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We present the results of a study of hadronic jets produced in association with direct photons
and s' 's at large transverse momenta in vr Be and pBe collisions at 500 GeV/c. Using primarily
charged particles to characterize the properties of the recoiling jets, we compare their fragmentation
and angular distributions, and their correlation with the trigger particle, for both the p and x
event samples. We also compare the data with QCD calculations that incorporate current parton
distribution functions.
PACS number(s): 13.85.Qk, 12.38.Qk, 25.40.Ve, 25.80.Ls

INTRODUCTION

The production of particles at large transverse momen-
tum (pr) reflects the dynamics underlying the interac-
tions of the constituents within the colliding hadrons, the
momentum distribution of the partons, and their subse-
quent &agmentation into jets of hadrons. The production
of direct photons, in particular, provides an especially
clean test of such ideas because, to lowest order in a,
of perturbative /CD, only the annihilation (qq ~ gp)

and the Compton (gq ~ qp) subprocesses contribute to
the yield of direct photons [1]. The Compton process
is very sensitive to the gluon content of hadrons, while
the annihilation contribution provides a way of studying
gluon &agmentation. The Compton process is expected
to dominate direct-photon production in pBe collisions,
while both subprocesses are expected to be important
in vr Be interactions. Of course, a greater variety of
fundamental subprocesses contribute to m production,
and, in fact, high-p vr 's result &om &agmentations of
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the scattered partons and not from the primary pointlike
collisions. Therefore, differences may be expected in the
character of the events that involve a direct photon as
opposed to m production.

The present data on the structure of the events accom-
panying high-p~ direct photons or vr 's were obtained as
part of the initial run of Fermilab Experiment E-706. A
complete discussion of the inclusive production of p's and
no's is available in the literature [2]. Here we focus on the
correlations between the trigger particle (i.e., the high-

Pr P or xo) and the accomPanying hadrons, as well as on
the &agmentation of the away-side jet. We also compare
our results with expectations &om /CD.

APPARATUS AND DATA SELECTION
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FIG. 1. Percentage of the total number of reconstructed
tracks as a function of the number of hits per track in the
PWC system. The solid line represents the data, and the
dashed line a GEANT simulation.

The details of the Meson West spectrometer have
been presented elsewhere [3]. Brie8y, the detector ele-
ments relevant to this analysis include a large-acceptance
charged-particle tracking system, consisting of silicon
microstrip detectors located upstream, and propor-
tional wire chamber (PWC) planes downstream, a large-
aperture dipole magnet, and a highly segmented liquid-
argon and lead electromagnetic calorimeter ( 3 m in di-
ameter).

To determine the effect of a multitrack environment
on the efBciency for reconstructing charged particles,
we simulated the detector response using an ISAJET
event generator and a GEANT package appropriate to the
E-706 geometry [4], and processed the output through
our standard reconstruction programs. The quality of
agreement between data and the Monte Carlo simulation
is illustrated in Fig. 1, where we display the distributions
in the percentage of the reconstructed tracks as a func-
tion of the number of hits observed per charged track in
the PWC system. A minimum of 13 out of a possible
16 hits (in 16 planes) was required for any acceptably
reconstructed track. Figure 2 displays a comparison of
the y2 for fits of a trajectory to the hits observed in the
PWC planes, as a function of the number of hits per

2
X /NDF X /NDF

FIG. 2. Percentage of the total number of reconstructed
tracks as a function of the g per degree of freedom for each
St. The solid lines represents the data, and the dashed lines
GEANT simulations for the difFerent number of hits per track.
In the 13-hit track sample, only tracks with g /Nnp less than
1.5 are retained.

track, for both the data and for Monte Carlo simulation.
The agreement in Figs. 1 and 2 between the sixnulations
and the measured results gives us confidence in the cor-
rections that we apply for reconstruction inefficiencies in
the PWC system.

