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The properties of events produced with high values of transverse energy in 400-GeV/c pp col-
lisions are presented. The events were collected using the large-acceptance Fermilab multiparticle
spectrometer. The fraction of events that are planar when a full-azimuthal-acceptance trigger is
used does not increase with transverse energy. However, when additional requirements are applied
to the data such as restricting the azimuth or polar-angle acceptance, limiting the particle multiplici-
ty, or requiring dominance of electromagnetic or hadronic energy within an event, the fraction of
planar events increases with transverse energy. None of these requirements explicitly impose planar
structure and we conclude that the data show an indication for the emergence of jetlike structure.
The trend of the data is consistent with the predictions of a QCD model; it cannot be described by

an extrapolation of uncorrelated low-p, phenomena.

I. INTRODUCTION

We present in this paper results from Fermilab experi-
ment ES557, which studied the production of high-
transverse-energy events in pp collisions at an incident
momentum of 400 GeV/c. The goal of the experiment
was to study production of jets in hadron-hadron interac-
tions by employing a trigger that required a large amount
of transverse energy (E,~, |p,| for relativistic parti-
cles) to be deposited in a calorimeter with full azimuthal
acceptance and large polar-angle coverage. In our previ-
ous publication' we showed that such a trigger selects
events that do not exhibit clear jet structure. Our results,
which confirmed earlier observations of de Marzo et al.,?
were recently supported by results from two other large-
acceptance experiments>* performed in the same energy
range. Experiments at the CERN ISR*> and at the
CERN SPS collider®” have established unambiguously
copious production of jets in hadronic collisions at
center-of-mass energies V's above 40 GeV. This suggests
that large-acceptance triggers, which adequately select jets
at large V's, must at lower energies be complemented by
additional constraints imposed on the data.

It is of interest to extend the energy range of jet studies
to lower energies to understand how competing mecha-
nisms obscure the jet signal when large-acceptance
triggers are used. With these aims in mind, we have
analyzed our data using relatively unbiased methods to
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select jet signals at lower energies.

The paper is organized as follows. Details of the ap-
paratus and the triggers that were used are given in Sec.
II. The analysis of the calorimeter response is discussed
in Sec. III. In Sec. IV, we present yields as a function of
E, for various triggers. General properties of the data are
discussed in Sec. V. In Sec. VI, we describe the search
for jetlike structures in the data and discuss possible ex-
planations for the failure of the large-acceptance trigger
to select jets and present results of analyses of events
selected by various hardware triggers and software cuts.
In Sec. VII, we discuss the properties of the jetlike events
selected in the previous section. Our conclusions are
presented in Sec. VIII.

Throughout this paper an emphasis will be put on new
experimental results. However, to illustrate the trends ob-
served in the data we will occasionally compare the data
with the predictions of two different models: a
longitudinal-phase-space (LPS) model and a QCD gluon-
bremsstrahlung model.® The comparisons will enable us
to estimate the effects of energy-momentum conservation
in large multiplicity events (comparison with the LPS
model) and to search for jetlike structures in the data
(comparison with the QCD model). We will limit model
comparison to the event structure only because of the
large uncertainties, both experimental and theoretical, in
the absolute normalization of cross sections. The models
are described in Sec. VI.
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II. APPARATUS

The experimental procedure as well as details of the ap-
paratus have already been described in our previous publi-
cations."” We describe here the main features of the ex-
periment relevant to the present analysis.

The layout of the apparatus is shown in Fig. 1. The ex-
periment was performed using 400-GeV diffractively pro-
duced protons in the M6W beam line at Fermilab. The
apparatus consisted of the Fermilab multiparticle spec-
trometer.l® A typical beam intensity of 0.5X 10° protons
was spread over a 1.0-s spill, which occurred once every
10 sec. The beam was incident on a 45-cm H, target fol-
lowed downstream by two interchangeable metal foils of
Al, Cu, or Pb (Ref. 9) sufficiently thin that rescattering
effects were negligible. Multiwire proportional chambers
(34 planes of 8500 wires) and magnetostrictive spark
chambers (24 planes) detected charged particles. Particle
momenta were measured using a spectrometer magnet
that provided a 0.2-GeV/c¢ p, kick. Downstream of the
tracking chambers was placed a 2.3 3.1-m? highly seg-
mented calorimeter!! consisting of 280 modules arranged
into three sections (see Fig. 1). The upstream section,
which consisted of 126 lead-scintillator sandwiches (16 ra-
diation lengths L,, and 0.8 absorption length L,), pri-
marily measured the energy of electrons and photons (see
Fig. 2). This electromagnetic section was followed by two
hadronic sections of 126 and 28 iron-scintillator
sandwiches, respectively (63L, and 7.5L, combined).
The distance from the center of the hydrogen target to the
front face of the calorimeter was 9.4 m. The energy reso-
lution of the calorimeter was measured to be
0/E =0.2/V'E for electrons and o/E =0.7/VE for
hadrons, where the energy E is measured in GeV.!! The
calorimeter served both as a trigger (see below) and as a
detector of neutral and charged particles (see Sec. III).

The geometrical acceptance of the apparatus was com-
plete in azimuth for the polar-angle range 59° < 6* < 114°
as measured in the proton-proton center-of-mass frame
[Fig. 2(a)]. The overall acceptance was estimated to be
equivalent to 27 azimuthal acceptance for 47° < 6* < 125°.
This corresponds approximately to a c.m. rapidity range
0.65 <y* <0.84.

