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We have measured the charged-particle multiplicities of events containing a large-transverse-momentum (p, )
photon produced near center-of-mass polar angles (8) of 90', 17.5', and. 8' in proton-proton collisions.
The data were obtained at the CERN Intersecting Storage Rings at center-of-mass energies of 23, 31, 45, 53,
and 62 GeV and for the transverse-momentum range 0 & p, & 4.5 GeV/c. When the photons are detected
near 8 = 90', the associated multiplicity in the hemisphere away from the observed photon is found to
increase with increasing photon transverse momentum. In the hemisphere containing the photon, the
associated multiplicity decreases at the lowest energy and is approximately constant at the highest energies.
The data at 8 = 17.5' and 8' are similar, with the exception that the particle multiplicities near the detected
photon are found to decrease with increasing photon p, at all energies. No strong back-to-back structure is
observed in the data; however, as the photon emission angle is changed, some shift of the multiplicity
distributions in the direction opposite the photon is observed. The data at all three polar angles show a broad
peak in the azimuthal angular distributions at P = 180' (opposite the detected photon). Finally, the data are
compared to a simplified picture for particle production in high-p, events, and to the various classes of high-
p, models that have been proposed.

I. INTRODUCTION

In the past four years there has been consider-
able interest in the characteristics of events in
which large-transverse-momentum hadrons are
produced in high-energy hadron collisions. The
presence of more large-P~ hadrons than expected
from an extrapolation of single-particle cross
sections at low P„(see Ref. 1) gives rise to the
feeling that a new component or aspect of ha-
dronic forces is being seen. The emergence, at
large P~, of a power-law behavior in p~ has moti-
vated attempts to unify the description of short-
distance hadronic structure as probed in hadron-
hadron and lepton-hadron collisions.

Various phenomenological explanations' have
been given for the large-P~ cross sections; in
particular, models in which hadron constituents
undergo large-angle collisions have been exten-
sively explored. There are also less detailed
models in which the large-P~ phenomena are inter-
preted in terms of cluster or fireball production
in the primary hadron collision; decay products of
these objects include the observed hadrons at
large P~.

In order to sharpen our understanding of the pro-
duction mechanism, more detailed information on
the structure of events containing a large-P~ had-
ron is desirable. In particular, it is of interest to
know what other particles are produced in associ-
ation with the large-P~ particle. %e would like to
know how the multiplicity, angular distributions,

and momentum distributions of the other particles
in the event depend on the properties of. the large-

P~ hadron.
The present work reports an extensive series of

measurements of the associated multiplicity and
angular distribution of charged hadrons produced
in events containing large-P photons. These pho-
tons arise predominantly from m decays. The
measurements were performed at the CERN Inter-
secting Storage Rings (ISR) at c.m. energies of
Ms=23, 31, 45, 53, and 62 GeV. The experiment
employed a large solid-angle coverage of scintil-
lator hodoscopes to record the charged particles.
The photons were detected by an array of lead-
glass Cerenkov counters and associated scintilla-
tors. Data were taken for the photon detector cen-
tered at three c.m. angles: 0 =90, 17.5, and 8'.

Preliminary results on the 90' data at /s = 53
QeV from this experiment have been published
previously. ' Some aspects of the s dependence and
the 0 dependence observed in this experiment have
also been discussed. ' Other experiments' have
studied various aspects of the structure of events
with a large-P~ secondary, including information
on multiplicities, angular dependences, and mo-
mentum correlations. Preliminary analysis of the
single-photon inclusive cross sections from this
experiment shows reasonable agreement with the
published data at 8 =90'.' A more complete ana-
lysis of the single-photon spectra and their angle
and energy dependences is in progress.

This paper is organized as follows: In Sec. II
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FIG. 2. Exploded view of the photon detector. G&,

G2, and G3 are scintillator hodoscopes. I'hotons from
the beam intersection are normally incident on G&.
Counter G& (not shown) is on the opposite side of the
lead-glass array to G4.

The counters were optically isolated from each
other and had provisions for mounting two light-
emitting diodes and a radioactive source used for
energy calibration purposes. The photon energy
was determined from a measurement of the total
pulse area of the signals from the 16 lead-glass

'V

Cerenkov counters.
Between the lead-glass Cerenkov counters and

the intersection region were two scintillation-
counter hodoscopes G, and Q„separated by a 1-
cm lead converter (1.8 radiation lengths). Hodo-

scope G, consisted of six vertical counters cover-
ing the full 60&60-cm front of the Cerenkov-coun-
ter array. G, was used to identify events in which
the detected photons were either accompanied by
another charged particle, or in which the photons
converted in the walls of the vacuum chamber or
surrounding material.

Hodoscope G, was a double-layered matrix of
scintillation counters covering the full face of the
lead-glass array. Each layer was made up of 12
counters arranged either parallel or perpendicular
to the plane of the beams. The coincidence be-
tween signals from the two layers of G, was used
as a trigger for photons which converted in the
lead sheet and provided time-of-flight informa-
tion.

An additional hodoscope, G„was mounted im-
mediately behind the lead-glass Cerenkov coun-
ters, and was used to trigger on charged particles
which completely traversed the photon detector.
Such runs were used for calibration purposes
throughout the course of the experiment. In addi-
tion to the scintillators mentioned above, two
"guard" counters G4 and G, were present when the
photon detector was located at 8 =90'. Each was
arranged so that it completely shadowed the side

of the Cerenkov array, as seen from the upstream
direction along either incoming beam pipe. Each
of these counters was sandwiched between two 5-
cm-thick lead walls. It was found experimentally
that single-beam background events often entered
the photon detector from the sides. The lead walls
were useful in reducing this source of background,
and counters G4 and G, were used to tag those
events in which a particle traversed these walls.
These counters and lead walls were unnecessary
in the forward-angle positions since, for these
data, the detector time-of-flight information was
sufficient to eliminate this source of background.

The energy calibration of the Cerenkov counters
was performed in a test beam at the CERN Proton
Synchrotron. In this calibration, ' the pulse area
of the signals produced in the Cerenkov counters
by incident electrons of known momentum was
compared to the pulse areas produced by a stan-
dard source of pulsed light. For the purposes of
this calibration, it was assumed that the test-beam
electrons produced electromagnetic showers which
were similar to the showers produced by photons
of the same energy. In this way one can calculate
the electron equivalent energy of the light source,
and, since the source is reproducible, use this
same source to monitor the calibration of the
Cerenkov counters after they were installed at the
ISR.

The following three different sources of pulsed
light were used: radioactive "'Am-Nal(T1) light-
pulse sources, light-emitting diodes, and the
Cerenkov light due to relativistic hadrons fully
traversing the detector. The Cerenkov-counter
calibrations as determined by these procedures
are estimated to have an overall scale uncertainity
of +5% for the data taken at 9 =90'and 17.5, and
+7% at 6 =8 . The energy resolution as measured
in the test beam was found to be parameterized
well by M/E =0 14/vE, wher. e M is the full width
of half maximum, and E is the energy in QeV. It
was established that the lead-glass system and its
integrating electronics were linear to within 1%.

The trigger for this experiment contained three
components:

trigger = (BB) (G,) ~ (LG) .

BB denotes the beam-beam interaction trigger, in
which at least one charged-particle coincidence
was demanded in the hodoscopes H, -H, or TB in
both left and right hemispheres. ' BB is sensitive
to about 95% of the inelastic cross section. G, is
the twofold coincidence of the planes of G, preced-
ing the lead-glass blocks. I.G represents the re-
quirement that a summed pulse area from the 16
lead-glass blocks be above some preset value.
This value was changed frequently so as to collect
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data for various regions of p~. Special runs were
taken with trigger = (BB) or with trigger
= (BB) ~ (G,) in order to obtain the unbiased distri-
butions. The time resolution of the trigger was
about +30 nsec.

For each trigger, the times of all trigger ele-
ments present were recorded so that more restric-
tive time cuts could be made in analysis. Each
hodoscope counter which detected a charged sec-
ondary in coincidence with the trigger caused a
latch bit to be set. The signals present in the 16
lead-glass Cerenkov counters were integrated,
and the pulse area for each was recorded. All of
this information was written on magnetic tape for
subsequent analysis.

III. DATA ANALYSIS

Data at all energies and angles were analyzed in

the same way, except that for data at 8 = 17.5' and

8, the guard counters G4 and G, were not em-
ployed.

A. Event selection

Our aim in the analysis of the data was to select
events, in an unbiased manner, in which a photon
was present with well-determined energy. A com-
plication arises because the photon is, in general,
accompanied by a number of charged particles. If
such charged particles enter the lead-glass array,
the determination of photon energy is distorted. If
events in which charged particles are emitted near
the photon direction are excluded, the event sam-
ple is biased owing to the known short-range cor-
relations. In our experiment, the presence of
such charged particles was signaled by a count in
the G, hodoscope in front of the lead converter.
However, a signal from an element of G, did not
ensure the presence of a charged particle, owing
to the possibility of photon conversions in the ISH
vacuum pipe, G, itself, or in intervening material.
There were also counts in G, owing to photon
showers in the lead converter which leaked back
into G, . The experiment was performed without
any trigger requirement on G, so that we could
study its effect in the off-line analysis.

In order to explore the sensitivity of our results
to these effects, the data were analyzed to two dif-
ferent methods. In the first method, events with a
G, counter struck were rejected, and consequently
only photon triggers were accepted. For these
events, the energy measurement in the lead-glass
array was precise, and the transverse momentum
was unambiguously determined. The photons in
these events are almost entirely due to the decay
of a single m' (or qo); moreover, they are sub-
stantially free from any sources of neutral back-

ground. ' For the data taken with the photon detec-
tor at 8 =90', the G, veto requirement eliminated
about two-thirds of the events passing all other
requirements owing to the presence of charged
particles in G, or photon conversions. This re-
jection was found to be essentially independent of
the energy detected in the lead-glass Cerenkov
counters and increased only slowly with the c.m.
energy of the incident protons. However, the G,
veto requirement did reduce by a small amount
the charged multiplicities detected around 8 =90
owing to the known correlations. Similarly, the
data taken with the yhoton detector at more for-
ward angles exhibit reduced multiplicities in the
region of the veto counter G,. However, these ef-
fects were observed to be much smaller than those
present at 8 = 90 .

