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Abstract

Three-jet events have been observed in pp collisions at /s =62.3 GeV. The data were collected
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1. Introduction

Although considerable data have been amassed concerning 2-jet production in hadron-hadron
collisions at high transverse energies, little has yet been presented on 3-jet events. Such events were first
observed at the CERN Intersecting Storage Rings (ISR) at a centre-of-mass (c.m.) energy
/s = 62 GeV [1]. Three-jet events in e*e” interactions have of course been studied for several
years [2] and recent results from the CERN SPS pp collider have shown the emergence of very clear
2-jet [3] and 3-jet [4,5] events in hadron collisions at /s = 540 and 630 GeV. In this paper results are
presented from the analysis of events obtained by triggering on the energy deposition in an electro-
magnetic (e.m.) calorimeter covering 90% of 27 in azimuth in pp collisions at /s = 62 GeV at the
ISR. Two-jet results from this experiment, R110, have already been discussed [6,7].

Another ISR experiment has presented results on three jets [8] but based on a 3-jet trigger rather

than the global energy trigger used here.

2. Apparatus and Trigger

The apparatus, trigger, and data-taking conditions have been discussed in refs. 6 and 7. Only the
most important features will be reviewed here; fig. 1 shows the apparatus. Charged particles were de-
tected, over the full azimuth, in a set of cylindrical drift chambers inside a superconducting solenoidal
magnetic field, centred on the interaction region of the two proton beams in the ISR. Two arrays of
lead glass outside the solenoid, at 90° to the colliding bearn directions, were used to detect e.m. energy.
Four modules of lead-scintillator shower counters, inside the solenoid, detected e.m. showers in the
azimuthal range not covered by the lead glass arrays. The rapidity coverage was 0.6 pnits of rapidity
in the pp c.m. system for the lead glass, + 1.2 units for the shower counters, and * 1.5 units for charged
particles in the drift chambers. Signals from the phototubes viewing the lead glass blocks and the
shower counters were summed and used as a trigger once this neutral energy exceeded a nominal
threshold of 25 GeV. In the offline analysis more detailed calibration information was used, and only
events for which the hardware trigger was fully efficient were retained for further study. Due to the un-
restrictive nature of this trigger, and the high instantaneous luminosity of the ISR (typically 5 x 10*'

em~2%s71), over 90% of the triggers were due to the overlap of more than one interaction ocourring



within the recording time of the apparatus, but these events were removed after examining the pattern
of times of arrival of all phototube signals in each event [6]. Overlapping events are not involved in the
analysis presented here. The total integrated luminosity for the data discussed was 6 x 1037 em~2, in

pp collisions at /s = 62.3 GeV. About half of this sample was used to obtain the total neutral trans-

verse energy spectrum and results on 2-jet physics presented in ref. 7.

3. Energy-flow analysis
3.1 Diagonalization of the sphericity tensor

It has been previously shown [6,7] that as the total energy in the events increascs 2-jet events
gradually come to dominate the event sample. In the present analysis we re-examine the structure of
the events, by first studying the energy flow, and showing that events exist which have the structure
expected of 3-jets, without forcing a jet-finding algorithm on the data. Then we apply a jet-finding al-
gorithm to extract explicitly the multijet component of the data sample.

A 4-momentum vector, n the Laboratory frame, is calculated from each detected charged particle
with a momentum above 300 MeV/c, and from each e.m. detector element containing energy above
about 50 MeV/c (see ref. 6 for details). All momenta are first transformed into the event rest-frame
calculated from all detected particles. The encrgy flow is examined refative to the sphericity axis of each

event. For each event the sphericity tensor T 1s calculated as [9] :
TP = 2678 57 - piopf)

where the sum (index 1) is over all detected particles, and « and B label the three space components of
each particle momentum ;3: This tensor is diagonalized to obtain the eigenvalues A,, A,, A, which are
the sums of the squares of the transverse momeonta with respect to the three eigenvector directions 1y,
n,, n, respectively. The eigenvalues are ordercd Ay < X, < A, so A, is the minimum Zpr? (wrt.
1.}, and A, is the maximum Zpr? (wrt. 6,5 The direetion n, defines the sphericity axis. From the A;