In characterizing the recoil jets, we have tried different
algorithms. We always employ all the charged particles
that satisfy the criteria described below, but at times
we also include "leading" photons. That is, we use pho-
tons to reconstruct away-side jets only when their p~ val-
ues exceed those of all the charged particles on the away
side. We ignore "nonleading" photons on the away side
because, unlike leading photons whose reconstruction ef-
ficiencies are comparable to those of the trigger photons,
softer photons, especially within a jet environment, are
less reliably detected. (A discussion of the efBciency for
reconstructing p's and vr 's is given in Alverson et al. ,
in Ref. [3].) Based on simulation studies, the decision
to ignore the soft photons does not have great impact on
the conclusions of our analysis; nor, for that matter, does
the inclusion or exclusion of leading photons.

In reconstructing jets in any event, we define three
axes in the center of momentum of the colliding hadrons.
One axis is given by the xnomentum vector of the trigger
particle, one is defined by the beam direction, and the
third by the xnomentum vector of the particle of largest
p emitted in the hemisphere opposite to the trigger.
This leading away-side particle can be either a photon
(independent of whether that p originates from a pro or
g decay, or &om any other source) or a charged particle;
however, in order to serve as the seed for a recoiling jet, it
must have a p- & 500 MeV/c. All the remaining charged
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particles in the event with p~ ) 300 MeV/c are assigned
to jets along one of the three established axes, depend-
ing on their space angle O,I, with respect to those axes.
Specifically, for any particle i, and axis k (k=1,2,3), we
form the track's axis weight,

I

Proton Hearn

Ops
0 rT's

p ) 4.5 GeV/c

T
Track p ) 0.3 GeV/c

I

Beam

Ops
~ 7T s

p ) 4.5 GeV/c

Track p ) 0.3 GeV/c

Prk = cos Oqg/(cos eii + cos 8~2 + cos His) ) (1)
and we assign each particle to the jet axis k that maxi-
mizes P;I, . Using these initial assignments, the momen-
tum vectors of the trigger and recoil jets are recalculated
by adding the momenta of all the particles assigned to
each respective axis. (The direction of the beam jet is
not changed, and remains along the beam axis. ) Using
the new directions for the trigger and recoil jet axes, the
P;y weights are calculated again for each particle, and
particles are reassigned to their closest jets. After the
completion of iterations on this procedure, any particle
that does not have a P,g ) 0.35 (for any of the axes) is
dropped &om its nearest jet, and ignored in the ensuing
analysis. Finally, to be de6ned as a recoil jet, that jet
must be composed of at least two particles, namely, a
leading and a next-to-leading particle. Based on Monte
Carlo simulations of the above analysis procedures, we
estimate that the reconstruction eKciency for recoil jets
(that is the fraction reconstructed relative to generated)
is about 80—85'%%uo, and that the uncertainty in the direc-
tion of the jet corresponds to + 0.15 units in pseudo-
rapidity. Our studies also indicate that, using our jet
algorithm, 20—25% of the charged tracks assigned to the
recoil jet correspond, in fact, to beam or target frag-
ments. Such improper assignments occur predominantly
for recoil jets whose absolute pseudorapidity is large. Un-
less stated to the contrary, in what follows we restrict our
data to center-of-mass pseudorapidities ~g~ ( 0.9 for both
tbe trigger particles as well as for the reconstructed jets.

CORRELATIONS AND
FRAGMENTATION OF JETS

Although jet production dominates hadronic interac-
tions at very large transverse momenta (e.g. , at colliders),
it is nevertheless quite challenging to extract signals for
jets at p values below 10 GeV/c. Figure 3 shows the
reconstructed track distribution in the angle P, where P
is the difference in the azimuthal angle between the trig-
ger particle and associated charged particle. The results
for associated particles with p~ greater than 300 MeV/c
are given for ~ and for direct-photon candidate events
in both m' Be and @Be data for trigger pT values above
4.5 GeV/c. The distributions, obtained prior to the re-
construction of jets, are normalized to the total number
of events in each sample. The pronounced peak at P =
180 suggests the presence of a jet of hadrons recoiling
from the trigger particle, and re8ects the planar nature of
the topology that is characteristic of an underlying two-
body hard. -scattering process. Because the background
from ~ and q production in the direct-photon samples
is substantial at these moderate p~ values, and the p+jet
candidate events have not been corrected for this back-
ground, the difference at P = 0 between the as+jet and
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FIG. 3. The difference in the azimuth angle between the
trigger particle and associated charged particles in the event
for proton and m data. The associated differential multiplic-

ity are shown separately for direct-photon candidate events

(open circles), and for vr triggers (solid circles).