The second analysis of the data at 90 was per-
formed with no requirements placed on Gy or on
any other counters around the photon detector.
This analysis avoided possible biases associated
with the rejection of events in which charged par-
ticles struck G„but introduced uncertainties in
the identification of particles entering the photon
detector, and in the measurement of their trans-
verse momentum. Charge particles, for example,
typically deposited about 530 MeV in the lead-
glass Cerenkov counters even though their actual
energy could have been much higher. The anni-
hilation of an antinucleon in the lead-glass array
could have simulated an event of very large trans-
verse momentum. The steepness of the photon in-
clusive spectra in this case tends to increase the
contamination from this source at any given P~.
However, estimates of this source of high-P~
events indicate that it is of negligible importance. '
Since charged particles deposit, on the average,
less than their full energy in the lead-glass array
and the average energy deposit by antinucleon an-
nihilations has been found to be negligibly small,
this unbiased analysis gives a transverse-momen-
tum determination which is usually less than the
sum of the transverse momenta of all particles
entering the photon detector. Thus, high-P events
could still be correctly identified in this analysis.

None of our final results were found to depend
significantly on which of the two complementary
analyses were used. We have chosen to present
results from the first analysis rather than the
second simply because the first analysis cleanly
identifies the incident particles as photons, and
we can with greater accuracy determine their
transverse momentum.

B. Random and single-beam backgrounds

The electr'onic trigger accepts two major
sources of background. One occurs when a random
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coincidence of signals satisfies the trigger re-
quirements; the other is due to beam-gas colli-
sions.

The beam-gas background events were separated
from the events due to beam-beam collisions by
measuring the time between all the signals that
made up the trigger. The time-of-flight differ-
ences (TOF) between any two trigger hodoscopes
were required to be within well-defined limits,
providing the hodoscopes registered the presence
of charged particles. Events due to beam-beam
and beam-gas collisions are clearly resolved in
these TOF distributions, in which the time resolu-
tion is about z2 nsec. As a result, very few beam-
gas events satisfy the timing criteria used to sel-
ect beam-beam events. Moreover, the fraction
that do can be accurately estimated from data
taken with only one ISR beam circulating. An

upper bound on the number of random triggers ac-
cepted as beam-beam events was estimated from
the TOF spectra, and was always less than 1~/0.

Although analysis of the hodoscope TOF's was by
far the most powerful technique for eliminating
background, for those data taken with the photon
detector at 9 =90', another method was found to be
use'ful as well. It was found experimentally that
many of the background events which simulated
large-P~ triggers originated far from the crossing
point and entered the lead-glass array from the
side. By analyzing runs in which only one ISH
beam was circulating, it was found that 90% of
these background triggers were detected in either
G, or G,. In the analysis of the neutral lead-glass
data at 8 =90 we have, therefore, rejected all
events with a signal either in G, or G,. This addi-
tional requirement reduced the level of background
contamination at this c.m. angle to less than 2% at
all ISR energies, for p, values below 4.5 GeV/c.
The data taken at more formard c.m. angles con-
tained even less background owing to the increased
TOF separation at these positions. In all cases,
the effect of the residual background on the multi-
plicity results presented was found to be negligible.

C. Transverse-momentum determination

The transverse momentum of the detected pho-
tons was determined from the energy deposited in
the lead-glass array. For the data Bt 6 = 17.5' and
8', the center of gravity of the electromagnetic
showers in the lead-glass array was determined.
Using this information and knowledge of the total
energy deposited, the laboratory transverse mo-
mentum of the photons was determined. For the
data taken at 0 =90, the laboratory photon energy
mas taken to be equal to the total deposited energy,
and the small corrections due to the exact shower

center of gravity locations were ignored. After the
laboratory P was determined, p in the c.m. sys-
tem was calculated. In the presentation of all our
results, the data are presented in slices of 0.5-
GeV/c width inP, .

D. Multiplicity distributions

The multiplicities in the fixed regions of solid
angle subtended by the hodoscope counters were
computed by counting the total number of times
the bit corresponding to each counter was set and
dividing this number by the total number of events
in the sample. This event total corresponded
either to the total number of inelastic events with
no photon required or to the total number of events
with a photon observed in the lowest slice of p~.
These multiplicities were then normalized in the
manner described below, and displayed as a func-
tion of the polar or azimuthal angle. The polar-
angle distributions are plotted in bins of the
pseudorapidity variable, q =— -In[tan(6/2)]. This
variable closely approximates the rapidity, y
—=—,

' ln(E +P„)/(E -Pp) of the particle if p &~ ol'.

E. Normalization

The measurement of the associated charged
multiplicities as well as the angular distributions
as a function of p~ have been normalized in two
ways. The first consisted of dividing the distribu-
tions detected in events containing large-P~ photons
by the corresponding distributions detected for
events in which no requirements are placed on the
photon detector (i.e., normal beam-beam colli-
sions). The second normalization consisted of
dividing the large-P~ distributions by those de-
tected when the photon transverse momentum is
small (0 &P~ & 0.5 GeV/c). Each normalization has
advantages and disadvantages as will be discussed
belom. The reason for this choice of presentation
of the data is the fact that an accurate measure-
ment of absolute multiplicities in our experiment
requires corrections for the systematic errors
introduced by a variety of sources': photon con-
versions, 5-ray production, and secondary strong
interactions in the vacuum pipe and hodoscope
structure, incomplete coverage of the solid angle,
and possible bias associated with the G„G„or
G, veto requirements. The net effect of these sys-
tematic errors is such that measured multiplicity
distributions are approximately proportional to
the true ones. The normalized results are thus
expected to be quite accurate if changes in asso-
ciated total or partial multiplicities with P are
not large compared to the normalizing multiplic-
ities. This condition is satisfied sufficiently well
that the residual errors are small compared to the
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observed effects.
The majority of the data on angular distributions

has been normalized to our average inelastic
multiplicities. This presentation has the advan-
tage of being easily converted to "true" multiplici-
ties simply by multiplying each distribution by the
"true" average inelastic multiplicities. These
"true" multiplicities can be computed from data
collected by other ISH experiments, whose appara-
tus was such that they were able to measure ac-
curately the inclusive single-particle spectra. In-
deed, as will be discussed later, we have done
this in order to extract certain results in terms of
absolute multiplicities. This normalization also
has the advantage of being related in a simple way
to the well-known two-body correlation function. '
This normalized correlation function, B(g„tt2), is
defined to be

+inel d +/d'9 ld'9 2

(do/dq, ) (d o/dq, )

N;.„N2(q „q2)
N, (q,)N, (21,)

Here N;„, is the measured counting rate of inelas-
tic pp collisions, N, (g) is the rate for a single
charged particle at q, and N2(q„ tt2) is the rate for
a charged particle at both q, and q, within the
same event.

Now if M(q„q„p~) is the multiplicity at q, when

photons are detected at g, with transverse mo-
mentum P~, normalized to the multiplicity at q, in
the average inelastic event, we have

M( . p )
2( /ll g2&pJ)Ntnel.

N, (q„P,) N, (t),)

where all quantities are defined as above with the
exception that the photon at g, is constrained to
have fixed transverse momentum P~. Thus, in
analogy with the above definition, we define the
two-body correlation function with one particle of
known transverse momentum to be

+Wlt 12PPJ.) ™(1 1&92&PJ).
and note that, owing to the sharply falling nature
of the spectrum as a function of P~, R(q„ tt„P~)
=A(q„ti2) for small p~ (i.e. , &0.5 GeV/c). The
results presented in the next section on normalized
multiplicities will be labeled A(ti„q„p ) +1 ac-
eordingly.

However, this normalization masks somewhat
the changes in the multiplicities as a function of
P~. Hence, for a portion of the data, we shall
normalize to the data with a photon at low P~ (0
&p~ & 0.5 GeV/o). This normalization has the ad-
vantage of dividing out the effects of the "normal"
low-P~ two-body correlation function, so that one

can see more clearly effects as a function of P .
In particular, if there were any P -dependent ef-
fect in the rate of particle production opposite the
photon in the c.m. , one might hope to see it more
clearly with this normalization. However, the
two-body correlation at small P depends on the
angle at which the photon is required (i.e., it is
symmetric in tt at 8.=90', and not at 17.5 and 8').
This normalization, consequently, tends to ob-
scure the behavior of the "absolute" multiplicity
distributions as a function of P~. %e hope that
presenting both normalizations for a portion of the
data taken at Ws= 53 GeV will help the reader to
gain a better understanding of the observed effects.
%e emphasize that the words "normalized multi-
plicity" will mean. normalized to the average in-
elastic multiplicities, except for that smaLL por-
tion of the text where this second normalization is
specifically discussed.

F. Corrections and residual errors

The data on associated charged multiplicities
and angular distributions have been corrected for
two systematic effects.

The first effect is due to the finite spatial reso-
lution of the counters used to measure the associ-
ated multiplicity. In particular, there is some
probability that more than one particle will strike
the same counter in a single event. Under such
circumstances several secondaries would be
counted as only one, and would, as a result, cause
the measured multiplicity to be lower than the true
multiplicity. Since this effect depends quadratical-
ly, rather than linearly, on the detected average
multiplicity, our normalization is not effective in
totally removing this systematic error. Conse-
quently, we have corrected the experimentally
measured multiplicities befoxe no2'malieation.
The multiplicities thus corrected contain less than
a 5% error from this source befoxe normalization.
The nom~alized multiplicities which are presented
are expected to contain ~1% systematic error
fr om this source.

The second correction applied to the associated
multiplicity data is that necessary to transform
the data to the c.m. frame. Since our small-angle
hodoscopes II,O and H, O surround the exiting beam
pipe, these data are affected very little by this
correction. The L hodoscope, on the other hand,
is symmetric with respect to the beam bisector,
and consequently the correction is much larger in
this region. The correction for c.m. motion was
taken from the data by requiring that the beam-
beam events display an azimuthal symmetry.

Finally, for the data normalized to the average
inelastic multiplicities, there is one additional
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systematic effect. This occurs because of the
bias arising from the requirement that no count
be recorded in the hodoscope G„which precedes
the lead converter. The imposition of a 6, veto
has two effects. It slightly reduces the multiplic-
ity of charged particles near the photon rapidity,
owing to the short-range correlations. It also
decreases the average inelastic multiplicities
near 8 =90' owing to a suppression of large-multi-
plicity (pionization) events relative to low-multi-
plicity (diffractive) events. The net effect is to
increase the multiplicities normalized to average
inelastic events by about 10% for ~ti~ S 1 for the
data with the photon near 8 =90 . Data for photons
at the forward angles are considerably less af-
fected; data normalized to multiplicities at low p~
are also unaffected. No correction has been ap-
plied to the data for this effect.