]
three shape parameters Q]- are defined by

Q; = 1 = Ay, +A+A),



in analogy with e*e~ analyses [10]. These satisfy Q, + Q, + Q, =1. Notice that the denominator of

-

the second term is 22;3?’, since this is the trace of the tensor, so that Q; ~ Z(p; * ﬁj)z, and thus Q,
corresponds to the eigenvector 1, along which the sum of longitudinal momentum-squared in an event
is maximized. Also, the sphericity S is defined as 3(min EpTZ)/Z(Zf;ﬁ), which can be written in terms
of the Q’s as 3(1-Q,)/2. The event topology is now described by a point (Q,,Q,,Q;) in a Dalitz plot

representation [10], as indicated in fig. 2a).
3.2 Event structures

Events in which the energy-flow lies approximately in one plane {disk-shaped events) have Q,~0,
events in which the energy-flow is in two back-to-back cones (linear events) have both Q, and Q,~0,
and isotropic events have all three Qj~1/3. The scaled Dalitz plot, (1.5Q,,1.5Q,,1.5Q,), which is
equivalent to a scatterplot of (/3/2)(Q, —Q,) against (3/2)(Q; +Q,) (= 8), is shown for our data in
fig. 2b), and its projections are given in fig. 2c) and d) respectively. This Dalitz plot effectively summa-
fizes the different event structures occurring in the data. The highest density of events is in the comer
of high Q, (or equivalently, low §) and with both Q, and Q; low and approximately equal. Away
from this corner the density rapidly decreases, although there are events lying in most of the physical-
ly-allowed region (the shaded region of fig. 2a)), except for that corresponding to perfectly isotropic
events (S=1, Q,=Q,~Q,).

We proceed to examine the energy flow in various subsamples of the events, selected according to

their particular sets of Q) values.
3.3 Energy flow relative to the sphericity axis

The distribution of the energy flow relative to the sphericity axis is examined in the plane defined
by the eigenvectors n, and n,, using an azimuthal angle ¢ measured w.r.t that axis. Since the sphericity
is quadratic in the momenta there is no a priori way to distinguish ¢ =0 from ¢ = 180". To make this
choice we proceed as follows: In each of the hemispheres about the sphercity axis the transverse mo-
mentum, jp, of each particle lying in that hemisphere is calculated relative to the axis. The average
<jp?/sin 8> is calculated over the particles within each hemisphere. (The sin 8 term compensates for
the increased solid angle as the polar angle 8 increases). The direction corresponding to the smaller av-

erage is taken as ¢ = 0. In a 2-jet event this corresponds to the direction of the narrower jet. The
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cnergy flow is plotted as (1/E;p4)(dE/d¢), so that the integral of the distribution over ¢ gives the total
number of events contributing to the plot.

The energy flow in the whole event sample is shown in fig. 3a). Note the tightness of the energy
flow along the § axis: the dominant event-type is “2-jet-like”. Selecting the most linear events by re-
quiring Q, and Q, low (< 0.05) gives the energy flow shown in fig. 3b). The events of particular in-
terest in a 3-jet search are those which are planar (i.e. Q, small) but with a broad recoil structure
(Qz—Q, large). It is here that "3-jet-like” events would be expected to appear, since the otherwise
overwhelming 2-jet structure has now been removed. The energy flow in such events is shown in Fig-
ure 3c), using the selection Q, < 0.1 and (Q,~Q,) > 0.1. The flow no longer has two narrow lobes.
There is a narrow distribution at 0°, but the broad recoil distribution shows a dip at 180°. This dip
shows that the recoil distribution is not due to an isotropic distribution of particles but contains some
events in which the recoil is composed of two distinct clusters of energy. Note that the size of the dip
is large (~15°) relative to the angular granularity of our detector ( < 6°). Monte Carlo studies show that
such a dip can also result from low-multiplicity effects since a two-particle recoil would necessarily give
such a dip, although this effect is masked as soon as there are more than two particles. The dip is still
seen if the sample is restricted to events in which the three most energetic particles in the recoil hemi-
sphere contain less than 50% of the hemisphere energy (55% of the events). This result is insensitive
to the precise values used to select the sample (both cuts were varied from 0.05 to 0.10). We shall re-
turn later to the energy-flow in reconstructed 3-jet events, which is shown in fig. 3d).