p+jet events is not expected to be large. Nevertheless,
the difference is signi6cant, as can be observed in Fig.
3, where the trigger particles in the samples containing
direct photons are more isolated in azimuth (i.e. , vr 's are
accompanied more often than p's by other particles near

0'). At larger pr, a greater difference is found to ex-
ist between the x and p triggers, especially in the m Be
data [6].

The particles within a jet are expected to exhibit short-
range correlations in rapidity. To observe such correla-
tions, we examined the difference in the center-of-mass
rapidities (~Ay~) between the two charged particles with
the highest and next-to-highest pT on the away side of the
trigger particle. (Again, this was done prior to the recon-
structing of any jets. Also, we assume that all charged
particles in the jet were pions. ) Here the rapidity y,
rather than pseudorapidity g, is used assuming all parti-
cles in the jet to have the pion mass. Figure 4(a) displays
this difference in rapidity for vr triggers with p ) 4.5
GeV/c and [g[ ( 0.7. For comparison, the curve shows
the same difference in ~Ay~, but "scrambled, " namely us-

ing particles from different events, and smoothed for clar-
ity. The correlations observed in the data are similar to
those expected Rom IsAJET simulations [4); these are dis-

played in Fig. 4(b). In the data, as well as in the IsAJET
events, the correlations are far stronger between parti-
cles within the same event (data points) than for different
events (again, smoothed for clarity). In Fig. 4(c) we pro-
vide a similar comparison based on a multiparticle phase-
space Monte Carlo simulation. For this Monte Carlo sim-

ulation, we generated events with mean. charged-particle
multiplicities that matched the data, and with an equal
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number of m+, vr, and xo particles, and at least one
Iro with pr ) 4.5 GeV/c. (Just as in the data, the pr
of every accepted charged particle had to be above 300
Me V/c, and the particles had to be within our acceptance
of i@i ( 1.5.) The results of the multiparticle phase-space
Monte Carlo simulation do not indicate the presence of
any correlations beyond those expected &om constraints
in acceptance and kinematics. The observed clustering
in rapidity in Fig. 4(a) can therefore be attributed to the
production of jets and to the dynamics of the mechanism
responsible for the hadronization process.

The &agmentation of jets can be characterized by the
distribution in longitudinal momentum of the remnants
of any recoiling jet. We define the &action of the mo-
mentum of a recoiling jet that is carried by any charged
particle i as z;:

a a a I ~ ~ ~ a

0 I 20 t 20 ) 2

hy
FIG. 4. The difference in rapidity between charged tracks

that have the highest and next-to-highest p~ on the away side
of a n trigger. The data are shown in (a), results of an IsAJET
simulation in (b), and results from a phase-space model in

(c). The solid curves correspond to the same difFerences, but
plotted for the highest and next-to-highest pz charged tracks
chosen randomly from different events.

z; = P; PJ/PJ,

where Pg is the reconstructed momentum of the recoil
jet, and p; is the momentum of the charged particle, both
calculated in the overall center-of-mass frame. The dif-
ferential multiplicity as a function of z is shown in Fig. 5
for pBe and vr Be data, separately for p+jet and m +jet
events, for values of trigger pr ) 4.5 GeV/c. (The re-
coil jets included those with leading photons on the away

10 = I

pBe Data
y+ Jet

10 = ~

m Be Data
y+ Jet (b)