IV. RESUI.TS

In the first part of this section, we shall present
the distributions of normalized partial multiplic-

ities as a function of both the polar and the azi-
muthal emission angles of the detected second-
aries.

While data were taken and analyzed at all the
ISR energies, v s =23, 31, 45, 53, and 62 GeV at
I9 =90, 17.5, and 8, we will summarize by pre-
senting results on the distributions at Vs =23 and
53 GeV only. Discussion of the s dependences and
associated multiplicities will include data for all
energies. In order to see more clearly the effects
of the transverse-momentum balancing process,
we have examined the multiplicities and distribu-
tions separately in the azimuthal hemispheres
away from and toward the observed photon.

Figures 3 and 4 display the normalized partial
multiplicities as a function of q for various bins in
the transverse momentum of photons detected near
8 =90' ([q] ~ 0.25). As stated above, these multi-
plicities have been divided by the corresponding
multiplicities with no photon required. With this
normalization, effects due to two-particle cor-
relations between photons and charged particles
are made apparent. We see, in these figures,
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FIG. 4. Same as for Fig. 3, except that v s =53 GeV.

that there is a clear effect due to these correla-
tions which produces a local increase around the

q of the photon when P~ is small. The normalized
multiplicities away from the detected photons in-
crease above this level with increasing P~ over a
broad angular range for both energies. The multi-
plicities at small forward angles decrease with
increasing P~ over the full azimuth. Finally, the

multiplic ities near 6, =90' toward the detected
photon show only a very small increase for v s
= 53 GeV, while at 23 GeV they decrease by about
1590 in this region.

The data of Figs. 3 and 4 tend to have a small
dip for the toward-hemisphere partial multiplici-
ties near ~q~ =1. This effect could be due, in part,
to particles generated in the photon shower in the



14 CHARGED-PARTICLE MULTIPLICITIES ASSOCIATED WITH. . . 2917

lead converter and lead-glass array which
"splash" back into the nearby L counters. How-

ever, those transverse-momentum bins which are
not shown in Figs. 3 and 4 show less of this struc-
ture. We do not attach significance to these dips.
The value of A(0, 0) + 1 for 0 ~ p~ ~ 0.5 Ge V/c is
about 1.75 in both toward and away hemispheres.
This is about 10% larger than the value quoted for
inclusive charge-charge or photon-charge corre-
lations. ' We attribute this difference to the effect
of the G, bias discussed in Sec. III.

Figures 5 and 6 display distributions similar to
Figs. 3 and 4, except that, for these data, the
large-transverse-momentum photons were de-
tected at 8=17.5'(q=1.9). As before, at small
p, the two-body correlation causes a local in-
crease in the multiplicities near q =1.9. However,
the effects of increasing P are different for these
data. In particular, the multiplicities rise more
for negative ti (charged particles in the opposite
polar hemisphere to the photon). This increase
again extends over an appreciable g region. In
addition, we note that this increase is even seen

to some extent in the "toward" azimuthal hem-
isphere, and, furthermore, that the distributions
at large P, are close to symmetric about g =0 even
though the photon was detected at g =1.9. Finally,
as in the 90 data, the multiplicities at small for-
ward angles are seen to decrease rapidly with
increasing P~.

Figures 7 and 8 show the same g distributions
for data in which the large-P~ photons were de-
tected at 8 = 8 (ti= 2.7). As can be seen from the

figures, these distributions look similar to those
obtained with the photon detector at 17.5 . How-

ever, there are several differences. The associ-
ated multiplicity near the detected photon is seen
to decrease very rapidly with the increasing p~ of
the photon. The effect is particularly prominent
at the lower energy, /s = 23 GeV, and thus is likely
due to kinematic effects; the rapid increase in

longitudinal momentum P~~ that corresponds to in-
creasing P at these angles removes the energy
from the rest of the event. It seems that this is
done predominantly at the expense of the other
secondaries in the same polar hemisphere as the
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FIG. 6. Same as for Fig. 5, except that Ws = 53 GeV.

detected photon. %e note also that, as p, increas-
es, the familiar short-range correlation observed
in inclusive events becomes less apparent, es-
pecially in the azimuthal hemisphere away from
the detected photon.

Next we present the same angular distributions
normalized in the second way. This normaliza-
tion, as discussed in the preceding section, con-

sists of dividing all the particle multiplicities by
their corresponding values at low p~ (0 ~p~
~0.5 GeV/c). This normalization removes the @-
charged correlations present at low p~, and allows
a clearer picture of the p dependence itself. In-
particular, if there were any strong "back-to-
back" balancing of transverse momenta, then one
would expect to see it most clearly with this nor-
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malization. For the sake of brevity, only the data
at ~s= 53 GeV are presented. The data at other
c.m. energies are quite similar. In Fig. 9, the
associated multiplicities normalized in this way

are shown for all three photon-detector positions.
For 90'photons, we see that the g«~+ in the as-
sociated multiplicities is centered about 8 =90'
(r1=0.0) in the hemisphere opposite the photon,
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and is quite broad. Roughly half of this growth is
contained in the 8 interval from 40' to 140'. The
lack of any appreciable growth in the multiplicities
near 8 = 90 in the hemisphere toward the detected
photon is evident in this figure. For the 17.5
(rJ =1.9) photons, the multiplicity increases again
primarily in the hemisphere away from the de-
tected photons. However, there is some observ-
able increase even in the "toward" hemisphere.
The increase in the multiplicity in the "away"
hemisphere is largest at g = —0.7, and has a width
similar to that of the 90'data. Finally, the data
taken with the photon detector at 8' (q =2.7) look
quite similar to that at 17.5, except that now the
increase is centered at q = -1.0. Thus, we observe
a tendency for the associated multiplicities to in-
crease in a broad region, which is more or less
opposite, but not "back-to-back" in the c.m. sys-
tem. This behavior may be a reflection of the
dynamical mechanism for producing these parti-
cles. On the other hand, there are also strong
kinematical effects present in the 17.5 and 8'
data: Observation of a large-p~ photon implies a
longitudinal component p~~

~ 3p~ when the photon is
detected at 0 =17.5, while for the 8' data, p~~

—7p .
Thus, the rest frame of all particles except the
photon moves toward negative g.

Next we turn to an examination of the azimuthal
distribution of the secondaries. We consider first
the data taken with the photon detector at 8 = 90 .
In Fig. 10, we show the partial multiplicities
normalized to average inelastic events in the in-
terval -0.7 &ti &0.7 (i.e. , around 0 =90 ) for the
20 P bins of I hodoscope. The azimuthal position
of each bin is given with respect to the center of
the lead-glass array, and has been transformed to
the c.m. frame assuming that P = 1 for all particles.
This correction for the c.m. motion is approximate
since not all particles near 8 =90'are relativistic.
However, the results reported here are insensitive
to this correction. From this figure, we see quite
clearly that the multiplicity increases with p~ in a
fairly broad azimuthal region opposite the detected
photon. The full width of this distribution is about
120' at half height, and seems to be independent of

P~ and Vs. This width is much broader than the Q
width subtended by the photon detector (+14 ).
Next we consider the data taken with the photon
detector at 8 =17.5 and 8'. The Q distributions
for these data are presented in Fig. 11. These
data are divided into three polar angle regions:
1.3 & g & 1.9, -0.7 & g & 0.7, and -1.9 & g & -1.3.
For the data at 17.5, the photon is detected at g
= 1.9; thus, we examine in detail the Q di,stribu-
tions both at q's near the photon and opposite it in
the c.m. We note that the azimuthal asymmetry
increases as p~ increases for all regions of g.
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Therefore, it seems that p is being balanced over
the entire hemisphere azimuthally away from the
photon. The width of the azimuthal region con-
taining the increase is roughly independent of the
polar-angle region, the c.m. energy, and the
polar angle of the detected photon and of similar
magnitude as in the 90' data.

We estimate an overall systematic error for all
the preceding results on normalized multiplicities
to be + l(F/q.

Next we turn to the question of computing abso-
lute multiplicity distributions from these data.
Since the normalized multiplicities which we have
presented are expected to be quite accurate, what
is required is accurate data on the ~ovmalizAzg
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multiplicities. A number of groups" working at
the ISB have measured the single-particle cross
sections, Ed'gjdp', for various particle types so
that data exist for nearly the full solid angle.
These experiments are such that their statistical
and systematic errors were small, allowing them
to produce accurate cross sections for these dom-
inantly low-p~ processes. Comblnlng these data
with information on the P~ dependence (at small P~)
of. the various particle types, we have extracted
single-particle differential cross sections
do (q)/dq, ,

summarizingall the available data. The
cross sections thus obtained are listed in Table II
for all five ISR energies. These spectra were
divided by the average inelastic cross sections at
each energy, and then used to multiply the nor-
maiized multiplicities M(q, ; q„p~).

The differential multiplicity distributions com-
puted in this way are expected to be free of most
of the systematic errors associated with our ex-
periment, and are estimated to have an overall

v s (GeV)

0.00
0.34
0.65
0.92
1.84
1.46
1.60
1.76
1.95
2.19
2.46
2.79
3.19
8.65
4 ~ 20
4.74

42.88
42.74
43.41
44.10
44.53
44.27
43.63
42.51
40.43
36.93
32.29
27.48
20.75
12.87
6.49
3.02

43.57
43.46
44.23
45.18
46.11
46.20
46.08
45.55
44.27
41.68
87.57
31.73
25.43
17.7 8
9.18
4.43

44.60

45.31
46 40
47.90
48.19
48.29
48.25
47.98
46.78
44.19
39.21
31.9C

24.26
14.78
7.60

45.06
44.98
45.76
46.86
48.44
48.79
49.09
49.13
48.95
48.24
46.30
42.20
35.06
27.36
17.84
9.33

45.53
45.40
46,23
47.33
49.00
49.35
49.68
49.95
49.85
49.42
48.11
44.82
88.34
80.09
20.74
11.43

TABLE II. "Best" charged particle (do/dg) {rnb) for
average inelastic events.
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systematic uncertainty of +20%, including the error
associated with the normalizing multiplicity dis-
tributions. These differential multiplicities are
listed in Tables III-VIII for the three photon-de-
tector positions. They are tabulated as functions
of P~ and g, and are given separately for the az-
imuthal hemispheres away from and toward the
detec ted photon.

From these differential multiplicity distributions,
we can then go on to compute the associated total
multiplicities, M()I„P~), by integrating
d V&( I„)q„P )/d)3, over &I,.