The Q; cuts select only on the overall event topology, and not explicitly on the multiplicities of
particles, clusters, or jets. The Monte Carlo studies also show that the Q; cuts do not themselves en-
force a dip, and that neither the acceptance of the detector nor the analysis procedure itself do either.
The conclusion is that events with two clusters of energy in the recoil hemisphere are a dominant
component of all planar events with a broad recoil structuse: they are neither purely 2-jet-like nor iso-

tropic.




4. Reconstruction of the jets
4.1 Introduction

In order to study jet properties some method of jet reconstruction must be used. The extraction
of 3-jet events from hadron-hadron data is bedevilled by the fact that the third jet is usually buried
within the particles of the other jets, especially at the relatively low ./s values available at the ISR, as
well as by confusion from low pT particles from spectator fragmentation (although these may be ex-
pected to be of high enough rapidity to fall outside the acceptance of our detector). There are, how-
ever, some evenis in which the separation between the three jets is sufficiently unambiguous that a
suitably chosen jet-finding algorithm may be used to identify them. There is often a further complica-
tion in that data from several different types of detector must be analysed together.

The algorithm used here was developed from the approach suggested by Donati et al. [11] which
involves Fourier analysis, and subsequent digital filtering, of the energy flow in the events. This meth-
od proved to be simple and effective for the analysis of these ISR data. The aim of the algornithm is to
give good stable starting-points for jet-finding. The basic idea is to smear the energy flow with a spatial
resolution of the typical size of the structures for which one is searching, i.e. the typical sizes of jets in
the kinematic region under consideration. Smaller fluctuations can be removed by appropriate digital
filtering, and the surviving structures used as initial values for any convenient method of associating
particles into jets. The requisite Fourier mathematics are well-known, and the discrete case is easily
adapted to computer analysis.

In the continuous case, for 2-dimensions 8 and ¢, the Fourier transform of the function E(8,¢) is:
W(rgwy) = [f E(8,¢) exp[2mi(vgd +v44)] dCos 8d¢.
This can then be filtered by multiplying the transformed function W by a filter function F:
Wii(vgrg) = Flrgrg)Wgry),

where F is a function of the “frequency’ variables vy and »,,. The filtered transform can then be invert-

ed to give the filtered function:

Egi(0:9) = (1/Sin 8)]] Wi11(vgwp) expl—2mi(vg8 + 7)) dopdvs.



The filter function F(vg»y4) is chosen to achieve the desired level of filtering. Donati et al. [11] point
out that in principle, for cylindrically symmetric QCD jets, F should be a function of .\/(vez+v¢2)
alone, but that in practice it is more convenient to use a factorizable filter of the form F(Ve,v¢) =
Fl(vB)Fz(v¢). Filtering of high frequencies removes rapid fluctuations in energy deposition such as
those which apparently occur in parton fragmentation, and this is the strength of the method. Filtering

of low frequencies could in principle aid in the removal of overall background levels, although this

possibility was not deemed necessary for the present analysis.
4.2 Application of the algorithm

In practice the energy of each event is binned in (8,¢) space, using values in the pp c.m., with a
cell structure of N; =30 bins in # from 22.5° to 157.5°, and N, =60 bins in ¢ from 0° to 360°. These
angular ranges approximately cover the c.m. acceptance of our detector. The bin sizes are typical of
angular resolutions obtained in the component parts of the detector, and considerably smaller than the
typical angular sizes of jets (~30° half-angle) [7] in this /s range. This initial binning of the energy in
an event, giving an energy matrix E(8,¢), already smooths the most rapid local fluctuations in energy
deposition.

Next the energy matrix is Fourler transformed, using a conventional Fast Fourer Transform al-

gorithm. In the discrete case the transform is:
W(VB,jl’vcj;,jz) = EEE(Gila‘i’iz) expl2mi{(i,},)/N, + (1212)/ N}

where the 2’s run over indices i; = 0..N, —1,i, = 0...N, — 1. The physical rcquiremenlt that the fii-
tered energy flow Eg4(8,4) be purely real (no imaginary component) imposes symmetry requirements
on the filter functions F, and F,. The transform must be symmetric around N,/2 and N,/2, ie.
FI(VB’J'I) = Fl(”G,Nl + 1_j1) for j; > 1, and similarly for Fi(vg)-

