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ABSTRACT

We report on a study of jets in low pt nip, K+p and
pp collisions at 147 GeV/c. We show that certain cate-
gories of events are more planar than predicted by cylin-
drical phase space, but that 3-jet and 4-jet structures
seen in the momentum flows are reasonably reproduced by
the phase space Monte Carlo events subjected to the same
mathematical handling as the data.



1. Introduction

Jets in multihadron final states have been observed in
ete~ annihilation, in lepton-proton deep inelastic scatter-
ing, and in high pt+ hadron-hadron collisions. Recentl
low pt hadron-hadron interactions have been comparedl' to
these processes. In this paper we analyze data on hadron-
proton collisions at 147 GeV/c to search for planar events,
and to investigate jet-like structures within the plane.

We also compare our results with the predictions of a
simple cylindrical phase space model.

The data were obtained from two experiments at Fermi-
lab using the 30-inch hydrogen bubble chamber and hybrid
spectrometer. One experiment (E299) used a tagged positive
beam at 147 GeV/c, yielding 9013 nwtp, 1164 K*p and 9510 pp
events. The other experiment (E154) yielded 6230 wp
interactions at 147 GeV/c, for a grand total of 25917
events. For the present analysis the events were required
to be well-measured and to have at least 6 charged prongs,
reducing the sample to 14893 events. Our study of jets
did not disclose any significant differences among the
four beams, and so for the rest of this paper we report
results from the combined sample of 14893 hadron-proton
events at 147 GeV/c.

2. Planarity

To describe the events in momentum space, we use the
principal axis reference frame.® The thrust axis ul is
the direction along which the pro;ected momentum flow is
maximized. The major axis u2 is perpendicular to ul and
is the direction along which the progected momentum flow
in the plane perpendlcular to ul is maximized. Finally,
the minor axis U3 = U] X uz
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In this reference frame the beam direction is given
by two Euler angles, as shown in Fig. la. Fig. 1lb dis-
plays the distribution of the cosine of the polar angle
g, indicating that the events have the thrust predomin-
antly aligned with the beam direction. To search for
planarity, we look for departures from isotropy in the
distribution of the azimuthal angle ¢g. Fig. 2a is a plot
of ¢g for those events where the beam is aligned with the
thrust axis (cos 6g > 0.9), while Fig. 2b is the corres-
ponding plot for non-aligned events (cos 6y < 0.9).
Neither plot is isotropic, and the non-aligned events
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Fig. 2. Distributions of the azimuthal
angle of the beam in the pnrincipal axis
reference frame.

a) 13809 aligned events (cos 6g>0.92),

b) 1537 non-aligned events;

c) 5241 central clusters; the solid line
is the prediction of cvlindrical vhase
svace.



exhibit a pronounced peak near ¢ = 0. We conclude that
when the beam is not aligned with the thrust direction,
the events are particularly planar.

Another measure of planarity can be obtained from the
eccentricity of the momentum flow in the plane perpendi-
cular to the thrust direction. The eccentricity R is the
ratio of the maximum expansions of the momentum flow along
the minor and major axes. For the aligned events the
eccentricity is R = 0.84 * 0.03, which is essentially the
same as that for all events (0.80 * 0.02). However, for
non-aligned events, we measure R = 0.51 + 0.02, indicating
that these events lie in the thrust-major plane.

3. Jet-like structures

A characteristic feature of low pt hadron-hadron
collisions is the "leading effect". If the interaction
occurs between two quarks, the remains of the two incident
hadrons continue their path along the original collision
axis, eventually fragmenting into hadrons. In order to
study jet-like structures it is important to remove the
leading effect and isolate a central fireball or cluster
of particles which is then similar to the hadron system
produced in et-e~ annihilation. One approach® is to
remove simply the fastest and slowest charged particles.
However, in some cases (typically nucleon isobars) the
leading hadron may decay into several particles in the
final state. OQur approach, therefore, is to try to sub-
tract leading clusters of particles. We calculate a
charge transfer function® along the rapidity axis, and by
looking for two zeroes of the function we define clusters
of particles. Subtracting the fastest and slowest
clusters leaves us with 7037 events with a central fire-
ball, and a further requirement of at least four charged
particles in the fireball reduces the sample to 5241
events. We transform to the center of mass of the central
clusters, and define principal axes as before. Fig. 2c
shows the azimuthal angle of the beam for these central
cluster events, indicating again that the events are
highly planar.