The apparatus was triggered in several ways. First an
inelastic collision was detected by one of two methods.
An incident proton was required to miss a counter of 1< 1
in. squared (designated 1X 1 in Fig. 1) placed on the beam
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FIG. 1. The Fermilab multiparticle spectrometer. ¢, and 3
are two multicelled Cherenkov counters whose outputs were not
used in the analysis reported here.

line 7.5 m downstream of the target, or a large pulse
height (>2 times minimum ionizing) was required to be
registered in a counter (designated DE DX in Fig. 1) placed
immediately downstream of the target. This constituted
the “interacting-beam trigger” and was sensitive to ap-
proximately 90% of the total inelastic pp cross section.
The other triggers consisted of this trigger with an addi-
tional requirement that at least a certain amount of trans-
verse energy was present in some preset region of the
calorimeter. For all the triggers the incident proton was
required to be unaccompanied by another beam particle
within +130 ns. Pulse-height information from a scintil-
lation counter was used to eliminate rf buckets containing
more than one particle. The rf buckets were 2 ns wide
and were separated by 20 ns. A final veto on a following
interaction occurring within +200 ns was imposed.

To form the calorimeter transverse-energy trigger the
output from each module was weighted by the sine of the
polar angle that the module subtended at the target. E,
sums for several different configurations of calorimeter
modules were formed simultaneously. Data from three
configurations are presented in this paper: full azimuthal
acceptance (“global trigger”) and two limited A¢ small
aperture with approximate acceptance of 7.8, 165, and
0.70 sr, respectively, as measured in the proton-proton
center-of-mass frame [see the shaded areas of Fig. 2(b)].

Data were collected with several E, thresholds for each
type of high-E, trigger. The absolute E, scale from the
calorimeter was determined by calibrating before and after
the 18-day data run. In both cases a 20-GeV/c beam of
electrons and hadrons was directed into each module. A
10% shift in the responses of individual modules typically
occurred between the two calibrations. This shift was
found to be consistent with the results of a laser monitor-
ing system and with the observed time dependence of
trigger rates. The variation of module responses was tak-
en into account by assuming a linear dependence of the
module gains with time between the two calibrations runs.
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FIG. 2. A front-face schematic view of the electromagnetic
and the upstream hadronic sections of the calorimeter. In (a)
center-of-mass production angles for massless secondaries are
shown; in (b) the two limited-A¢ apertures A4 and B used to
form hardware triggers are shown; in (c) the modules used in the
limited polar-angle-acceptance analysis are indicated; in (d) the
module groups used in the modified “two-high” analysis (see
text) are shown.
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The response of the electromagnetic section of the
calorimeter was found to be 17% larger for incident elec-
trons than for hadrons. This effect was included by or-
ganizing module responses into electromagnetic and had-
ronic energy clusters (see next section).

In this analysis the spectrometer was used only to deter-
mine the position of the interaction vertex. The vertex
resolution was =4 mm as measured along the incident
beam direction. This provided a clean hydrogen—
nuclear-target separation.” The E, sums for a given event
were recalculated using the exact vertex position. A
Monte Carlo simulation, based on the observed spectra of
particles, was employed to unfold the energy resolution,
energy leakage, and granularity of the calorimeter and to
correct for the effects of the magnetic field. The total un-
certainty of the E, scale from the calibration and these
sources was estimated to be o(E;)/E, = *+5%.

The pp interactions used in this analysis consisted of
(32, 16, and 6)X 10’ events taken with the interacting-
beam, global, and limited A¢ triggers, respectively. They
were selected by requiring an interaction vertex to be
within the 40-cm long fiducial volume of the H, target.
In addition, the observed E, was required to exceed the
hardware threshold by at least 1-GeV transverse energy.
The integrated luminosity for the global and limited A¢
trigger data sets was 4 and 2 nb™!, respectively.

III. ANALYSIS

Much of the analysis presented in this paper was per-
formed using the calorimeter module outputs directly.
This was appropriate for studying yields and general event
structure. To perform more detailed studies (e.g., multi-
plicity of secondaries, jet reconstruction, etc.) it was neces-
sary to organize the responses of the calorimeter modules
into energy clusters henceforth known as “calorimeter
tracks.” The cluster forming algorithm first combined
the responses of corresponding electromagnetic and had-
ronic modules to form responses of “dual modules.” The
dual module with the largest response was then found.
This dual module, together with all adjacent dual
modules, formed a group whose responses contributed to
the energy of a cluster. Energy was assigned to a cluster
by comparing the actual energy deposition within the
group with the predictions of a shower simulation.'> The
center of a shower (cluster) was obtained by averaging the
positions of the clusters of dual modules within the group
weighted by the squares of their responses. The cluster
was designated to be electromagnetic or hadronic depend-
ing on its energy deposition pattern in the electromagnetic
and hadronic calorimeters. Modules whose responses
were badly inconsistent with the predictions of the shower
simulation were removed from the group and a new pre-
diction was made. The difference between the actual
module responses and the predictions from the shower
simulation was then calculated and the procedure was re-

peated for the next remaining dual module with the.

highest energy. This procedure was repeated until clusters
with energy less than 1 GeV remained; these were ignored.
The effects of the systematic errors due to the cluster-
finding algorithm are discussed in Sec. V.

We have found the multiplicity of electromagnetic
tracks so formed to be greater than half of the hadronic
multiplicity. Electromagnetic tracks presumably contain
a mixture of resolved photons and unresolved neutral
pions and hence are unsuitable for calculating 7° and 7°
multiplicities. Therefore we do not compare production
rates for electromagnetic tracks with the known #° and 7°
inclusive cross sections; we will concentrate instead on the
comparison of hadronic track-production rates.