The associated total multiplicities calculated in
this way are presented in Fig. 12 for the data
taken with the photon detector at {9 =90 . We see
that the total multiplicity increases with increas-

ing P~, and that this increase is largest at &)s

=62 Gev, where the multiplicity grows approxi-
mately linearly withP~. The data at the three
highest energies exhibit a similar P, dependence
for p~(3.0 GeV/c. At As=45 and 53 GeV, where
the data extend to larger P„we observe that the
rate of growth of the total multiplicity decreases
as P~ increases. The multiplicity at &)s =23 and
31 QeV show first a decrease at low p, which
changes to a relatively small increase at higher
pQ ~

In order to understand this behavior, we have
computed separately the multiplicities in the
hemisphere away from and toward the photon de-
tector. These hemisphere multiplicities are
plotted vsp in Figs. 13 and 14 for the 90 photon

TABLE III. Differential multiplicity distributions for away and toward hemi-
spheres. Photon detector is at 90', and Ms=23 GeV.
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data.
The multiplicities away from the high-P~ photon

increase roughly linearly withP~ at all five ener-
gies. However, the hemisphere multiplicities
toward the photon behave quite differently at dif-
ferent energies. In particular, at lower energies,
there is a decrease in the "toward" multiplicities
with increasing P~. Even at the highest energy one
sees only about a 4%%uo increa. se.

V. PHENOMENOLOGICAL DISCUSSION

In this section, we discuss some of the results
presented in the preceding section. In particular,
we discuss only the data taken with the photon de-
tected near 8 =90', and examine the P~ and s de-
pendences of the associated multiplicity.

As noted above, the number of charged particles
produced in association with a high-P~ photon shows
an increase over the number produced in events
with a low-P~ photon. This increase is contained
within a broad region of solid angle oriented op-
posite to the photon. The width of the increase in
both )I and Q is approximately independent of the

P~ of the photon. The rate of increase in the away-
hemisphere multiplicities with P, is approximately
the same at all Ws(Fig. 13).

%e find these facts suggestive of the following
qualitative subdivision of the particles produced
in collisions leading to high-P~ secondaries. %e
can envision three categories of particles:

A. . a group of secondary collision products
characteristic of ordinary (low-P, ) inelastic

TABLE IV. Differential multiplicity distributions for away and toward hernispheres. Photon detector is at 90, and
vs= 53 GeV.

Away hemisphere dN/drl

pi (GeV/c)
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pl (GeV/c)
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events,
B. the high-P trigger particle itself (here a

photon) plus any accompanying particles nearby in
solid angle, and

C. a collection of particles whose origin is
closely connected with 8, and whose transverse
momentum approximately balances that of the
trigger particle (B).

without reference to specific models; thus, we re-
frain from attaching names to these components
which suggest a bias toward any particular model
for production.

In order to proceed to a quantitative discussion
of the C component and its dependence on P~ and

&& s, we make several assumptions appropriate to
the data with a photon near 0 =90':

%e assume that components'. , B, and C add in-
coherently to yield the total observed multiplicity.
The B and C components correspond, in hard-
scattering models, to the "alongside" and "away"
jets predicted to arise from final-state interac-
tions of the scattered constituents. However, the
extent to which particle production may be factor-
ized into these three components can be discussed

(i) The number of charged particles accompany-
ing the photon trigger (the B component) is neg-
ligible. This is borne out by recent measurements
of alongside correlations. ' Physically, it arises
because of the bias imposed against having several
high-P~ particles close to each other, due to the
requirement of observing a single high-p, photon.

(ii) The particles in the &: component a.re en-

TABLE V. Differential multiplicity distributions for away and toward hemi-
spheres. Photon detector is at 17.5, and vs= 23 GeV.

Away hemisphere dN/dq

pi (Ge V/c)
0.0-0.5

pl (GeV/c)
0.5-1.0

pI (Ge V/c)
1.0-1.5

pI {GeV/c)
1.5-2.0

pI (GeV/c)
2.0-2.5

pl (Ge V/c)
2.5-3.0
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tirely contained within the hemisphere away from
the trigger photon. Our observation of the az-
imuthal width of the excess multiplicity (Fig. 10)
supports this assumption. %e assume that ihe
particles in the C component share equally in bal-
ancing the P» of the photon.

(iii) The particles in the A component are as-
sumed to be distributed in angle in the same way
as those particles actually observed in ordinary
low-p„collisions at a reduced c.m. energy, &r ss
= Ws-Zs -Zc. Here Zs and Zc are the energies
removed from the total by the 8 and C compon-
ents. %e note that the A-component multiplicities
are observed' to be azimuthally symmetric; thus,
the A. component is identical in away and toward

hemispheres.

Under assumptions (i) and (ii), the reduced ener-
gy is given by

& s„=Ws- p, -p, (l/sine), ,

where we assume that the masses are small com-
pared to the momenta involved, and (1jsine)c is
obtained by averaging over the C component. This
angular factor is determined from the results of
our analysis (Fig. 16). We have verified that the

results are insensitive to the details of the as-
sumed sharing of transverse momentum in the C

component.
The expected charged multiplicity associated

with a photon of transverse momentum P» pro-

TABLE VI. Differential multiplicity distributions for away and toward hemispheres. Photon detector is at 17.5,
and v7= 53 GeV.

Away hemisphere dN/dvj

pJ (GeV/c)
0.0-0,5

pi (GeV/c)
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pi (GeV/c)
1.0-1.5

p» (GeV/c)
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pi (GeV/c)
2.0-2.5

pi (GeV/c)
2.5-3.0

pi (GeV/c)
3.0-3.5

p» (GeV/c)
3.5-4.0

pi (GeV/c)
4.0-4.5

—.4, 'i 4
-4 a '.:?0
-3.6!'i
-3a lY
...".)

-.2, 4F&
'I 9

-- l ~ 'i'!5
'"'1. t /6
- J. a &!')0

--:I, 4F&

--:I. e 34
—.0, V'„t

"u E&')

-.0 e 34
0 ~ 00
()e34
0 ~ E&",".i

03 ~ 'i'2

:I. +34
.I. a 4E)
:I. a A'0

1. ~
'i'

E)

.LtV»"
e 'I 9

'. &79
3 a:I.V
3 & E&',.i
4(20
4, '74

0, 2':!8
0, 472
0 e '/8:I.
:I& e 025
1 e2!58
1 ~ 4:I.7
1 e 4V:I.
1 . ';:i43
1 e ..)&»4

1.!'i4V
, 1 ~ ';i4V

:l. ~ !'i3E!
1 ~ ';:i46
:I& e!'&j'.-:iG

:I. +!540
:l. ~ !'iVh
1 ~ 64;:?
:I. + 'i':::?:l.

:I. .84/
") &') ';) 7
'&

a 047
;:.e 0':)4
::?. :I. 26
2, .

'!(iO
2 t (i72
:I. + 139';.?
IeAVV
:I. ~ 2 '.:.'. 7
0, I:!:1.9
(},4;&?5
0 a:I. ':!8

:i:0e 00::.!
3.. (&+ 004
:f:03 ~ 00'i'
:f:0,00/
:E0 ~ 00'i'
:f.0}.0:I.0
:f;0.0:I.0
:f.O. 0:I.0
:i:0.0:L:I.
:f:0.0:I. :I.

:f;0 a 0:I.2
:f:03 e 0:1.2
:j:0.009
:f:0 ~ 00'i'
:f:0,0:1.0
:f:0.0:l.(2

:f:0,0:l.0
:f:O.0:I.1
:f:0 ~ 0:1.:I.
:}.03, 0:I.E&

:f;0 .0:I.&!)

.f:0 ~ !0:I.&,&

:EG ~ 0:I.F)

:}0.0;l. /
:i:0+0:I.!':i

:f:0,0:I.3
:f:0,(: 1:I,
:i:O.OGE!
:f;0.0(i'i'
:f:0a 003
;f:0+002

0 e.':!3::!
0e47:L
0 ~ 8:L f3

:I. +082
.'I. e 3:L!'&i

:l. .48:I.
:I. a!':i63
:I. ~ E) 33
:l. ~ 643
:I. .64!'j
:I. ~ 64 E!

:1. .630
;l. .63:I.
.I. a (.& .i /
,'I. ~ &!&6!':i
:I. e 697
,I. e i'4f3
:l. . '798
'I. , V::?4
';? a 0/;I.
2 t 0 ) &.i
':? a:1.3?
:? ~ 1 3!'&i

J. (') 3

2.04 i'

:l. ~ 83:I.
:I. a !'&i :I. ;I.

.'I. .1 ':? !".i
-'. &:a ")

a /«&;,

(}~ 394
0 e:I.!'i4

3:03 a (i03
:RO a 00,:i
:j:0~ 00'j'
+0 t 0:1.0
:f:0 e 012
H&. 013
40 a 0:1.4
3:03.0:L4
:r.(i, !i:L5
%0&e 0:I.F&

:f:0+0:1.6
:f:0e 0:1,7
40 t 0:1.3
:f:0~ 013
:t{3~ 0:L3
:f:03 a 0:1.4
1:(3~ 0;l. 4
:f:0 a 0:1.4
4:(),0:l. ';;:i

:}0a 02:I,
i(3 a 0320
:i:0e 020
:f:G.020
:f 0 a 0 ? .L
:}:0t 0;LH
3:&3+0:L6
:f:0 a 0:I.3
:f:(i ~ 0:l.0
:i:0~ QOt3

g() t 004
:f:0~ 00&3

Oe219
0+4V2
Oe82V
1 e '.

1. 12
1 ~ 313V
1 a';iB;-'?

:I. «!)80
:I. ~ 74';.!
:I. e E3:LE3

:I. ~ 'i'82
1 .13:I. :I.

J. ~ 130:I&

:I. ~ '7(j) 0
1 ~ 8:)'.5
:I. + I3."!7
:L ~ 8 13 "&i

J. a HVH

:I. ~ 9!':i8
2 ~ 0';i::?
:? +',I. &!&'i'

2. :I.H2
2e 1 /;:?
2 ~ !:I.6
. I

/"&i

. ~ 0 «i;..
:L .f:333
1 t4'r&S
1.07!':i
0 a 'i':l. ';&i

0 e 3E)B
0)+.1, 30

3:Ot003
:EOe005
40 a 00&V

:f:03 ~ 0:I.0
3:0 t 01'.:!
3:0+0:I.«1

:60 + 0:I.!'i
:f:(3 t 031E)
:EO.0:I.7
:10),0:I. i'

S0) ~ 0:I.13

J:03 e 0;I.E3

;j:0+0;1.4
:i:G.0:1.4
:i:0 .0.'l. !'&i

:EG + 0:I.!&i

:f:0+0:I.';i

0:0) ~ (i:L F&

:EO.0:l. F&

3:0+02'!
3:&).02:I.
3:0 ~ 0:?:I.
:j:G.02:I.
:f:0~ 02:I.
:},0 e 0:I.B
:f:0+0:1.6
'J: 0 a 0:1.3
:f:0 a 0:t.0
:i' 0 e 0 r ) t!
:i:0,004
:f:(i ~ 00;:?