Following Donati et al. once more, we have chosen to use a filter of the Fermi type, factorizable
into independent functions of ¢ and 8, and with parameters chosen so that after filtering the r.m.s. an-

gular size of a delta-function energy deposition becomes that typical of a jet. The explicit functions are:

Fi(g,) = {1+explay(y— DI} {1+explB,/j,])

Falvg,j,) = {1+ explaGy— DI}~ {1+ explB,/i])



where «,,8,,a;,8, are constants to be chosen, and j; runs from 1 to (N,/2 + 1), and j, from 1 to
(N,/2 + 1). The remaining indices are given by applying the symmetry constraint. In these functions,
the first term effectively damps high frequencies, and the second damps low frequencies, to a degree
depending on the constants a« and 8. We are insensitive to the precise value of 3, sincé we have not at-
tempted {or found it necessary) to tune the filtering of low frequencies. The value of «, however, de-
termines the degree of “smearing” we are willing to apply to the energy distributions before clustering.
The values B, = B; = 3.0, a; = 0.5, and a, = 0.25 were found empirically to smear a delta-ﬁlncﬁon
energy deposition in one cell into a structure with a fw.h.m. angular size of ~15° in both & and ¢.
Figure 4 shows the variation in this angular width with «, and a,, which are the relevant parameters
for this analysis. The width is linear in «, and «, (separately) over the wide range 0.1 (corresponding
to ~ lcellin & or ¢) to 1.2 (corresponding to ~ 7 cells 1n 8, 13 cells in ¢).

The results of the following analysis are stable to considerable variation in the parameters of this
filter. This is because the result of the procedure is only to give energy centroids from the surviving
energy structures, which are then used as seeds in a trivial iterative procedure in which the original
particles detected in the event are associated with the nearest centroid.

The filtered energy distribution is normalized to the total original energy in the event. The fitered
energy flow is smoother and more connected than the original flow, and can be clustered simply by
merging neighbouring cells containing energy above some low threshold. This threshold is taken as 50.
MeV to match the typical minimum detectable energy in the detector elements. The energy centroids
of the resulting disjoint clusters are calculated, and the (8,¢) positions of those centroids above a mini-
mum energy Ep,i, (discussed below) are used as seeds for building jets.

The jet-finding is completed by using the momentum vectors constructed from each counter hit
and charged track in the detector, as discussed pre\déusly. Each momentum vector is associated with
the nearest centroid, provided that they are within an angular separation of 45°, and once all particles
have been tested for association with a centroid the overall jet 4-momenta are calculated from the as-
sociated particles. This associative procedure is repeated starting from these jet directions until, in one
complete pass through all particles in the event, no particle changes its jet assignment. In general only
one or two iterations are required. Some study was made of the sensitivity of the procedure to the
minimum number of counter hits {or tracks) required to be associated with a centroid before allowing

the cluster to be counted as a “jet”. Over 98% of the centroids had at least two hits assoctated with



them. There were no significant changes in the results if centroids with less than three associated hits
were dropped as seeds and the particles allocated to other nearby centroids, if they existed. A centroid
with a low associated multiplicity could arise, for example, from a jet which fragments predominantly
to neutrals which hit only one shower counter.

The minimum energy, E;;-, above which an energy cluster is used as a seed for building a jet is
chosen to be 2.0 GeV. Approximately 65% of the initial clusters have energies below this, and are dis-
carded, but after association of particles with the surviving centroids, on average over 90% of the total
energy in an event is associated with the final jets. As E_ . is increased the number of jets found tends
to decrease, but generally the proportion of the event energy associated with jets also decreases, imply-
ing that this does not improve the partition of the energy into fewer jets.

Variation of the limiting angle, within which particles are associated with the energy centroids,
from 35° to 55° (normally 45°) leads to only slight variation in the resulting jets. On average, in the fi-

nal jets, over 95% of the jet energy is contained within a cone of half-angle 30° about the jet direction.