Hadronic tracks consist mainly of charged pions with a
few-percent addition of charged and neutral kaons. In
Fig. 3, we compare the E; spectrum of hadronic calorime-
ter tracks detected between 60° and 120° as measured in
the center-of-mass frame with relevant inclusive cross sec-
tions measured in other experiments.!>'* The hadronic
track data agree to within 20% with published cross sec-
tions over a wide p, range (0.5<p, <5 GeV/c). This
agreement gives us confidence in the performance of our
cluster finding algorithm and in the calibrated E, scale of
the experiment. In Fig. 4, we compare multiplicity distri-
butions of the hadronic tracks with charged-particle data
obtained in another pp experiment using a similar center-
of-mass energy and an apparatus with a similar rapidity
acceptance.!” The difference between Ref. 15 data and
E557’s data could be greatly reduced if corrections were
made for Ref. 15’s incomplete azimuthal acceptance (90%
of 27) and the detection of neutrons and K;’s in E557’s
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FIG. 3. Invariant differential cross sections for the produc-
tion of hadronic clusters in the pseudorapidity range
2.82 < Miap < 3.92. Only statistical errors are shown; systematic
errors are estimated to change the results by approximately
+20% for E, values greater than 2.5 GeV. The solid curve is
the result of parametrizing the world data for the single-particle
production of ’)Ti, K*, p, and p’s (Ref. 13). The dashed curve
is a fit to single-charged-particle data (the sum of 7%, K¥, p,
and p) measured at 90° in the center-of-mass (Ref. 14). The
world-data parametrization did not include the data from Ref.
14.
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FIG. 4. Hadronic-cluster multiplicity distribution. Statistical
errors (vertical lines) and systematic uncertainties (horizontal
brackets) are both shown. The curve is a fit to the data reported
in Ref. 15.

calorimeter. We conclude that typical hadronic multipli-
cities (of, say, 15) are known to *+2. We also note that
there is no indication of substantial merging of hadronic
tracks in large multiplicity events.

Even though electromagnetic tracks did not correspond
to single photons, they were still used extensively to form
variables that were not sensitive to this fact (e.g., the for-
mation of total E,).

IV. YIELDS

It has been previously shown that E, yields vary strong-
ly with the acceptance of the apparatus.? For those
studies a large range of acceptances was used
(7.8>6*>0.7 sr). In order to see if this trend still exists
when a small range of acceptances are used, the yields
from the two limited A¢ calorimeter sectors [denoted A
and B in Fig. 2(b)] are compared in Fig. 5. An increase of
a factor of 2.3 in acceptance causes a change of approxi-
mately 10 in yield. This is an indication that the secon-
daries hitting the calorimeter within the trigger accep-
tance are distributed throughout the entire aperture of the
triggering sector and little collimation of secondaries is
occurring within it. There is also no indication of the
yields exhibiting a power-law dependence on E,. Such a
variation would be expected if a hard-scattering process
was dominating the production mechanism.

Yields for small acceptances were obtained by an alter-
native method using solely the data obtained when the
global trigger was used. For each event the E; within the
geometrical areas of sectors A and B was calculated off
line. Since the data were collected using various global E,
thresholds, the number of events within a given E, bin,
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FIG. 5. Yields detected in sectors A (triangles, AQ*=1.65
sr) and B (circles, AQ*=0.70 sr) of the calorimeter as a func-
tion of transverse energy in the respective sectors. Statistical er-
rors only are shown. The uncertainty in the E, scale is estimat-
ed to be +5%.

dN /dE,, did not correspond to the measured cross section
do/dE,. In order to restore this correspondence events
were given appropriate weights, w =(do/dE,)/
(dn/dE,). We have found the yields obtained by this
analysis agree to within a factor of ~2. The difference is
due to methods used to correct the raw data and
represents the systematic error in the measured cross sec-
tion. We note that present theoretical predictions for the
high-E, rates are also subject to similar or even larger un-
certainties. Consequently, our global data can be used
with software cuts to simulate reduced-aperture triggers.

In an attempt to decrease systematic errors due to ener-
gy leakage out of sectors A and B and to facilitate com-
parison with theoretical predictions, we have used the glo-
bal data to produce cross sections in well defined 6* and ¢
regions. The 6* acceptance (assuming massless secon-
daries) was restricted to the range 120°> 6* > 60° as shown
in Fig. 2(a).

The chosen polar-angle range had the advantage that it
allowed one to perform symmetry checks on the data.
Two pie-shaped back-to-back sectors were formed with
each sector subtending A¢=45° in azimuth. The sectors
were situated in the up-down and left-right configurations
as viewed along the incident beam direction. A compar-
ison of yields showed a difference of a factor of 2 for the
two configurations (this was after magnetic-field kick
corrections). In addition, yields from the polar-angle re-
gion 60°<6* <90° were compared with those from
90° < 0* < 120°. They agreed to within a factor of 2 also.
We conclude, as before, that yields can be trusted typical-
ly to a factor of 2.
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Yields from various-sized pie-shaped sectors are plotted
in Fig. 6. The characteristics seen previously from large-
acceptance hardware-triggered sectors are plainly visible:
the increasing dependence on E, with decreasing accep-
tance and the strong dependence on aperture size. One
can also see that no deviation from an exponential varia-
tion occurs at high values of E, even for small
(Ad=11.25") sized sectors.

V. GENERAL PROPERTIES OF EVENTS

In this section we describe general properties of events
obtained using the global trigger and discuss their depen-
dence on E,.