0.20'i'
0&475
0.83E)
:I. . :I.4"."i

:L + 43!'i
:l. ~ 6hi:3
:I. + 'i'87
:I. , 84':?
:I, ~ 'i'28
:I. e 'i".I. 'i'

:I. ~ 'i'3:I.
:I. e 932

:I. e 9H3
2 a 0;:?:I,
::!,Oi'4
2&104
'.:.e:I.2'i'

:? ~ 274
2& 260
!~ 2'."i8

"' e '."H"i
'".

& «') ")

'.:!~ 0!5'i'
1 + 82'i'
:I ~ 3!) 'I

:I. .0:I.!':i
0+ E)24
0.320
0 . :1.04

403. 0303
:j:0.00".i
:f:03+0',LO

40 a 01:l.
9:03 ~ 0:L3
;f:0 ~ 0 1'.i
:f:0~ 0:Lh
:f.0 ~ 0:I.'i'

kG. 0:LB
:f:('3 ~ 0 1 f:3

403 a 03'.L V

;i;(i ~ O.':?0
:f:0e 0:I,6
:EQ ~ 01E)
:tO e O'.I. h
:f:0),0:I.7
:tO+ 0:1.7
:6{3.0;L7
:}:0~ 0'I f3

;f.0 ~ 0";?3
:f:(),G.?::.&

:f:().022
.E&} e 0::?2
;&03+ 022
f&&a 03'I 9
:j:0),0 1 i"

;f:0 e 0:1.3
:f:0~ 0:I.0}

:f:0,00!3
:}0a 004
.}:0+GQ':!

0 e:I.'j'V

0 ~ 4'i"»

0 ~ 8!'iV

:L ~ 1E34

:I. ~ !'i'.:?3
:I. .'i'48
:L eBt313
:I. + 'i'&!) 'i'

2 ~ 0';i4
'.:!~ 0'/:I.
2+ '.1. 07
2e 1:I. ?

2 a 08t3
2 e:L3';i
2 ~ 'L '»'3
'?, 300
2+ 30(}
2+349
:? ~ '3 13;I.

."? + 3'i'3&

2 ' 363
««e ~,i& i, l

::? ~ 3E)0
';:? ~ '.? 'i'8
'.:? ~ 0!58
:L 7E36
:I, ~ 3'l 4
0 ~ V31:3
0, '.560
0 a ';:?'/0

0 ~ Of!3

:103 ~ 003
:f:0.00';;i
%03 a 03:1.03

:10) e 0:I.:I.

;f:0 e 013
:&0 ~ 0 1!'&i

:f.O ~ 0:I.E&

3:0 a (3:I.'i'

:f:03 a 0:I.B
:}0 eOLV
:f:0e &i20
.4(& e 0;?:I.
3.03 e 01E)
%0) .Ol6
1:03 a O.l. /
403 a 01E3
:i:0,018
:f:0& ~ 0:I.8
:10,018
0:03.02'3
:f:0 ~ 0;:!2
:f:0t 0;:?;:!
3:03 e 0::?:?
:f:0) ~ 0 -'?'.:!
:f:03 ~ 0:L8
:f:0.016
;f:0.0:I.;:?
:f:0~ 00'i'
:tO ~ 00 i'

:f:0,0033
0:0 t 00'.:!

0 e:L 8!':i

0 a 4".'&9

0.8'i":I.

1 . :I. 8:I.
:I. ~ !'i""i4
1.794
:I, a V21
.':? ~ 05'i'
::? a '.

1.90."? e:1,82
') ') ') ")

&')'&&» Lrc. t «..«i&»

2a 3i'6
::?~ 38F&
::? ~ 4 &i2

':? e 4'j'0
2. 4V'i'

2.48:I.
„.&, 434
2 ~ 3'/2
;:?.3'i'V
::? e 3!'.i3
2 a.':!64

(

1 ~ 653
:I. a;:.!4'i'
0 e f34!5
('3 ~ 48 5

0 e;:?3:l.
0 a 0'i'2

XG a (30)5
:EG,OGB
;f;0, 0:I, ',5
3;0.0:I.'i"

40 a 0',"?
03

f:03 a 0'!3
J:03 a 0325
:i:0~ 0':!6
4:0 ~ 0':?I:3

3I:0 ~ 0':!9
:f:0,03:I.
:i:0e 032
J:0 ~ 02F)
:f:0,0;? 'i'

:f:0~ 02'i'
3;0), 028
:f:0e 028
3:03,028
:f:0.0213
:i:0,03';;:i

+03 e 0332
:f:0e 03::?
:f..&},03:?
f:0,032
&03 a 027
:i:0,0'!?3
9;0,0:I.B
:j:0,0:1.3
3:03 ~ 0:I.0
:f:().C&0'.5
q:0 ~ 003

G. 17V
0+ 44!'&i

0 ~ 8::!3
:L + 1'i'7
:L ~ 5,"&i V

:I. .83F&
'.. e OE30

a? a .I. &.) i
::?~ 377

2 a 43'.:!
2 .36!'&i

2 a 4'i'i'
:.e i,.i "1

2 ~ E&!i3
i/ i

2 e",.'ih) 8
&2 t &»V.L

.':.? a,"iE34
'.:!e 4:L E)

2+ 2'i'3
':) ';&(7 3
'

~
")"'j7

!+."?04
:I. .Bf30
:I. +4F&4
;I. . :I.36
0 ~ i";i:I.
(3 ~ 40 Bl

Q 1130
0 ~ 0!'&i:I.

4:0+ 0:I.O
3:03.0:1.6
40 ~ 02V
j:0,03;:!
40&040
3:0 a 0}46
:i:0 e 0!'&i;:?

0:03 a 053
:f:0 + 0!':iB
1:0~ 0'.59
:f:03 e Oh4
:f.O ~ OE)!i

:f:0) a 0!53
3:0 e 0".:!!':i

:f:0.056
:f:0,0'.=i'&i

4:03 e 0!'-:i!':;

:f:0.0'."i!'&i

:i:0,0!'&i('.)

:f:0+0&!&E)

:f:0~ (i E)0
:f:0,OAG

403 0 V

:f:0+0('.&0

:i:0.0',50
%0) t 04(}
:f:(i ~ 033
:i:G.024
0:0 ~ 0:I.I!
;f:03 t 0(i'i'
:i:0 + 00!'&i

0+ .'I. 8'/
0.394
0+ 1383'
1+ 243
:I. ~ i'42
::? e 042
'-? + '.

1. 6 !':i

':? ~ ,'I. 3 !'&i

'1 ': '?'.)a»
2 ~ 4 h'/

e ..&V.I.

::.~ 449
2 ~ !'i07
2 e I() .I.

; + /. I. ;..
2 ~ E&2Y

2 ~ 'i"i' F)

&? e F&25
.& ")&:. + &.);.,)

2, 2!')8
2. ::.'. 33.:? ~:I. '74
:? ~ 3&

',I. 3
2 a 0(!&",.&i

1 e 5..ih
;l .314

0 e!5(j&3

0 ~ 3:I.i'
0 a

'.I. (!')3
0.037

6:03.0':&0

:E{),030
4&3 a OF&2

;i;0, 07;I,
:f:0+0813
4:03 e 1OE)

:i:0+108)
:f;0 a:1.0'i'
:f;('3, :I. '.':.6
:f:0+ .'l. ,"!!5
:}.. 0. :I. 38
;f:0, :I. 3&F)

:f:0e:I. ;I. &".)

SO. :I. :I.!
f;0) a 1. :I. '/

:f;0 e:L '.1 «i

:f:0,124
.f:0+ '.I. :1.4
:f:0). :I, :I. '/

+0 a .'l. 303
f:03 , :I ;I. 1:.!
:f;03 a :I. :I.9
:i:0)~ .L 23
:f:G.:I, :1. 9
}0 09'
:E(3.079
:j:0~ Gh'2
'J'. 0 e 044
;f:0 ~ 03';:i
'J: 03 a 0 1, i
f.:0 & 00t)

0 ~ 1 J. V

&) ~ 4 6:I.
{).f334
:I. +50';:i
:I. a 648
:I. ~ 990
2 + .".&i 09
2.86F)
".:.'. ~ 6 'i"; i

::, e '/lb
::!a V'i'13

.&. 813&)
'3 a 1:1.13

.'.. , 438
;:?,!'&i'i':I.

'3, "?3:I,
3 + 0'."i'!

3 ~ .".!33
&:» (j '/

2, 334
::., Ol h
&? a &.&V 3

:?,;.?8 i'

:I. .884
:I. . :I. ('.)."?

:I. . :l.43
&)

Gi, 484
0.333
0, 13&3
0, 03'.5V

:&0.03':&

:f:0.065
:f:0},:I.20
1&&e.l. 57
4:&3+ '.l. 6'i'
+0 a:l. 'j'4
:f:0,::!3E!
:i:0.2F&8

+0 a;:!5!':i
:f:0,273
:i:0a 30&!)
:i:G.'!'i'(i
:f:0.277
:f:0 ~::.!.':.'.3
3:0 a '.':!;:?6
4:0& . ::?".i'0
:i:0a;:.!';&i0
:i:0.263
:f:0. '..'. 3/
:f:0.::&E&I:I

:&0.227
.i 0 a "9"&

:i:0 e 230
:f:03 e

'.':!::?3
:f:0e:1.4«i
:i;Oi e:l. 5!'&i

:f:0e:1.23
:i:0.037E&

:f:0,072
f 0), (&3(j&

:i:0,020

Toward hemisphere dN/dr!

--4 a
'i'4

--4 . .'-!0
'"'«. a &',) «'i

- 5&1V
.„.") 7(j
-.;:. e 4F)

1 (7

''I t(» 5
"- :I. ~

'i' (.'&

'.l. «'.&0

--:I. e 4F)-.
I e3«\

-GaV;"?
-"{)a F) "i

--0 ~ 34
&it 00
0, 34
ri) a &.) .»
0«Y ..
:I. ~ 34
:I, a4F&

:I. ~ F)0
:l. e 'i'&!)