1
o ISAJET

~ E706

I I I I I I I I I I I I I I I I I I I I

0.25 0.5 0.75

o ISAJEY

~ E706

I I I I I I I I I I I I I I I I I I I

0.25 0.5 0.75

o~ 10 = I
C

n'+ Jet

1
ISAJET

~ E706

I I I I I I I I I I I I I I I I I I I I

0.25 0.5 0.75

10 = ~

n'+ Jet

1
o ISAJEf 0

0
~ E706 9

I I I I I I I I I I I I I I I I I I I I

0.25 0.5 0.75

FIG. 5. The differential multiplicity as a
function of the fraction of the momentum of
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cles. The distributions are compared to pre-
dictions from IsAJET, separately for direct-
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side. ) The data for direct photons have been corrected
for background &om m +jet contamination, namely, for
events where one of the photons &om the pro either missed
or was not reconstructed in the electromagnetic calorime-
ter. This background was determined using a Monte
Carlo program, with our x +jet data used as input to
calculate the &action of trigger vr 's that do not recon-
struct properly, and are thereby mistaken for direct p's.
Roughly one-half of the direct-photon events arise from
this background. ) Also shown in Fig. 5 are the results
of expectations based on an IsAJET simulation of p+jet
and so+jet processes [7]. The data are in good agree-
ment with predictions, and there appears to be very little
difference between jets accompanying direct photons or
x 's. Moreover, there appears to be no significant dif-
ference in &agmentation for direct-photon events using
proton and m beams. The latter is a priori surprising
because the nature of the recoiling partons is quite differ-
ent for the two types of direct-photon events. Neverthe-
less, similar results have been observed previously [1,8].
In particular, a recent measurement &om the OPAL Col-
laboration at the CERN e+e collider LEP indicates that
differences between gluon and quark &agmentations are
quite small [9], and beyond the sensitivity of our present
level of statistics.

DYNAMICS OF JETS
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FIG. 6. Angular distribution of the jet in the rest frame
of the colliding partons. The distributions are normalized to
unity at cos8' = 0. Results from IsAJET calculations for p and

production in m and in proton interactions are shown as
dashed curves.

It has been emphasized by Owens [1] aad others that
the angular distribution of the recoil jet in the parton-
parton scattering &arne is particularly sensitive to the dy-
namics of the production process. Since not all &agments
of the recoil jet are identified, we estimate the kinematic
variables of the parton collision based upon the recon-
structed jet's direction or pseudorapidity. We assign the

p~ of the trigger particle to that of the recoil jet, which we
take to be massless. We then also define a Lorentz boost
through a pseudorapidity g~, required for transforming
the trigger particle and the recoil jet to their collision rest
frame (or, effectively, to the incident parton-parton scat-
tering frame). The variables cos 8', the boost rI~, the p~,
and the energy in the center of momentum of the collid-
ing partons (M) are related to each other, and correlated
in their geometrical acceptance. In particular, ignoring
rest masses of individual particles and of the partons, the
energy in the center of momentum of the colliding par-
tons, or the invariant mass of the (trigger+jet) system,
can be written as

M= '".
sin 0' (3)

In Fig. 6 we show the distributions in cos8*, sepa-
rately, for the m and for the direct-photon data for pBe
and s Be collisions. (No leading photons were included
in reconstructing the recoil jets for the data displayed in
Fig. 6.) To minimize the impact of bias in geometric ac-
ceptance on the angular distributions, we included events
only with )rI )

( 0.3, and (q, „rI~ o
(
( 0.85. Using thes~

criteria, there is no bias in the data for ~cos8'~ ( 0.5,
whea pT & 4.25 GeV/c and M & 10 GeV/c . (The cutoff

on M is required to remove the bias in 8' caused by the
single-arm p~ threshold of our trigger [6].) To eahance
the signal to background in the proton data, a pz cut of
5.0 GeV/c aad a corresponding requiremeat of M ) 11.5
GeV/c2 is employed. All the distributions are normalized
to unity at cos8' = 0.0. The results for direct photons
show a very weak dependence on cos8', while the data
for vr productioa appear to have a substantially steeper
dependence. This differeace can be attributed largely
to the contribution &om the Compton process to direct-
photon production, and is similar to previous observation
[10]. In fact, our data are in excellent agreement with a
simulation based oa IsAJET [4] that uses a recent set of
leading-logarithm distribution functions for the nucleon
[ll]. (We should remark that the dependence on 8' is not
very sensitive to small differences in parton distribution
functions. ) Consequeatly, we conclude that the shapes
of the angular distributions observed for direct-photon
and x production can be accommodated in perturba-
tive /CD.