The transverse energies of individual tracks were
summed to form total electromagnetic and hadronic
transverse energies separately. The ratio of these two
types of transverse energies decreased from 0.8 for E, <4
GeV values (E, is the sum of the two types of transverse
energy) to 0.35—0.45 at E,=10 GeV; above 10 GeV it
remained constant. The relative importance of elec-
tromagnetic energy at large angles for low-E, events is
qualitatively predicted by the longitudinal-phase-space
(LPS) model. Also the observed value of the electromag-
netic to hadronic E, ratio at high-E, values is in a reason-
able agreement with the model predictions. However, the
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FIG. 6. Yields obtained by applying a software acceptance
cut of 2.82 <7, < 3.92 to the global data. The circles, full tri-
angles, full squares, open triangles, dots, and open squares refer
to data obtained with 2w, 7, w/2, w/4, w/8, and 7/16 azimu-
thal acceptances, respectively. For reasons of clarity, the results
from the 7, w/2, w/4, w/8, and m/16 acceptances have been
multiplied by 10~!, 1072, 1073, 104, and 1073, respectively.
Only statistical errors are shown. The uncertainty in the E,
scale is estimated to be +£5%.
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experimental value of the ratio is subject to a large sys-
tematic error due to uncertainties of the cluster-forming
algorithm; specifically, two calorimeter tracks, one had-
ronic, one electromagnetic could be formed occasionally
when only a single hadronic track really existed. To esti-
mate the systematic error due to this we have forcibly
merged closely spaced tracks. The result was that the ra-
tio dropped by 0.10. We consider this change to represent
a systematic error for the discussed ratio. We note that
such a systematic error has a small effect on hadronic
multiplicities and causes the average transverse energy of
a hadronic track to be changed by 100 MeV.

In Fig. 7, we show the variation of average hadronic
calorimeter track multiplicity detected in the calorimeter
with total transverse energy and compare it with the pre-
dictions of the LPS and QCD models. No E, cut (other
than their energy being greater than 1 GeV) and no accep-
tance cuts have been applied to the calorimeter tracks. As
expected, an increase in multiplicity with total E, occurs.
The rate of increase appears to lessen as E, is increased;
this is reminiscent of an effect reported previously.> One
can see that the predictions of both models are in good
agreement with data in the range E, < 11 GeV. Above 11
GeV the LPS model predicts a larger multiplicity than the
data. This is a direct consequence of limiting the trans-
verse momenta of the secondaries in the model.

Even though there is an increase in hadronic multiplici-
ty with E,, it is not strong enough to maintain the ratio of
transverse energy to hadronic cluster multiplicity at a con-
stant value. This is shown in Fig. 8. The average ratio
approaches 0.7 GeV/c for events with total transverse en-
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FIG. 7. The average hadronic-cluster multiplicity detected in
the calorimeter. The solid and dashed curves are the predictions
of the LPS and QCD models, respectively. Statistical errors
(vertical lines) and systematic uncertainties (vertical parentheses)
are both shown.



1900 B. C. BROWN et al. 29
1.Or11 LIS L S 10 SR R AR AR R AR RAR R RARRS RN RARS
F () 7<E;<14GeV (b) E4>14GeV 7
B 7 : X ¥ :
-~ % | E § ¢ ) 8 M j_— ° : ) % L] =
0.8~ e 3 E x : Y b4 . 3
W s . e
—_— _ . - - g _
N -
3 -7 oo’iiii 10-1 =+ ’I‘i—zl
= 06k - . - F 23 ;
A - . - o [ e original data ¥ .
)Y - «® _cl uLuur [ xrandomized data | y
° | - ) _- _‘ >T<_
é: - ° _- o |0-2u:;’\LllJllu_LHHlH: ol b bk
X . : - o O 02 04 06 08 O 02 04 06 08 10
E 0.4} .0 - L= = planarity
iy et
\V; L ®u i FIG. 9. Planarity distributions for events with (a) medium
- values of transverse energy (14> E, > 7 GeV) and (b) high values
02 :._ | of transverse energy (E,> 14 GeV). The original data (circles)
: and randomized data (crosses) are both shown.
primarily due to fluctuations of typical events we used the
I IS I AN experimental data themselves rather than the predictions
o 5 10 15 20 of the LPS model since the simulation of these rare events
E; (GeV) would depend heavily on the specific input parameters of

FIG. 8. The dependence of the average transverse energy of
hadronic clusters on the total transverse energy detected in the
calorimeter. Statistical errors (vertical lines) and systematic un-
certainties (vertical brackets) are both shown. The dashed curve
is the predictions of the QCD model.

ergy, in agreement with that reported at 300 GeV for pp
and 7~ p interactions [ ~0.65 GeV (Ref. 2)]. From Fig. 8
one can see that the QCD model predicts the increase of
this ratio with E,.

From Figs. 7 and 8, we conclude that high-transverse-
energy events typically have a large number of secondaries
with each particle individually having a relatively small
amount of transverse momentum.

Event structure was studied in more detail in terms of
the planarity variable,"> which was calculated in the
transverse plane of the event. In this projection an event
axis was chosen arbitrarily and the p, vector for each
calorimeter track was decomposed into components paral-
lel and transverse to this axis. Denoting the sums of the
squared components along and transverse to the event axis
as A and B, then planarity is defined as P=(4 —B)/
(A +B). P was then maximized by varying the direction
of event axis. For pencil-like back-to-back jets, P ap-
proaches 1, while for isotropic events with large multipli-
city it approaches 0. Figures 9(a) and 9(b) show the ob-
served planarity distributions for events with 7 < E, < 14
GeV and E, > 14 GeV, respectively, for the global data
sample (similar distributions were obtained directly from
using calorimeter module responses). It is clear that the
majority of the events are nonplanar. This is summarized
in Fig. 10(a), where the average planarity as a function of
E, is shown. In addition, the fraction of high-planarity
events (P>0.7) with high values of E, is equal to 9%
and remains constant. This is shown in Fig. 10(b).