4.3 Event classification

The data were classified according to the number of jets reconstructed by the algorithm. In all
events at least one “jet” is reconstructed. Less than 2% of the events have only one jet; approximately
45% have only two jets, 30% have three, and 25% have more than three. In fig. 5a) —c) we show the
raw energy-flow in a typical event of each class (2-jet, 3-jet, and more than 3 jets). The height of each
tower in the plots represents the energy falling in that cell of 8 and ¢, according to the scale shown.
The gnd covers the ¢ range 22.5°—157.5° with 15 cells, and the ¢ range 0°—360° with 30 cells, and
hence these cells are considerably coarser than the actual resolution of our detector elements. Corre-
sponding to each event we also show the filtered energy-flow in figs. 5d) —f). These have a reduced
vertical energy scale since the energy clusters are now smoothed into continuous distributions. It is
clear that the algorithm has successfully identified events which have 2, 3, or more clusters of energy in
them.

We denote by E{; the total neutral energy measured in an event, calculated in the pp c.m.. Fig. 6
shows the dependence on E{; of the numbers of jets reconstructed. The purely 2-jet component
gradually rises, the purely 3-jet proportion is virtually constant, and the proportion with more than 3

jets falls. The purely 2-jet and 3-jet contributions quickly become dominant. The overall values quoted



are determined by the proportions just above the trigger threshold, due to the rapidly-decreasing Bt
spectrum [7].

A more restrictive way of defining the 2-jet sample is to further require that the invariant mass,
M, of the two largest jets (calculated from the reconstructed momenta) be greater than some value,
while ignoring other jets in the event, if any. We can redefine 3-jet and 4-jet samples analogously. In
this way we obtain inclusive jet samples. For example, arbitrarily selecting M > 20 GeV/c?, the de-
pendence of the numbers of events on E}yy is shown in fig. 7. Note that the events in a particular
mass-bin come from several bins of the trigger variable E}y, and arc thus dominated by the lowest
compatible Ef,; values.

The number of jets in an event of coursc depends on the minimum energy a jet is allowed to
have. Fig. 8 shows the variation in the numbers of jets per event as a function of this cut-off energy. It
is seen that the number of events with more than three jets rapidly decreases to zero as the cut-off is
raised.

It is possible that the algorithm be misled by jet-fragmentation fluctuations into spuriously split-
ting a jet, but this is a small effect according to event dispiays and the Monte Carlo studies discussed

below.
4.4 Correlation with Q values

The Q-Dalitz plots have been examined separately for events reconstructed to 2, 3, or more jets.
As expected, the 2-jet events dominantly populate the comner $~0, Q,~Q;, but with tails tending to lie
along the upper diagonal. Fewer of the 3-jet events fall in this corner, and they spread further into the
body of the allowed triangular region of the Dalitz plot. None of the events with more than 3 jets fall
in the corner. In terms of the projections onto the sphericity axis, the 2-jet events have a tight-
ly-constrained S distribution, with a mean value <8>=0.10. The § distribution for 3-jet events is
broader, with <S> =0.26, and that of events with more than 3 jets is very wide, with <§>=048. A
comparison of the three classes is given in Table 1, in which, as well as the mean S values, the propor-
tions of events within certain § ranges are compared.

From these considerations it is found that the events with more than 3-jets populate the allowed
region of the Dalitz plot much more uniformly than those with 2 or 3 jets alone. Any event-shape

analysis, or even examination of a number of event displays, shows that there are events in which there
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are clearly not just two or three tight bunches of energy deposition in the detector. The algonithm will
generally reconstruct an isotropic distribution of energy as several "jets” of low and approximately
equal energies (c.f. figs. 5¢) and f)). This has been verified with Monte Carlo events generated accord-
ing to phase-space only, and also by analysis of data obtained in 15 GeV colliding a-particle collisions
at the ISR, also triggered at 25 GeV total neutral energy in the detector, in which there is little evi-
dence of any jet-like structure. These events populate the Dalitz plot even more uniformly than the
more-than-3-jet events in the pp data (although due to the ordering of the Q;, even perfectly isotropic
events will not give a perfectly uniform distribution in the plot). Presumably this implies the existence
of bona-fide multijet events within the pp data, which do reconstruct to more than 3-jets.

We are thus led to conclude that in the pp data there appears to be a wide spectrum of events
ranging from those in which there are two, three, or even more than three localized energy clusters, to
those in which the energy deposition appears to be isotropic.

For completeness, the energy-flow in reconstructed 3-jet events has been plotted relative to the
highest-energy jet, in the azimuthal plane defined by the jets in their overall rest frame. As shown in
fig. 3d), the recoil jets appear as a significant double-lobe in the flow. The recoil lobes are syrnmnetric

because there has been no attempt to orient the second-largest jet in a particular quadrant.