Figure 7 displays the cross sections for trigger+jet pro-
duction for m Be and pBe data, separately for vr and for
direct-photon yields as a function of p~. The cross sec-
tions are shown averaged over ~rI, , ( ( 0.9 and (ri~ o

~

(
0.?. (The recoil jets included those with leading photons
on the away side. ) The curves on the mo data represent
leading-logarithm /CD calculations with aa intrinsic k~
of 1 GeV/c [12]. These employ the latest parton distri-
butions of Owens [5,11],with Q =p /4 aad Q =p . The
data for direct p's are compared with the next-to-leading-
logarithm (NLL) calculations [13],using the NLL parton
distributions (ABFOW for protoas and ABFKW for vr )
that are known to agree with other direct-photon mea-
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FIG. 7. The dependence of the cross section on the trans-
verse momentum of the trigger particle for x +jet and p+jet
events for proton and for x data. The m results are com-
pared with LL calculations [12], and the p data with NLL
calculations [13].

surements [14]. Here we also used the scales q2=p2/4
and q2=p2. The agreement with /CD is poorer at
small p~ values, where the calculations are more sus-
pect. We should point out that a previous comparison
between NLL calculations [15] and the purely inclusive
no and direct-photon cross sections (Alverson et aL [3])
provided a similar level of agreement between data and
theory.

The dependence of the cross section on mass might
be expected to be more sensitive to correlations between
the trigger particle and the recoiling jet than the depen-
dence on J)~ alone. In Fig. 8 we display the cross section
measured within the acceptance of the apparatus as a
function of M for the sets of data shown in Fig. 6. To
minimize the impact of diferent trigger thresholds in our
data samples, we plot the results only for

[
cos 8'] ( 0.4.

This criterion (in addition to requirements on the jet and
trigger rapidities of ]rI~ ( 0.85) provides an essentially
bias-free cross section as a function of mass. (Leading
photons were ignored in the reconstruction of recoil jets
used in Fig. 8.) The direct-photon data appear to show
a weaker dependence on M than the x data. This can
be attributed to the fact that the vr 's originate &om
the &agrnentation of partons. We compare our measure-
ments in Fig. 8 with predictions from ISAJET [4] using
the leading-logarithm (LL) parton distribution functions
of Duke and Owens DO-I [5] and of Owens [11] for the

FIG. 8. The dependence of the cross section on the
trigger-jet invariant mass for m +jet and p+jet events for pro-
ton and for x data. The curves correspond to IsAJET calcu-
lations using leading-logarithm parton distribution functions
[5,11].

nucleon, and using Owens [5] for the pion. We have also
performed the ISAJET calculations using next-to-leading-
order ABFOW/ABFKW parton distributions [14]. (It
can, of course, be argued that it may be inconsistent to
use NLL parton distribution functions in the LL ISAJET
calculation, but we did this simply for the sake of com-
pleteness. ) Below 15 GeV/c2, the results using AB-
FOW/ABFKW distributions were found to be essentially
the same as those obtained using the latest distributions
of Owens [5,11],and are therefore not shown in the figure.
Agreement with /CD is observed to be poorer at small
mass values, where, again, the calculations are more sus-
pect, and more sensitive to the definition of scale. (Re-
call that Q2 4@2/3, and k~=1 GeV/c for ISAJET [4].)
The overall agreement in shape between ISAJET and the
data is similar for direct-photon and for m production;
however, there is less accord on the normalization for vr

production. This can be improved somewhat by a change
in the definition of scale. We cannot compare our distri-
butions in mass with NLL level calculations because, at
present, there is no full Monte Carlo program available
for such comparisons, and we therefore look forward to
the development of such generators in the future.
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