In order to see whether the high-planarity events are

the model. Using the experimental data overcomes this
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FIG. 10. (a) Average planarity (calculated using the global
data) as a function of transverse energy detected in the total
calorimeter. The solid and dashed curves are the predictions of
the LPS and QCD models, respectively. (b) The fraction of
events in the global data set that possess planarity values greater
than 0.7 as a function of transverse energy detected in the total
calorimeter. The solid and dashed lines are the predictions of
the LPS and QCD models, respectively.
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objection. We randomized the directions of all of the
calorimeter tracks independently in the transverse plane
(their polar directions were preserved). Consequently, any
spatial correlations between particles were destroyed. The
randomization procedure was repeated until the magni-
tude of the original p, imbalance measured in the calorim-
eter was reproduced to within £2% (the results did not
change significantly when this requirement was relaxed to
+25%). Planarity was then recalculated using the ran-
domized calorimeter tracks. By performing this randomi-
zation we aim to study how the event structure is con-
strained from energy-momentum conservation alone.

The effect of this analysis is shown in Fig. 11, where
the transverse-energy flow for events with E; > 14 GeV is
plotted. The original data are compared to the random-
ized tracks. Even though two small excesses exist, one
near the track with maximum transverse energy (¢=0°)
and one opposite to it (¢ =180°"), from the sizes of the
excesses we conclude that the structure of a typical high-
E, event is governed primarily by energy-momentum con-
servation.

However, from Figs. 9(a) and 9(b), one can see that a
deficit of high-planarity randomized events is produced
indicating that high-planarity events are not totally caused
by statistical fluctuations of low-planarity ones. The ex-
cess of original high-planarity events above those pro-
duced by the randomization procedure increases strongly
with total E,. This is shown in Fig. 12. This increase is
in contrast to the constancy of the fraction of original
high-planarity events shown in Fig. 10(b). We conclude
from Fig. 12 that approximately 40% of events with
E,>14 GeV and P >0.7 are caused by dynamical effects
other than statistical fluctuations of large-multiplicity
low-p, events.
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(solid curve) are shown. The transverse energy of the maximum
E, track is not included in this plot.
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FIG. 12. The fraction of events with P>0.7 that remain
with P>0.7 after randomization. Statistical errors only are
shown.

VI. SEARCH FOR JETLIKE STRUCTURES

In order to search for jetlike structures within the glo-
bal and limited A¢ data sets we performed several cuts. It
is apparent from arguments presented in the previous sec-
tion that one of the most fundamental would be E, re-
quirement. This view is supported by the theoretical work
of Akesson and Bengtsson,!® who have made a quantita-
tive prediction for the minimum value of E, above which
hard scattering should become the dominant process for a
given aperture. According to these authors the crossover
value of E, is equal to

EP=16 Ay(Ad/27) GeV ,

where Ay is the rapidity interval and A¢ the azimuthal-
angle interval included in the trigger (the value of EL° is,
to first approximation, independent of the c.m.-energy
squared of the colliding particles). For this experiment
one would not expect to see jets dominating the global
data for events with the values of E, below 24 GeV. This
is not in disagreement with the jet signal presented in the
previous section which constituted only 5% of total data
with E,> 14 GeV. For the limited A6* acceptance data
one would expect jets to dominate above 15 GeV.

Several theoretical models offer explanations for the
lack of jet dominance in the events selected with a global
trigger.® 162 Processes that might obscure the jet signal
essentially fall into three categories: (i) contribution to the
measured transverse energy from fragments of spectator
jets,'"1® (i) gluon bremsstrahlung before and after the
hard scatter,®!®!® and (iii) two competing processes: a
large-multiplicity tail of low-p, type collisions and hard
scatters with the relative contribution of the two processes
depending on the aperture of the calorimeter trigger.!%2°
The results from several previous experiments suggest
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suitable cuts on the data. For example, a large-aperture
experiment at the ISR> has reported the emergence of jets
when triggered on the electromagnetic component of
transverse energy alone. A Fermilab experiment?! com-
bined a requirement of large global E, with restricted
multiplicity or with the presence of two or more energetic
clusters®?2 (so called “two-high” triggers®).

In order to select jetlike events from the background of
competing processes we studied events selected by
hardware and software triggers with (A) limited aperture
in the azimuth, (B) limited aperture in the polar angle, (C)
a modified two-high trigger requirement, (D) limited par-
ticle multiplicity in the final state, (E) electromagnetic or
hadronic E, dominating the global E,, and (F) a
transverse-energy cut on the secondaries.

The data presented in this section are compared with
predictions of the LPS and QCD models.

The LPS model takes into account the leading-nucleon
effect and correctly reproduces multiplicities and p, spec-
tra of particles as known from bubble-chamber experi-
ments.”® It also includes a long tail of large multiplicities
in the multiplicity distribution which for n., > 28 is gen-
erated according to an exponential form exp(—3n.,/
(ne)), where ny, and (ny,) are the charged-particle
multiplicity and the average value, respectively. In this
model particles are produced in an uncorrelated fashion
except for strict energy-momentum conservation which is
imposed for each generated event. The model does have
its limitations; it predicts an average transverse momen-
tum for the secondaries which does not vary with event
E,. This is in disagreement with the data (see Fig. 8).
Therefore we will use this model with caution; it will be
primarily used to estimate the effects of energy-
momentum conservation.

The QCD model represents an upgraded version of the
four-jet model.>* It takes into account gluon bremsstrah-
lung from the initial and scattered partons. The final-
state quarks (gluons decay into g-g pairs) are organized
into colorless pairs and fragmented into hadrons accord-
ing to either the Field-Feynman scheme® or phase space
depending on the invariant mass of the pair. The specta-
tor quarks from the initial hadrons are treated in the
model as single partons.