4.5 Angular resolution of the algorithm

The angular resolution of the jet-finding algorithm is measured by mixing well-reconstructed jets
from different events, reapplying the algorithm and comparing the reconstructed angular separation
with the known true separation. The reconstruction efficiency as a function of the angular separation,
for jets of energy above 10 GeV, is shown in fig. 9. The efficiency is zero for separations below about
30° due to the smearing introduced by the filtering, but it rises rapidly to 100% at separations above
~45°. The figure also shows the effect of reducing the filter parameters a 1 and «, {(described earlier) to
half their usual values. A similar study for jets of different energies shows that the efficiency increases
from zero less rapidly the Jower the jet energy. In all cases full efficiency is attained by a separation of

48°,
4.6 Comparison with Monte Carlo

The classification of events into two, three or more jets is not unambiguous even in principle. The

number of jets seen in the final state depends to some extent on the resolution with which the state is
10



examined, and the definition of what a “jet” is taken to be. To demonstrate the typical difficulties in-
volved Monte Carlo (M.C.) data generated with the ISAJET 4.0 program [12] were analyzed with the
same algorithm. This version of ISAJET did not model initial-state bremsstrahlung and so was not
expected to predict as many 3-jet events as seen in the data. ISAJET generates a final state of two
partons, cach of which can evolve into several partons of lower energy, which are then fragmented into
hadrons. Each of these evolved (“final-state”) partons, which we abbreviate as “f.p.”, corresponds to a
final-state “jet*. A cutoff energy is chosen at which this cascading terminates and fragmentation begins.
The relative number of 3-jet and 2-jet events (3 or 2 f.p. respectively) depends on the input value of ay,
but the resulting events show properties (e.g. jet angular distributions) reflecting the leading-log ap-
proximation to the QCD cross-sections used in the program. The geometrical acceptance of our de-
tector was applied to the generated events, but no attempt was made to model the Ely¢ trigger which
is sensitive to only a few percent of the jet cross-section, and would therefore require an enormous in-
crease in computer time. Thus we could only use the M.C. to study properties which did not depend
on the particular jet fragmentation. For example, it is to be expected that the ratio of charged to neu-
tral energy in the jets be different in the data and in the M.C.. In order to obtain any pairs of jets with
angular separations less than about 60° it was found necessary to reduce the cutoff energy from the
nominal value of 7 GeV to 3 GeV. The question of the physical validity of making this change 1s ir-
relevant, since we have only used the M.C. to study the resolution of the jet-finding algorithm. The
algorithm gives quite stable results without further adjustment of its parameters. It is found that, as
expected, there is a broad intermixing of events with 2 or 3 f.p. when reconstructed to 2-jet and 3-jet
events. About 60% of the reconstructed 3-jet events have 3 f.p., and about 80% of the 2-jet compo-
nent have 2 f.p.. The dominant contamination of the reconstructed 2-jet sample is due to the merging
of two jets in events with 3 £p.. That of the 3-jet sample is predominantly due to the spurious splitting
of one jet in 2 small fraction (~1.5%} of the events with 2 f.p.. Since this version of ISAJET predicts a
3-jet/2-jet (i.e. 3 fp./2 f.p.) ratio of about 10% (and with no provision for initial-state gluon bremsst-
rahlung), even a small misidentification of 2-f.p. events can cause a large contamination of the 3-jet
sample. By examining the fraction of 3-f.p. events found in the 3-jet sample we have measured the an-
gular separation, «;;, between the two jets with lowest energies, and compared it to the angular sepa-
ration between the original parton directions. The corelation is shown in fig. 10. There is a slight sys-

tematic shift between the the two values, so that the measured angles tend to be higher than the real
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values for angles below about 45°. Nevertheless the mean values of the angular separations between the
reconstructed jet axes agree closely with the corresponding parton values, so that the directions of the
reconstructed jets reproduce those of the underlying partons.

Less than 1% of the ISAJET events are reconstructed to more than 3 jets, hence substantiating
the claim that this class is not filled by spuriously-split 2- or 3-jet events.