:I. , 9";&i

") 1(v

2.46
::.+ 'i'Y

4e I 9
a (.) .i

4 ~:0
4a74

0 a::!::!8
(i ~ «3'i'2

0, /13:L
:I. ~ 0".!"i
1 ~ .', ';i8
:I,4:l.7

1&)) J

:I. ~ ';i43
.I. a!3 .)4
J

'.)4Y
'I. . !'&i 4 9
1 a,".'i 3!.'3
J e &i "1(.)

1 a,";i!'&i0
:I. ~ !'&i 40
1, !':i'»'('.'&

.I. (') 4;!
:I. a 7';:.!1
1,E347
. , 0'. i'

:!,047
r) (»& 4

2, :l. 2h
':?, '."!00
::., 07;:?
:I& a 1392
1,E&OV

:I, ;:?".2'i'

.0. f:I:I.V

0 ~ 4 2!':i

0, :I. 68

:f:0 GG'. .
:f&0, 0) 0) 4
:j:0t 00&!)
:f:0,00'i'
:EO, 0013
.f:0,&):I.0
:f:0+0:l.0
:f:0) a 0:I. :I.

:f:03 .0 .'I. :I.

:i:O.0:l.2
+03, 0:1.3
:f:{),&):I.3
:}:(3~ 0:I.3
:f:(},0:l.3
:f:0.0:I.2
:i:Q.03:1.3
fi), Q13
:&0t 0:1.4
:}.0.0:I.E&

:f:0~ (i:I. i'

:}:0a 0:I.'i'
:f.0 ~ 0) '. I. (!')

:f:0~ 0:I, 6
:f:0 ~ 0:l. E&

:f:0+0:I.4
:j:G.0:1,3
:i:0,&).I, 0
:j:0+GOE3

:j:03,030&E)

:}&03.003
:f:0, 00'.:.&

0&20V
0.4'.:iO
(3 e /!:)4
:l. ~ 00 E&

:I. a 2('.'r F)

'.I. a3VE)
:L ~ 4E3V
;I. a!'&i:!Gi

:l. , !'.i 4:I.
I '» I V

;I. , !':i02
I

"') Oi(j

:l. ~ !513
:l. a 493
:I. .48:I.
:l. , !'&i 0;:?
:I. e 5)1:I,
:I. ~ !':i13 3i

:I. + 704
:1. a 9!':i::?
2 a010
::!a OF)'.:!
;:. ~ OF&!':i

".:.'. a 0139
:L ~ 'i'9':.i
:l. e 74!'i
I a 41(")
:I. e GQ4
(i ~ F) E) 0
0&349
0 . :I.4"?

:i:0 + 003
:j:(i ~ 03 0) ',5
3:03.&308
:f:0 ~ OGV

:f:0, 0:I.:I.

:i:0 ~ 0:I.3
:f:0.0:1.4
:f:(i e 0:I.';:i
:f:0 a 0:L!'&i

:f:0,015
:f:0).0 16
:f:0 ~ (i:I.'i'

:f:G.017
:}:0 ~ 0:I.E&

4:03, 0& 16
:tO e Ole&
:f:{)e 01 F&

:i 0 017
% 03 ~ &i:I. 'i'

+0) e {) ~

3&:0 ~ 02:I.
f:0) „!):0

:f:&) a &):I. 'i'

:i:{)e 0):f. j
:i:0.0:1.7
+(i .0:I.!':i
:}0o 012
:EG e O'OV

:i:0 a 00'i'
:1:03,004
:f:0,002

0 e."!0!&i

0 ' 440
0 ~ 'i",'&i 3
:1 e 0:1.3

:I. .424
i e '.")OV

:I. + !':iE! :!
1 +!'&i f36
:I. a",5E&E3

:I. e
'&'i 7'i'

1 ~ ';:i !37
1 a!'i&!)'i'

:I. e!'&j73

1 a t»4..)
.I. a &.i i
:I. e!':i71
J. + 6313
:I. +70::?
:I. t 9:I.h
1 e 'i'44
2 ~ 0:I.F)

1 ~ V 4 (".)

1 a'j'33
:I. a B:1.3
1 a!'i'i'7
:l. e.':!4!5
0 a 13F&Y

0 ~ !':i«!&i'

0+ '.:?'j i'
Oe.'I, :I, h

:f:0~ 003
:j:0.00',.:i
:j{)e GOB
:f:03 ~ 00 V

:&".0 0:L:I.
;f:0 a 0'.1. 3
:f:0.03:I.4
:}.0.0:I.;'::i
4:0+ 0'.I. !'i

4:0+0:I.E&

:}.0+ 0:I, 'i'

&0) ~ 0:I.f3
:f:0) a 0:I.7
:f:0)e O'.I.

'i'

i; 0 ~ 0;I.E)

:tO ~ 0:L i'

:f;0 ~ 0:I.E&

:i:0e0:I./
:f:03 .0;I.9
:j:()+ 02:l.
:f:0e 020
:EG+ (3'?0}
:i:Oe 0;1.9
:f:0 ~ 0;I. 'i'

-.}:0 ~ 0:I.E)

;}:0a 0:I.4
+0 + O'.I. :I.

:i:0a 0013
:f:0)e 006
:f:03.004
:}.0 ~ 00'!

0t LV4
0, 421:!
0 a

'i'4!'&i

:I. .0:1.9
;I. e 267
:L a 4!'i::?
.l. ~ '57:I.
.l. a E)2:I.
:I, a F&'.:?0
:I. + E) '.':!3
:I. ~ E)03
:L + E&!'&j".'i

:I. e A",.&i:I.

:L a 664
:I. + &«»(jl

:L ~ F) '.
L F)

:l. ~ F)0'j'
:I. a F&7:!
:L e 7';iE)
;I. + 9:1.2
:I. ~ 886
'.I. ~ 9!:i;!
:I. a V :I. :l.

:I. a BE)!".i

;1. + 74';:i
:I. a ',5035
:I. +'.LhV
(3.78:I.
0 e!5033
0, 2!':i13

0 a 091'.3

:tG ~ &&03

:j:0~ 0 0!':j
;f:0 o OGV
%03, 0)0)V

i:03 ~ O.l. :I.

}:0,0:I.«3

:KO, 015
:f:03 e 0:I.F)

,f:0 a 0:1.6
;E(i ~ (i:I.'i'

:}0e 0:1.8
:f:03 e 0:I.V
:f:03 ~ 0113
:i:0e {):I.f I

:&03 a 0:I.'i'

:f:0~ 0:I, i'
:f:0 t 0:L7
:f:(i ~ 0:L f3

:10~ (i;'? 0
:f:{),02:?
:f:O.0;:?:l.
:f:{3~ &) 20
;f:0.0:1.9
:t{3a 0:I.V
:i:0+ 01E)

;i:G.014
:f:0.010
:f0 ~ 008
:f.G e QQF)
:f:0.003
,f:0 e 002

0+ .'I. 8(i
&0»4:I I

0+'i':1.9
0+ V f3'j'

:I. ~ 2F) 0
:I. a 4E)4
1 +"..'ii'a9

:l. a F&&!'&3

:I, .F) «i i'

1+632
:I. + 6&!&V

:I. .683
:I. ~ 70!i

1 ~ E& H2
:I. a E&('.'&8

'I ~ F) V 'I

:I. e E)93
:I. ~ 7 2 F)

:I, &
'/'i':I.

i. + 8'i'&)

:I& e B';:i'i'

1 e 8'i'5
:1. ~ E!0!':i
:I. a 7'i'7
1 ~ &!&

'.:? ;I.

.L, 3130
:I. + 0)'&i3

0 .F&f3 f3

0 e 4!'?F)
0 e 2:I, ;I.

0 e OE!:?

:i:0~ 003
:i:0 t 00;:j
:f:0~ 0(iB
:f:0~ (309
:I0 ~ (:L:I.
:10,03:L'3

:}0.0:1.4
:f:&) a 0:I.&!)

:j:0~ 0:I.E)

+0) a Ol6
:i:0 t 0:I.'i'

:f:&3 a 0:1.8
:i:0,018
:f:0 a 0:I.EI

:f:0.0:I.'i'

:i:0a 0:1.7
:f:&i ~ 017
:j(& a 0:L13

:f:0 a 0:I.V
1;0),0'.':.& i
:j:(&t ('i:I. V

:i 0, 01!3
:f:0 ~ &):I. i'

:f:0 a 0:I.'i'
:f:0 .0:I.!':i
g;(i ~ 0:I.3
0 0 ~ GGV

:f:03,0&) i'

:f:0 e 00!'&i

:f:(i ~ 003
:f:O.00".:!

0 a '.I. &!)13

0 ~ 4(i':i
0 ~ '/l l
0+96H
:L a

'.':.'. 8;:?
:I. a «3!':i3

:I& e ';&it32

1 e E) 4(i'

:l. e F)BV
1 ~ E&63
:I. ~ F) E) '.

L

:I. e 6';:iE)

1 ~ i'i'4
:I. a '/:1. E&

:I. a 663
:I. e E)'i'2

1 ~ F)8&3

1 a '/0E&

:L a 'i'20
:I. ~

'i"i'i'

:I. ~ 820
:I. a 132'i'

:I. a '/03
:I. ~

'l 1 2
1 a!'&i30

:I. + '.:? 'i'!'&i

0 e 'i'6 V

0.626
0+ 36E)
0 ~ .l. 1313

0 ~ GE) F&

f Q, r)04
:j:0.008
0:0+0:I.;:?
:i:0+0:1,3
:f;(),0:I./
40 a G."!0
0:0},0'.':? ';.?

:f:03,O.:!4
:f:0,02«i
:j:0+0';:?5
:f:0.027
:f:0t 0213
:i:0+(i28
i:0+0'?'i'
9:0,02E)
:i:0+02!'i
:f:0.02&!)
:f:0,027
:f:0~ 0::.!V

:i:0+030
:f:0a 02V
9:0,0::,&7

:i:0+0!!':&j

403 a 026
:f:0), 0:!'„:.'.

:}:0,0:I.I:3

:f:0.0:1.4
:j:0.0:1.0
:i:0~ ()08
40 ()0 i

:f:0~ 00;?