In our calculations we have used standard values of pa-
rameters as suggested by the authors of Ref. 8, except for
the after-scatter beam cutoff ¢§'", whose value has been
changed from 3 to 1 (GeV/c)®. Only hard scatters with
p:>1.5 GeV/c were considered. However, most of the
model predictions for event structure are insensitive to
this cutoff. The parameters of the models have been tak-
en from the literature and have not been “tuned” to op-
timize agreement with our data.

A. The limited-Ag¢-aperture data

For this analysis we have selected data triggered by a
deposition of E; in sector A of the calorimeter [see Fig.
2(b)].

The average planarity (P) calculated using module
responses from the entire calorimeter, increases monotoni-
cally with the transverse energy detected in the triggering
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FIG. 13. Average planarity as a function of E, for events ob-
tained using a limited A¢ trigger. Planarity was calculated us-
ing the responses from all modules; E, was formed using the
responses from triggering modules alone. The solid and dotted
curves are the predictions of the LPS and QCD models, respec-
tively.

sector (Fig. 13), indicating that events become more jetlike
with increasing E,. This increase is mainly due to the col-
limation of particles within the triggering sector. The in-
crease for E, values above 4 GeV is predicted by the QCD
model whereas the LPS model predicts the rise at low E,.
The transverse-energy flow as measured by the whole
calorimeter is plotted in Fig. 14 as a function of azimu-
thal angle (¢ =0 is defined as the center of the triggering
sector). The low-E, data agree well with predictions of
the LPS model. For data with medium E, (4<E, <5
GeV) both the LPS and QCD models predict the general
trends of the data; the QCD model is in better agreement
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FIG. 14. Normalized transverse-energy flow vs azimuthal
angle as measured from the center of the triggering sector.
Low- (2 <E,; <3 GeV), medium- (4 <E, <5 GeV) and high-E,
(6 < E; <8 GeV) data sets are shown. E; is the transverse ener-
gy detected in the triggering sector alone. The solid and dashed
curves are predictions of the LPS and QCD models, respective-
ly.
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with measured energy flow within the triggering sector
(A$p=0°to 30°). This is seen to be so also for the high-E,
data.

To study in greater detail the collimation effect within
the triggering sector we follow Ref. 26 and introduce the
variable pseudothrust T, defined as

T=3 84| /3 1Bal »
i i

where the sums are carried out over the modules in the
triggering sector and € is a unit vector along the direction
of 3, Pu. The experimental size of the triggering sector
limits the range of T to values from 0.85 (two maximally
separated tracks) to 1 (pencil-like jets). The fraction of
events with T>0.96 rises as a function of E, (see Fig.
15). This is similar to the effect seen in Fig. 13 and once
again the QCD model is successful in predicting the in-
creased collimation at high values of E,. The LPS model
is unable to account for this effect because of the model’s
method of producing large values of E,. It does so by
producing a large number of low-p, secondaries randomly
in azimuth.

We notice that a collimation effect on the trigger side
(¢=0°) does not lead to a detectable increase in collima-
tion on the side opposite to the triggering sector
(¢=180°). Transverse-energy flows for low- and high-T
events are very similar (Fig. 16). Both energy flows agree
well with QCD predictions.

Results for the limited-A¢ trigger presented here were
obtained for events selected by a hardware trigger. We
obtain similar distributions from a software-acceptance
cut imposed on the global data. We conclude that the glo-
bal data with software cuts can be used not only to derive
cross sections for smaller apertures as shown in Sec. III,
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FIG. 15. The fraction of events without pseudothrust greater
than 0.96 as a function of E,. E, is the transverse energy
detected in the triggering sector.
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FIG. 16. Normalized transverse-energy flows for events with
high and low pseudothrust values (7 >0.96 and T <0.96,
respectively). ¢=0° corresponds to the center of the triggering
sector.

but also to study event structure in detail. This will be
used extensively in the following analyses.

B. The limited-6* -aperture data

For this analysis we used exclusively the pulse-height
information from the calorimeter modules. We have in-
troduced software acceptance cuts on the global data.
The global-trigger acceptance was reduced to approxi-
mately 63°<6* <110° (AQ*=5.0 sr), as shown in Fig.
2(c).

The event structure does not change with E, when no
acceptance cuts are applied to the global data! (see Fig.
10). The “reduced” global data obtained by applying the
above cut do, however, exhibit a statistically significant
shift towards larger planarity values for E,> 12 GeV.
This is shown in Fig. 17 where planarity distributions (us-
ing modules from the entire calorimeter) are shown as a
function of E, (calculated using modules from the limited
acceptance alone). The increase in the number of high-
planarity events is emphasized in Fig. 18 where the aver-
age planarity and the fraction of high-planarity events is
shown as a function of E, (calculated as before). A com-
parison with the LPS and QCD model predictions is also
shown. As noted in the limited A¢ analysis, the LPS
model does not predict the increased collimation. In con-
trast to this the QCD model predicts a substantial in-
crease in planarity at high values of E,.

We note that the QCD model also predicts increasingly
planar events for events detected using the full calorimeter
acceptance (see Fig. 10). We conclude from a comparison
of Figs. 10 and 18 that decreasing the polar acceptance of
the calorimeter diminishes the nonjetlike event structure
present in the experimental data. The source of this struc-
ture could be for example, beam and target fragments.

The increase of (P) is also observed"When (P) is cal-
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FIG. 17. Planarity distributions for the limited-6*-acceptance
global data. The three E, ranges (6 to 9, 9 to 12, and 12 to 15
GeV) were calculated using only the responses from the modules
within a reduced 6* aperture.

culated using only those modules which are included in
the restricted acceptance. Both effects are also present
when calorimeter tracks rather than module responses are
used. The increase in (P) is therefore not due to effects
such as granularity of the calorimeter.