From these ISAJET studies we can conclude that:

1. The reconstruction algorithm is well-behaved, and succeeds in identifying those events with 2

or 3 final-state jets;
2. The reconstructed jet directions match the parent parton directions quite closely; and

3. There are virtually no events with more than 3 jets in the Monte Carlo data, thus showing

that such events in the real data do not arise by spurious splitting of 2-jet or 3-jet events.

S. Event properties

The properties of the 2-jet events reproduce those presented with the more conventional method
of 2-jet analysis in ref. 7 (which used a subset of the data analysed in this paper), including energy
spectra, angular separations of the jet axes, and fragmentation properties of the jets. In this section we
discuss general properties of the jets, and leave the fragmentation IT and charge ratios within the jets
until the next section.

The jets within each event are ordered by decreasing energy, so that jet 1 is the jet of highest
energy. Table 2 shows the mean energies of the jets in each event class, and Table 3 the corresponding
mean transverse energies. The mean ratio of transverse to total energy in the jets is almost independent
of event class, with a value ~ 0.85. The energy spectrum of the lowest-energy jet, jet 3, in events with
exactly three jets is shown in fig. 11. It is seen that this energy spectrum does not fall sharply from the
Emin value of 2.0 used, but peaks at about 5.5 GeV. Presumably, the fall-off below the peak is an ar-
tefact of the reconstruction. The mean fractional neutral energy in each jet, <E‘}et/Ejet>, is about

0.75. Such a value is in fact also typical of #°-dominated jets obtained by triggering on a single high

pT neutral cluster at the ISR [13].
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As in ref. 7, the two jets in 2-jet events tend to be 180° apart in azimuthal angle. In the 3-jet
events, the two largest jets also tend to be 180° apart, although with a much broader distribution. The
r.am.s. widths of these distributions are given in Table 4. The distribution of the angular separation be-
tween the two smaller jets, a,;, in 3-jet events is shown in fig. 12. This shows that jets 2 and 3 tend to
be close to each other, and hence recoil together against jet 1. This is true of the ISAJET M.C. 3-jet
events too. Also shown in fig. 12 is a phase-space distribution (actually obtained from randomizing the
particles in real events according to the prescription discussed in the “Jet fragmentation” section). The

mean values of the a,, and a,, distributions are listed in Table 4 for each event class.

6. Jet fragmentation properties
6.1 Introduction

A charactenistic property of a jet is that the particles comprising the jet have a limited transverse
momentum, j, relative to the jet axis. This is apparently a general feature of the fragmentation pro-
cess. This fragmentation jT has been studied previously for 2-jet events in ref. 7. The charge ratios of
the leading charged particles in the jets may yield information about the charge of the frapmenting

parton. These properties are examined in the following sections.
6.2 Jet sample definition

We follow the notation of ref. 7, and likewise restrict our analysis to the charged particles within
each jet, since the separation of individual particles is clear, and the angular resolution is better than
that for neutrals. The mean number of charged particles (with momentum > 300 MeV/c) per jet is
about two (in all event classes), although ~15% of the jets contain purely neutral energy.

For clarity and simplicity, in these fragmentation studies we have used just those events with ex-
actly two or exactly three jets. Furthermore, in order to avoid any possible effects of the E_;, value of
2 GeV used in the reconstruction, events with jets of energy below 4 GeV (< 10% of the events with
exactly three jets) were not used. The fragmentation properties are found to be insensitive to cuts on
the energy inn the events and to the proportion of event energy in the jets. We have required

EE‘iet > 20 GeV for both event classes. No significant change, except in event statistics, is seen if this
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cut is varied, ISAJET studies confirm the expectation that in a 3-jet event the jet energy tags the
probability that the parent parton was a quark or gluon, i.e. the lowest-energy jet is more likely to
arise from a gluon: a jet in a 2-jet event has a ~60% probability to be from a u-quark, and the low-
est-energy jet in a 3-jet event has a probability of ~75% to be from a gluon.

To minimize possible acceptance effects at the edges of the detector, we impose the requirement
that a cone of certain half-angle about each jet axis be fully-contained within the e.m. acceptance. This
requirement also minimizes acceptance differences between the jets of 2-jet and 3-jet events. Since 1t is
known that the core of a jet is most important [7], and to maximize statistics, a half-angle of 10° is

used. Variation of this angle from 5° to 25° has no effect on the charge-ratio results, within the statis-

tical errors.
6.3 The fragmentation transverse momentum

Over the full jet-energy range (8 to 28 GeV), the j values obtained for the 2-jet events reproduce
those presented in ref. 7, showing that the 2-jet events are not biased by the new reconstruction proce-
dure.

