
or clusters and a central cluster. This picture of multiparticle production resembles
the model of Pokorski and Van Hove16 in which the valence quarks of the interacting
hadrons pass through the interaction region retaining their internal quantum numbers
and subsequently fragment into a leading cluster. In their model, central production
emerges from the gluons of the interacting hadrons.

We find a large fraction of the central particles have features consistent with
having come from an isotropically decaying central fireball. The secondéries from
the fireball follow a Bose momentum distribution with a temperature of 131 1+ 2 MeV.
In terms of the maximal possible temperature (T, = 160 MeV) of the Hagedorn statis-
tical and thermodynamical theory, 19 this temperature is (0.82 4 .01)T,; .

The evidence for central fireball production found in this experiment is
consistent with a multiperipheral cluster model description of particle production

' 1
derived from the Bethe-Salpeter equation for the scattering amplitude. 8 This model

~
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expects an average of one central fireball at enexgies around 100 GeV and an aw}erage
of two at energies of ébOut 1 TeV. 17
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manner. This work was supported in part by funds provided by the U. S. Department
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Figure Captions
Construction of a zone graph for a hypothetical 10-prong event.
Charge transfer distribution with predictions of the random charge
model (RCM) and leading charge model (LCM).
Zone multiplicity distributions showing the probability for obtaining
various numbers of zones from the data and the (RCM), (ECM), and
(LCM) models.
Semi-inclusive zone distributions depicting cross section versus
number of zones for the irarious prong multiplicities, along with the
results of the (RCM) and (LCM) mddels.
Central zone lengths A, Versus cross section for the data and (ECM),
RCM), and (LCM) models.
Central zone rapidity versus cross section for the data and (ECM),
(RCM), and (LCM) models.
Rapidity gap distributions showing cross section versus Ay for gaps
WithAQ=0, +1, &2,
Probability distributions (PAQ -4 o) displaying probability versus
rapidity gap Ay for gaps with AQ = 42,
Semi-inclusive V4 showing V =E}1‘ | A‘Qi [ » the event-to-event average
of the sum of the absolute value1 o; all charge exchanges in the event,
versus charge multiplicity, noL e for the data, (RCM), (ECM), and
(LCM) models.
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Figure 1la:

Figure 11b:

Figure 12a:

Figure 12b:

Figure 13:

Figure 14:
Figure 15:

Figure 16:

the gap-weighted average charge exchanges versus charge multiplicity,

R fof the data, (ECM), (RCM), and (LCM) models.
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the charge asymmetry parameter versus rapidity as measured

nch

Charge asymmetry in rapidity showing A(y) =

inclusively.

Same as fig. 1la for particles produced in the central region only.
Momentum distributions displaying the cross seétion versus transverse
(PT) and longitudinal (PL) momenta measured inclusively in the interac-
tion CMS. |

Same as fig. 12a for fireball products as measured in the fireball

rest system.

Angular distributions of fireball products displaying cross section
versus cosine of the angle with respect to the beam direction in the
fireball system (@), for p < 200 MeV/c, 200 MeV/c < p < 400 MeV /c,
400 MeV/c < p < 600 MeV/c, and P > 600 MeV /c.

Fireball multiplicities showing cross section versus the charged multi-
plicity of the central fireballs.

Mass dependence of fireball multiplicity showing average charged
multiplicity versus mass of the fireball.

Fireball momentum distributions showing cross section versus
momentum of the fireball particles. The solid curve is the result of

a fit to the Bose distribution

resulting in a temperature T = 131 & 2 MeV.



TABLE 1

DISPERSION OF THE CHARGE TRANSFER

DATA 0.94 £ .03
RCM 1.86
LCM 1.02
ECM* 0.43

* For the ECM model, U = 0 by its nature.



CHARGED
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TABLE 11

AVERAGE NUMBER OF ZONES

DATA

2.60+.02

3.15%£.02
3.68+,03
4.06x.05
4.51+.08
4.76%x,.16
5.53%+.33

3.41 4 .02

DATA
2.00+.00
2.26+,02
2.42+.02
2.67+.03
2.82+.06
3.00%,12
3.08+.23

2.54+ .02

RCM
2.0
2.5
2.8
3.3
3.6
4.0
4.1

2. 71

TABLE II1

RCM
2.0
2.3
2.5
2.8
3.0
3.2
3.4

LCM
2.6
3.2
3.7
4.2
4.6
4.9
5.5

3. 47

AVERAGE MULTIPLICITY OF CENTRAL ZONES

IL.CM
2.0
2.2

2.3

2.5
2.7
2.9
3.1

2.46
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TABLE IV

AVERAGE CENTRAL ZONE LENGTHS

DATA .76 £ .01
RCM .83
LCM ' 12

ECM .52
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