0 a.l. f3H

0 + 3E!4
0 ~ 63«'I

G, V60
;I. e .':? 'i'/

;I. ~ 4'/9
&') &:

;I. ~ F).',:!!
:I. a E&44

:I. 633
1 t(.&E)«r

:I. ~ E&
'.I. 3

'L + 744
:I. + i'i'!'i
;I. a h37
:I. +E)VG
:I. ~ F)'39
:I. ~ E&'!13

:I. e 5t:'33
1,E&'i'9

:L .62'j'
:I. .803
;l. + E)!':if3

:I, + F')4h

:l. + 4';i'j
:I. .183
(i+ 88:L
0 ~ !':i;:?0
Oe334
0 + 1!':i'i'

0.OF&0

}0 01()
;f:&'i ~ 0:I.'; i

4(i a 0?3
;f:Q.02'i'
;f;0+ 033
;f:(}e 040
:f:0,043
:1.0) a 04'/
;i:0+ 04'i'
3:0 t 0)«19

:f:0 e 03!53
:fG, 054
:f:0) ~ 0',54 '

:i:0 ~ 0' i4
:f:0 ~ 0!'&i0
;f.G a 0!':i:l.
0:0,050
}0&0 il
:i:0,0',54
:f:0) t 0',5i'
Q:0) e 035 k

:f:0 ~ 03!53
:f:0.0';;&iQ

i:03,0)49
:f:0,042
q:0&. 035
:i:0,027
4:0) .(3:1.8
3:0) e 0:I.h
}0&009
:i:0a 00!'&i

0, :I. 'i'4

0 3Y;"?

0 a E&E)1

1,000
:I. ~ 3'!2
1 .!':i9";i
:I. &. E&51

:L a i':I. i'

:I. ~ &!') 00
1&748
:I. . 'i'!5 1
:I& e 809
:I. t 'j'E!(i
:I. e'l9V
1 + &'. &

',l. 0
;I. e!'&iV:I,

:I& e ',)E!i'

:L .4';:i2
.I. a (.)4 &.i

1 + ',578
:I. t E)';?f:I

:I. , !'&i 7'i'

.L+ 0.»»
:I. ~ I 8) '.'.
:l. ~ 4:I.8
:I. a 030
0, 7!').'I.

0+ '!530
0&30;:?
0 + '.

I. 48!
0+ 0i''i'

:f:0,O.l. 8
:f:03.03:I.
:f:0 0
S.() + (i«&E)

4:('3+ 07:I.
J:0,0 !i';:i
:f:0+093
:f:0.:I.02
:}:{3e 097
:f:0& ~ '.I. 0';:i
:}.0+ '.I. :1.3
f:03. :I. :I.6
:i:0+ '.I. '? 0
:f;0 a:I. :I. ';)

:f:0,098
:f:(}a 0&'i&(j

:i:0.J. &i/

:f:0t .I. 04
:i:0a:l. ;I. h
:f;0, 1:I.!5
0:0.:I. :I.0
+ ()) . 'I 0 4
:j.'0 + 0 p'. .)

:j:0a Gi "j'E&

:j;0 ~ 08 &'.)

:f:0 e ('i &'.
') E3

:f:0+0!",i:I.

:i:0+010
,f;0, 03:I.
:i:03 a 0;I.7
:}03a 0:L «t

0, :l. OF&

0 t F&80
:I, ~:I.'!'i
1 .3&').:.
:I. . :I. 7:i.
;I, , 94!5
'.':!,;:?8 3
:I. a 74!j
i + 6F)'j'
:I. , ""47
:I, e hV'. I.

.". a 1:I.:!.
1 ~ E) «1'.:.
:I, , i'?98
:I, a 5:I.1
;I. ~ 6't '7

;I. a f3!:3i'

1+ &1i'0

:I, .1339

:1,439
;I. a .'I. :I. 4
0, Vu«i

:I. +020
0 .70!'&i

0 ~ 43E&
0, ::?OE!

0, (;f&4
0 e 0';i:I.

:f:0,03:I.
:f'() & 054
:i:0a 094
:j:0,.I. ";?2
:f:0.:I. 4F)
i 0 'I 4F)
:i:0, :L 98&

:i:0~ .;?43
:i:0, :I.82
;&0) ~ 202
i:0, '?::?0

:f:&i ~ 234
:f:0 ~ '«!2/
;f:Oi a

'.? :L F)

:f:0) ~ :?:I.'i'

:i:0~
'. I. BF)

9:0) ~ 2(i 1
:f:0 e !34
3:0 ~ 23':i
i:0 ~ 2:I.0
3:03 e::!4E&
f:0&, :I. (/EI

:f:()a .1. 7V
;f:0 . :L '.5 f,:3

4:0 t:1.3V
:f:0, :I.3«i
;i:&), 0&i'0

3:0) t (3 i".:?
:f:0 a 0!'&i!':i

:j:0.0:.&/

:f:0 e 0:1.'i'



CHA. RGED-PARTICLE MULTIPLICITIES ASSOCIATED WITH. . .

duced in a collision at energy v s can be written
for the away and toward hemispheres:

N!' '"}(Ws;p, ) =N«((&s„ low p, ) +N, (&s;p,),
N ' (Ws P)'=N)((vs)&i low P~) .

Subscripts A and C refer to the A. and C compo-
nents, and N„(&s; low p ) is the multiplicity of
charged particles produced in either hemisphere
for normal low-p~ (0 ~p~ ~ 0.5 GeV/c) events with
a photon produced at 63 =90 . Thus, toward-hemi-
sphere multiplicities are expected to decrease
with p~ owing to the reduction of available energy,
while away-hemisphere multiplicities may in-
crease if the C-component multiplicities rise suf-
ficiently rapidly. The predictions for toward-
hemisphere multiplicities are shown in Fig. 14.
They are obtained by interpolating the observed
low-P~ hemisphere multiplicities measured in this
experiment at all five ISH energies, using the ex-
pression for )!ss above. The shaded band repre-
sents the range of possible predictions arising
from different methods of estimating the factor
&1/sine)c. The predictions reproduce the toward-
hemisphere multiplicities in a qualitative way at
the middle ISH energy; however, they overesti-
mate the observed values at higher v's. " This lack
of agreement indicates a failure of the simplified
picture presented above. These quantitative devi-
ations can be due to differences between the re-
sidual collision products at reduced energy and
particles from real, low-p~, collisions at the same
lower energy. Further factors affecting these pre-
dictions include the possible production of a small
fraction of the C component in the toward hemi-
sphere and the possible production of some charged
particles in the B component. The predictions are
sensitive to the s dependence of the inclusive cross
sections. We take the results of the prediction for
the toward-hemisphere multiplicities as a measure
of the validity of our picture; N ""~"'is repro-
duced to about 10/0 at all )j s a.nd P, .

We proceed then to extract the C-component
multipl ic ities,

Nc(v s; p~) =N!""'"'(Ws;p„) —N„(&s~; low p~) &

using the same low-P~ A. -component hemisphere
multiplicities interpolated from the data as in the
toward-hemisphere case. Thus, we may deter-
mine the associated multiplicity of the C compon-
ent at various energies vs P~. The results are
shown in Fig. 15. We note the striking result that
the C multiplicity thus obtained is, within the un-
certainties of this analysis, linearly dependent on

p, and is independent of energy. The slope of the

P dependence is about —', charged partices/(GeV/c).

——(v s, )t; low p, ) .dN~

The angular distribution of the C component cal-
culated in this way is shown in Fig. 16 for the

TABLE VII. Differential multiplicity distributions
for away and toward hemispheres. Photon detector is
at 8, and As=23 GeV.

Away hemisphere dN/drl

p! (GeV/c) p3 (GeV/c)
rl 0.0-0.5 0.5-1.0

p3 (GeV/c)
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p (GeV/c)
ll .5-2.0
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We point out that the average P~ of these C parti-
cles (assuming that there are an equal number of
m', m, and m' produced, all with the same aver-
age P,) is -1 GeV/c, which is about three times
the average value in inclusive events.

Encouraged by the energy independence of the C
multiplicity, we study its angular distribution.
That is, we compute
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data taken at Hs= 53 GeV. The angular distribu-
tion, although narrower than the angular distribu-
tion seen in average inelastic collisions, is none-
the less quite broad. The width of the C-compo-
nent angular distribution is about 80/&& of the width
of the angular distribution observed when a low-
P particle is detected at 8 =90 .

We have studied the variations in the width in q
for the C-component distributions. We compute
at each &sand pi the mean dispersion ()I')'!' for
the C distributions shown in Fig. 16. These dis-
persions are plotted in Fig. 17 for all ISR ener-
gies as a function of P~. Although the errors are
large, the trend seems to be that the C dispersion
decreases slowly with increasing P~. There is an
indication that the C dispersion tends to increase
with increasing v s, although such an effect is not

clearly established.
We conclude that the data support the phenom-

enological picture that production of particles in

large-P, events may be considered a superposition
of the 8 and C components, containing the large-
P~ particles, and the A. component resembling
ordinary, low-P~ collision products. In this pic-
ture, the C component, which balances the trans-
verse momentum of the trigger, has a multiplicity
which depends only upon the value of P~. The width
of the C component in p decreases slowly as P is
inc reased.

VI. COMPARISON VfITH MODELS

Several models have been developed which deal
with particle production at large P~ in hadronic

TABLE VIII. Differential multiplicity distributions for away and toward hemi-
spheres. Photon detector is at 8, and vs= 53 GeV.

Away hemisphere dN/dpi

pl (GeV/c)
0.0-0.5

pi (GeV/c)
0.5-1.0

pl (GeV/c)
1.0-1.5

pl (Gev/c)
1.5-2.0

pl (GeV/c)
2.0-2.5

pj (GeV/c)
2.5-3.0
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FIG. 12. Total unnormalized charged multiplicities as
a function of pj of the photon for several values of v s
(in GeV).

collisions. The original motivation for these
studies was the explanation of the P, and s depen-
dences of inclusive cross sections. It is, there-
fore, of considerable interest to confront such
models with the data concerning the structure of
events containing a large-P~ secondary, with the
aim of sharpening our understanding of the dynam-
ical mechanisms involved. Since these models
have not, in general, been. applied in detail to the
question of event structure, our comments will be
based primarily on their qualitative aspects.

The comments on this section should, of course,
be regarded as independent of the experimental
findings of the preceding sections. They are in.-
cluded here as representative of our opinions re-
garding the dynamical origin of large-p, phenom-
ena. However, we recognize that most models
retain sufficient freedom to evolve toward a de-
scription of the available data. A discussion of the
models and references to the literature can be
found in the summary by Ellis" and the review of
Sivers, Hrodsky, and Blankenbecler. '

We begin with a summary of the experimental
data from this and other experiments on the com-
position of events containing large-p, particles:

(i) Associated multiplicities in the hemisphere
away from the triggering particle increase with

9.5—
I ~

7.o- v
h

I

2

p (Gt.V/g)

~s
0 62
a, 53
~ 45
o 31

23

5.0—

P {GeV/c)

~ 62
d

Bl
25

FIG. 13. Unnormalized multiplicities of charged
particles in the hemisphere away from the photon in
azimuth (rapidity= 0) versus p& for several values of
~s (in QeV).