We turn next to the momentum flows within the three
planes defined by the principal axes. Recently, DeRujulao.
et al. have pointed out’ the importance of defining not
only the directions of the principal axes but also their
orientations. We have adopted their prescription, which
is as follows:

a) The thrust axis is oriented so that the sum of the
transverse momenta having a positive component along this



axis is smaller than the sum of the transverse momenta
having negative component. This implies that the narrow
jet is always oriented along the positive thrust direction.

b) The major axis is oriented so that, amongst the parti-
cles having negative components along the thrust axis, the
sum of the momenta in the thrust-major plane for those
having negative projection along the major axis is smaller
than the corresponding sum for those having positive pro-
jection along the major axis. This implies that if there
are two jets with negative thrust components, the larger
one will be oriented along the positive major axis.

We have applied this orienting scheme to our sample
of 2672 events having a central cluster which contains at
least 6 charged particles. We show polar displays of the
momentum flows (in 10© bins) in the thrust-major plane
(Fig. 3a) and the thrust-minor plane (Fig. 3b). The
former plot shows a 3:jet-like structure very similar to
that in ete™ annihilation. The latter plot shows that the
events are very planar; from the momentum flow in the
major-minor plane (not shown) we measure an eccentricity
of R=0.41 + 0.02.

In view of the apparent similarities of our data to
jets in e%*e~ annihilation, we have applied further selec-
tion criteria similar to the cuts used in ete~ experiments.
Specifically, we require: a) Oblateness O = Fpasor —
Fpinor > 0.03; b) Thrust T > 0.8; c) Effective mass of
clusters > 0.5vs; d) Cluster multiplicity > 6. We are
then left with 461 events, about 9% of the original clus-
ter sample. Fig. 4 shows the momentum flows for these
events in the three planes. In the thrust-major plane
(Fig. 4a) a clear 4-jet-like structure is seen; the thrust
minor plot (Fig. 4b) shows that the events are extremely
planar; and the major-minor plot (Fig. 4c) yields an
eccentricity of R = 0.18 + 0.01.

4. The behavior of phase space

At this point it is obviously important to check
whether the jet-like structures in our data can be pre-
dicted by phase space. Recently, Clegg and Donnachie®8
have shown that P" and PQUL distributions in soft multi-
hadron production are reproduced by longitudinal phase
space.

We have used the standard program FOWL to generate
uncorrelated phase space Monte Carlo events. We impose
the experimentally observed distributions of cluster
energy and multiplicity. The cylindrical character of the



Fig. 3. Momentum flows in the two planes containing the
thrust direction, for 2672 central clusters. a) Thrust-
major plane; b) Thrust-minor nlane. The solid lines are
the predictions of cylindrical phase space.

Fig. 4. Momentum flows for 461 central clusters obtained
after imposing "eYe~ type" cuts on oblateness, thrust and
cluster energy. a) Thrust-major plane; b) thrust-minor
plane; c) major-minor plane. The solid lines are the
predictions of cylindrical phase space.



production is preserved by adopting the marginal distribu-
tions given by do/dpg and dc/dp%. This weighting does not
introduce any correlation between pi?, p@Ut, etc. Then  the
Monte Carlo events have been subjected to the same mathema-
tical handling as the real data, including the ordering
scheme described in the previous section.

The predictions of this cylindrical phase space model
are shown as solid lines in Figs. 2, 3 and 4. The agree-
ment with the real data is very striking. The only dis-
tribution which is not reproduced is the azimuthal angle
¢g of Fig. 2c. The correlation of the beam direction with
the thrust-major plane is much stronger than predicted by
phase space. All other aspects are reasonably reproduced,
including the 3-jet and 4-jet structures of Figs. 3a and
4a. When we impose on the Monte Carlo events the "ete™
cuts" described in the previous section, we find that
10.5% of the events survive, which is very close to the
fraction (9%) of the real data that survives. The
momentum flows (Fig. 4) also agree very well with the data.

5. Conclusions

Our primary conclusion is that the mathematical
handling of the kinematic variables, including the order-
ing scheme of DeRujula et al., forces the appearance of
multi-jet configurations. Central clusters free from
leading effects (and with at least 6 charged particles)
appear to be more planar than predicted by phase space, if
the azimuthal angle of the beam can be taken as a measure
of planarity. But jet-like structures in the thrust-major
plane are primarily a consequence of the mathematical
handling. Standard cuts on oblateness, thrust, and clus-
ter energy select about 10% of the data as well as the
phase space events.
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