C. Modified two-high trigger

This analysis was based on software cuts imposed on
the global data and it also used calorimeter module
responses.

We have divided the calorimeter into eight regions [see
Fig. 2(d)] each covering approximately A¢=90° and
Ag*=35° with AQ* ranging from 0.9 to 1.2 sr. In addi-
tion to demanding a high value of E; in the entire
calorimeter, we required the value of transverse energy in
two of the eight groups to exceed a certain threshold E™
Since there was no constraint on the relative alignment of
these two chosen groups, any of the 28 combinations of
pairs may occur. Only eight of these combinations corre-

<P>

(a)

oef (b) .

fraction (P>0.7)

16

E' (GeV)

FIG. 18. (a) The average planarity of events and (b) the frac-
tion of high-planarity events as a function of E, calculated using
the responses from the modules within a reduced 6* aperture.
The solid and dashed curves are the predictions of the LPS and
QCD models, respectively.

spond to kinematically favored ‘back-to-back” and
“back-antiback” configurations in the ¢ and 6* angles. In
Fig. 19, we plot the fraction of global E, triggers fulfilling
the additional two high requirement as a function of E™.
A 3-GeV cutoff selects only 5% of all events with E, > 12
GeV, 70% of which correspond to back-to-back or back-
to-antiback configurations. The LPS model predicts this
trend well indicating that such event structure is dominat-
ed by energy-momentum considerations rather than jet
production. This is confirmed in Fig. 20 where the aver-
age planarity of events selected by this method increases
with E™. We conclude that there is no overwhelming
evidence that a two-high-type trigger unambiguously
selects events caused by hard scattering.

D. Limited particle multiplicity
in the final state

For this analysis we used hadronic calorimeter tracks
rather than module responses; no acceptance cuts were ap-
plied to the data. The multiplicity and planarity were
determined for each event. Average planarity values for
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and dashed curves are predictions of the LPS and QCD models,
respectively.

H

low- and high-multiplicity events were then plotted (see
Fig. 21). The increase in planarity for low-multiplicity
events confirms a result reported earlier’?? using all
calorimeter tracks, electromagnetic and hadronic. The
difference between the mean planarities for low- and
high-multiplicity events is partially due to the correlation
between planarity and multiplicity and is at least qualita-
tively predicted by both the LPS and the QCD models.
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FIG. 20. Average planarity of events with E, > 12 GeV and
with two limited-acceptance regions both possessing E, > E/™.

The solid and dashed curves are predictions of the LPS and
QCD models, respectively.
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FIG. 21. Average planarity (calculated using all calorimeter
tracks) for events with low and high hadronic track multiplicity.

Consequently, it is difficult to assess whether the increase
at high E, is due mainly to kinematic effects or has a
deeper dynamic origin.

E. Electromagnetic and hadronic components
of global E,

In Sec. III, we described how a calorimeter track was
designated to be electromagnetic (em) or hadronic (had).
The transverse energies of the individual tracks were
summed to form total electromagnetic and hadronic ener-
gies separately (Ef™ and EP®, respectively). The sum
Ef™+EP was equal to the total transverse energy in the
event, E,.

In Fig. 22(a) we show the dependence of average planar-
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FIG. 22. Average planarity (calculated using all calorimeter
tracks) as a function of the total (a) electromagnetic and (b) had-
ronic transverse energy detected in the calorimeter. Only statisi-
ical errors are shown.
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ity (calculated using all tracks) as a function of E;/™ rath-
er than total E,. One sees a rise in planarity for E/™
values above 6 GeV. A similar trend has already been re-
ported by an ISR experiment.® A significant rise in the
average planarity value is also observed as a function of
EP™ [Fig. (22(b)]. This is the first time that such a rise
has been seen as a function of hadronic transverse energy.

We have checked this result by studying how the aver-
age planarity varies as a function of transverse energy
deposited in the electromagnetic calorimeter modules
(rather than using calorimeter tracks). A similar effect is
seen and we conclude that the effect is not introduced by
the algorithm that forms and separates electromagnetic
and hadronic tracks.

In an attempt to understand the origin of the effect we
have divided events with a given total E, into three
categories: those with a dominant fraction of electromag-
netic energy (E;™/E,>0.6), those with a dominant had-
ronic energy (EM/E,>0.8), and the remaining events
(0.2<E{™/E, <0.6). The fraction of events with
E™/E,>0.6 (E!/E, >0.8) increases with Ef™ (E!d),
as expected from simple kinematic constraints. Therefore
we might expect the increase of (P ) with Ef™ or E? ob-
served in Fig. 22, to reflect the difference between mean
planarities for events with large and medium values of the
ratio Ef™/E, (EP*/E,), respectively.

In Fig. 23 we plot average planarity as a function of to-
tal E, for the three categories of events. Indeed at all
values of E, events dominated by one type of energy have
larger values of average planarity than the more balanced
events. The difference between the average planarities for
the two data sets is constant as a function of E, up to
E,=17 GeV and only then starts to increase.

Events dominated by the one type of energy are charac-
terized by smaller total particle multiplicities than the
remaining events. This fact is consistent with the positive
correlation between charged- and neutral-pion multiplici-
ties?’ known from low-p, physics. However, it is not clear
to what extent the observed correlation between (P) and
the ratio Ef™/E, (E!*/E,) reflects correlations between
planarity and particle multiplicity discussed in the previ-
ous section. The LPS model fails to predict an increase of
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FIG. 23. Average planarity for events with relatively high
values (circles) and medium values (crosses) of (a) electromagnet-
ic and (b) hadronic transverse energy as a function of the total
transverse energy in the calorimeter.
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(P) with Ef™ or E. The model correctly reproduces
the difference between (P ) for balanced and unbalanced
events up to E, <10 GeV, but contrary to the data,
predicts the difference to disappear with E,.