FIG. 14. Vnnormalized multiplicities of charged
particles in the hemisphere toward the photon (rapidity
=0) versus p for several values of 4s (in GeV). The
shaded regions represent the range of predictions of the
phenomenological picture discussed in Sec. V.
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FIG. 15. Unnormalized multiplicity of the C compon-
ent (discussed in Sec. V) versus P+ at various values of
~~8 (in GeV). Photon rapidity ='0.

increasing P~ (Fig. 13).
(ii) Associated multiplicities in the toward hemi-

sphere decrease with increasing P~ at all but the
highest ISR energies, where they are approxi-
mately constant (Fig. 14).

(iii) The angular extent of the multiplicity excess
is large. It covers approximately +2 units in
rapidity (Fig. 9) and %60 iil tl'le aziiIluthal legion
(Figs. 10 and 11). The angular size of the excess
is nearly independent of P~ and s (Fig. 1'7).

(iv) When the trigger particle is not at 90, the
multiplicity excess is largest in the polar-angle
hemisphere &Ic+p f&oIII the trigger particle (Fig.

9). This "back-to-back" configuration is not fully
developed as the excess multiplicity lies between
the backward extension of the trigger axis (E) and
8=90

(v) The existence of a large-p~ particle implies
that those particles observed in the opposite hemi-
sphere have a mean transverse momentum of
about 1 GeV/c (Fig. 15), independent of P, and s.
This result is seen clearly, in a limited angular
range, by experiments which measure the mo-
menta of the particles opposite the trigger. "
(These experiments also show that the presence of
a large-p~ trigger particle enhances the probabil-
ity for finding a large-P~ particle alongside the
trigger. )

(vi) Recent studies" in which particle momenta.
are measured show important scaling properties
among the particles which balance the P, of the
trigger, In particular, they observe that for these
particles, the component of momentum perpen. —

dicular to the trigger plane (P,„,) is limited (P,„,
~ 0.4 GeV/c), and has a distribution which is in-
dependent of P„or the angle of emission of the
triggering secondary. They also observe that the
distribution of events in the quantity xs = (p E)/P~
is independent of the p~ of the trigger particle.

A. Fireball models

The central idea of these models is that the in-
cident energy is converted to one or several mas-
sive "fireball" states. It is assumed that the fire-
balls are produced with low P~, and subsequently
decay isotropically to the observed hadrons. The

Nc
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1 IG. 16. Unnormahzed multiplicity distribution of the C component (discussed in Sec. V) versus g for several values
of p& (in GeV/c). These data are for vs =53 GeV and photon rapidity =0.
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aspects of the associated multiplicity distributions
[points (i) and (iv)] can be reproduced .The fire-
ball masses required are 210 GeV/c' for trigger
photons of P, =3 GeV/c in order that some tend-
ency toward back-to-back structure be observed
for Lgg90 .

The fireball models, in any of the forms out-
lined above, have no natural mechanism for ex-
plaining the momentum correlations [points (v) and

(vi)]. In particular, we find it difficult to under-
stand the tendency for positive alongside momen-
tum correlations of the strength observed. " In
addition, the fireball masses required seem
rather large, compared with the usual mass scale
of hadronic systems.

FIG. 17. Dispersion (2i2) 222 of the C component
(discussed in Sec. V) versus P& at several values of v s
(photon rapidity = 0).

number and mass spectrum of the fireballs varies
from model to model; we discuss several possi-
bilities below.

The oldest and simplest fireball picture" as-
sumes a single massive state at rest in the c.m.
with M = vs/c'. Given sucha restrictive (fixed-mass)
picture, it is difficult to reproduce the overall in-
crease in multiplicity with P~. Moreover, with

suchaheavyfireball(M-30GeV/c') andP~& 5GeV/c
it is difficult to produce the localization of parti-
cles observed [point (iii) above]. If one relaxes the
requirement that this single stationary fireball
contains the full c.m. energy, it becomes possible
to reproduce the observed angular widths of the
multiplicity access by requiring that a trigger
particle of momentum p originate from a fireball
of mass M= (2 —3)P/c. The growth in associated
multiplicity [point (i)] then has a natural explana-
tion, if one assumes a proportionality between the
fireball mass and its decay multiplicity. However,
for a stationary fireball the region of maximum
multiplicity increase would be expected directly
opposite to the trigger particle, in disagreement
with the data [point (iv)].

The production of several fireballs offers some
additional degrees of freedom with which to fit the
data. Several possibilities can be explored for the
fireball mass spectrum; heavy fireballs (M a 5

GeV/c') maybe postulated, "or one can imagine the
fireballs to be the high-mass tail of the clusters
introduced to explain low-P~ correlation data. "
By allowing the fireballs to have a longitudinal
momentum distribution, and by retaining the pro-
portionality between fireball mass and observed
trigger momentum, we find that the qualitative

B. Bremsstrahlung models

It has been proposed" that particle production at
large P~ is dominated by a bremsstrahlung process
by which neutral vector mesons are radiated from
the colliding hadrons. These p', ~, . . . then decay
to give the observed particles. Such a model can
give a reasonable power-law behavior for the in-
clusive cross section and can reproduce the global
multiplicity increase as a function of p~.

Detailed calculations of correlations are lacking
within this model; however, we find it difficult to
reconcile the data with a picture in which low-
mass states give rise to the large-p~ particle for
reasons rather similar to those discussed in con-
nection with low-mass fireballs above. In partic-
ular, we do not see natural explanations for the
increased momentum of recoiling particles [point
(v)] or for the tendency toward back-to-back pro-
duction of trigger and recoils [point (iv)]. It might
be supposed that the alongside momentum correla-
tions [point (v)] could be expected in a model in
which the large-P, trigger is the result of a vec-
tor-meson decay. In such a case, the other decay
product(s) will tend to share the original meson's
transverse momentum. However, recent detailed
studies" of this mechanism show that resonance
decay is, in fact, quite insufficient to reproduce
these same-side correlations. A further predic-
tion of bremsstrahlung models, concerning the
absence of leading particles in large-P~ events, is
in contradiction with a recent experiment. "

C. Hard-scattering models

Extensive studies" have been made of large-p
hadron collisions within the framework of parton,
or hard-scattering, models. Details vary con-
siderably, but the essential features are that (i)
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constituents within the colliding hadrons (partons
or other hadrons) undergo a single large-momen-
tum-transfer collision, (ii) the amplitude for the
hard scatter is a power-law function of momentum
transfer, and (iii) the scattered constituents are
modified through final-state interactions to give
"jets" of observed particles centered on the scat-
tered constituent directions. The jets can be sin-
gle particles or resonances or several particles
shaken off the scattered constituent during its exit
from the interaction volume. Since the basic pro-
cess is a two-particle interaction, this model in-
troduces a natural plane of symmetry containing
the incident hadrons and the large-P~ trigger par-
ticle.

Although rather large degrees of freedom exists
within these models (e.g. , the nature of the scat-
tering constituents and their amplitudes), the ex-
perimental observations enumerated above have
quite natural and qualitative explanations. The
multiplicity increase in the away hemisphere re-
sults from the basic features of the jet. The orig-
inal scattered constituent gives rise to a series of
particles which share the original momentum and
have typically low-momentum components perpen-
dicular to the scattered constituent direction. The
jet development is conceived to be similar to pro-
duction of low-transverse-momentum particles in
typical hadronic collisions. The number of parti-
cles in the jet thus depends on the energy of the
original constituent, consistent with the data
[point (i)]. The jet which gives rise to the trigger
particle is highly biased by the requirement that
the trigger have large p~; the resulting alongside
jet is, thus, forced to have rather low multiplicity
[point (ii)].' The angular size of the recoiling jet
[point (iii)] is determined by the distribution of
particle momentum components along the jet axis
and the sharply cut off perpendicular components.
The extent of the jet in q is broadened by the dis-
tribution of longitudinal momentum components of
the constituents before scattering; explicit calcu-
lations" show reasonable agreement with the data.
Our estimates of the azimuthal extent of the multi- ~

plicity increase predicted in hard-scattering mod-
els agree reasonably well with the observed val-
ues. The fact that the azimuthal size is approxi-
mately independent of p arises, in these models,
through the assumption that the particles in the
jet are distributed uniformly in ys (the rapidity
along the jet axis Z) with a cutoff in the momen-
tum components perpendicular to F-. As p in-
creases, the reduced azimuthal angle Q of the
large-y~ particles is approximately compensated
by the large Q of those new particles introduced
at low y~. The back-to-back correlation [point (iv)]
is most natural in parton pictures owing to the

basic two-body scattering process. Lack of full
back-to-back structure can be understood in terms
of the distribution of the initial longitudinal mo-
menta of the constituents. " The expectation with-
in parton-jet models for momentum correlations
[points (v) and (vi)] has been studied in some de-
tail'o and has been found to be in satisfactory
agreement with the data.

The known features of the structure of
large-p~ events all have some reasonable explana-
tion within the constituent models. However, it is
well to remember that, at present, no single ver-
sion of the model has successfully described these
features together with the data on single-particle
production cross sections and particle ratios. The
connection with inelastic electroproduction data
and the elucidation of the dominant constituent
scattering amplitudes remains vague.

D. Summary

We find that the observed properties of events
containing a large-P~ trigger particle can be under-
stood rather naturally, in a qualitative sense,
within the framework of hard-scattering models.
The alternative pictures of fireball production or
hadronic bremsstrahlung are not directly motivated
by an underlying picture of hadronic interactions;
they are usually constructed in order to reproduce
the general features of the data themselves. They
have not been fully developed on the question of
correlations in large-P~ events. It is our opinion
that these pictures are somewhat strained by the
data presently available. However, they also
possess sufficient flexibility that it seems difficult
to reject them totally on an objective basis. We
may hope that new experiments providing more de-
tailed information (e.g. , momentum correlations
and particle identification over the full solid angle,
and individual event configurations), especially at
very large P~, will enlighten us as to the effects of
the large-P~ dynamics, and that, armed with this
knowledge, we may be able to frame more detailed
and more accurate models.
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