We have also calculated two additional values of the
planarity variable for each event using electromagnetic
and hadronic tracks separately and studied their depen-
dence on the corresponding type of transverse energy.
The increase of average planarities of a given type at large
transverse energies was found to be statistically insignifi-
cant.

F. E, cut on secondaries

The increase in planarity observed in events that were
restricted to limited acceptances (in ¢ or 6*) is suggestive
of a reduction of a possible source of “soft” background.
This could also be the explanation of the increased planar-
ity for constant multiplicity events. To investigate this
further we have attempted to minimize the effect of low-
p: secondaries by imposing the requirement p,>0.5
GeV/c on all calorimeter tracks. No increase in average
planarity was observable for high-E, events; in fact, little
change occurred in the event structure when such a cut
was applied.

There is also no indication of an increase with E; in the
fraction of total E, carried by the most energetic or two
most energetic calorimeter tracks (not shown). An in-
crease of this type has been observed at higher ener-
gies.*~7 This may be due to the “clusters” used in Refs.
4—7; they corresponded in size to jets rather than to single
particles as in the case in our analysis.

From the studies described in this section we conclude
that the data show a strong indication for the emergence
of jetlike event structure even at the low-incident momen-
tum of 400 GeV/c. Several different cuts on the data (re-
stricting the azimuth of polar-angle acceptance of the ap-
paratus, limiting the particle multiplicity, dividing events
into electromagnetic and hadronic portions) produce ef-
fects that cannot be described by an extrapolation of un-
correlated low-p, phenomena. We interpret this as evi-
dence for the onset of jet production (E, > 14 GeV).

VII. PROPERTIES OF PLANAR EVENTS

In order to study the properties of events with planarity
values greater than 0.7, we formed several variables using
the transverse momenta associated with the calorimeter
tracks.

First, we formed for each hadronic calorimeter track
the variable x, =2E,had/E,, where E‘,had was the transverse
energy of the track and E; was the total energy detected
in the calorimeter. From Fig. 24, we see that the x, dis-
tribution for low- and high-planarity events differ consid-
erably. In Fig. 24(c) a comparison is made with the scaled
hadron energy spectrum from e *e™ annihilations at 14
GeV center-of-mass energy.”® One can see that the high-
planarity events from this experiment resemble the two-jet
events produced in e te ~ collisions. The E557 data do lie
systematically below the e *e ~ distributions by almost a
factor of 2, but this is probably due to the calorimeter
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registering only a fraction of the away-side jet, contrary to
the e Te ~ situation, where both jets are recorded (one can 10-3 T N S I ST I

see this effect in the transverse-energy-flow plots, e.g.,
Fig. 14). Therefore the x, distributions from this experi-
ment are expected to have lower multiplicities.

The QCD model correctly reproduces the changes in
the character of the distribution with increasing planarity,
but overestimates the density of energetic particles of
P > 0.7 [see Fig. 24(c)].

In Fig. 25 we show how high-planarity (P >0.7) events
change in structure as E, is increased. At low E, (E, <7
GeV) the x, distribution is strongly affected by single
particles (x,=1); from E;=7 to 20 GeV only a small
change in structure occurs. The slight “softening” of the
distribution is in agreement with data from a previous ex-
periment.!°

We have investigated the jet structure within an event
by dividing the event into two halves in the transverse
plane. To do this an axis perpendicular to the planarity
axis was used. Then, vector sums of the calorimeter-
tracks momenta were formed. The directions of these
sums formed, by definition, the two jet directions. The
distribution of the projection of calorimeter-tracks mo-
menta onto the jet direction was very similar to the x,
distributions. The distribution of the tracks momenta
perpendicular to the jet direction is shown in Fig. 26. It
can be seen that the high-planarity events are more col-
limated, as expected. One can see that “jets” from this ex-
periment appear to be somewhat wider than those seen in
14-GeV center-of-mass energy e e ~ collisions.?’

VIII. SUMMARY

We have presented results from an experiment which
studied the production of high-transverse-energy events in
pp collisions at a center-of-mass energy of 27.4 GeV.
Only a small fraction of events (~10%) exhibit jetlike
structure. We have estimated that approximately half of
those events are caused by dynamical effects other than
statistical fluctuations of large-multiplicity low-p, events.

We have imposed several different restrictions on the
data in order to select an unbiased sample of events with
jetlike structure. Many of the cuts, e.g., restricting the az-

Xp

FIG. 25. Scaled transverse-energy distributions for hadronic
tracks from high-planarity (P >0.7) events. Distributions for
events with E, <7 GeV (triangles), 7<E, <14 GeV (crosses),
and E, > 14 GeV (circles). Only statistical errors are shown.
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FIG. 26. Distributions of the component of hadronic track
momenta perpendicular to the “jet” direction. Data from low-
(P <0.3), medium- (0.3 <P <0.7), and high- (P > 0.7) planari-
ty events are shown. Data are for events with E,> 14 GeV.
The solid curve is e te ~ data (see Ref. 29).
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imuth or polar-angle acceptance of the apparatus, limiting
particle multiplicity, dividing events into electromagnetic
and hadronic portions, produce effects that cannot be
described by an extrapolation of uncorrelated low-p, phe-
nomena. On the other hand, many aspects of the data
agree qualitatively with the predictions of the QCD-gluon
bremsstrahlung model. We conclude therefore that the
data show an indication for the emergence of jetlike event
structure even at the incident momentum of 400 GeV/c.
However, due to the large background, a more quantita-
tive separation of jet signal remains very model depen-
dent.
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