Figure 13a) shows the behaviour of the mean jT of the charged particles in the lowest-energy jet
in 3-jet events as a function of z, the fragmentation variable defined by z = p "'Ejet' where p) is the
longitudinal component of the particle momentum along the jet direction, and Ejet is the jet energy.
Use of z approximately scales out the jet energy so that the jet-energy bins many be combined in
studies of the dependence of fragmentation properties on p . Since only tracks with momenta above
300 MeV/c have been reconstructed, values of z below 0.075 are suppressed. The Ejet range is restrict-
ed to the 4—8 GeV range in which most of the jet 3 data lie. The jy plateau in this plot shows the
characteristic “seagull” behaviour due to limited transverse momentum in the jet fragmentation process.
Also shown in the figure is a curve obtained from random events. These are generated from real events
[7]: The azimuthal angle, ¢, and the rapidity, y, of each charged-particle momentum vector in an event
are randomized (but subject to the constraints that the overall ¢ and y distributions remain the same as
for the original events) and the events are reanalyzed into jets. The «,, distribution from such events,
but randomizing all momenta, has already been displayed in fig. 12. Only those randomized events
leading to three “jets” (clusters of particles) are used, so that the algorithm selects those random events

in which there is some clustering of “jet-3” particles. This reduces the random jT from the linear in-
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crease with z which might have been expected (as seen e.g. in ref. 7). There is Little difference in the
results obtained from analysis of three sets of randomized events: a) those obtained by randomizing all
momenta of particles in the full event sample, b) those from randomizing just the real 3-jet events, or
¢) those from randomizing just the charged particles in the real events. The jp for these randomized
data also tend towards a plateau as z increases, but at a significantly higher level than the real data.
This shows that the limited nature of jT in the real events is not just a kinematic constraint of the de-
te¢tor acceptance.

Since the expectation is that the lowest-energy jet in the 3-jet events is more likely to be from a
gluon than a quark, it is useful to compare jet 3 with a sample of jets which are more likely to be from
quarks. Although we might hope that use of the variable z has already scaled out any Ejet dependence,
it is clearly better to use jets in the same energy range for this comparison. In the 2-jet sample there are
few events with a jet of such low energy as the jet 3's in the 3-jet sample, and those that are so low are
associated with particularly high energy jet 1’s so that the two jets are particularly asymmetric. Thus a
sample of low energy jets in 2-jet events was obtained by analysis of data collected in pp collisions at
/8 = 52 GeV, with a trigger requiring two back-to-back depositions of neutral energy in our detector,
each cluster being over 3 GeV. These triggers are mainly 2-jet events, in which each parton fragments
predominantly to #%’s, and in this kinematic region, since xT = 2pT/./s is relatively high, a large pro-
portion of these partons should be quarks. Figure 13b) compares the mean charged jT measured for
the lowest-energy jet in 3-jet events with that of jets in 2-jet events from the #°=° trigger data, both
restricted to the Ejet range 4— 8 GeV. The two sets of values appear to be perfectly consistent with
each other. However, we expect that the third jet in 3-jet events has less available phase space than the
jets in 2-jet events, due to the presence of the other jets. We have attempted to correct for this reduced
geometrical acceptance by comparing the values for jT obtained from fake 2-jet and fake 3-jet events,
whilst ensuring that the jet energies are sufficiently close that jy differences cannot be due to energy
differences. The results are displayed in fig. 13c), where it is seen that the fake 2-jet values are indeed
larger than the fake 3-jet values, in each z-bin. The ratio of these values, also plotted in the figure, is
virtually independent of z, with a value of about 0.8. We believe that systematic effects are sufficiently
small that this difference is significant. Thus a first-order correction to the jT measured for jet 3 in real

3-jet events is just to increase it by a factor of 1/0.8 = 1.25.
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We thus conclude that that the constrained nature of the jT in the jets confirms that we are deal-
ing with bona-fide “jets”, even for the lowest-energy jet in 3-jet events. The magnitude of the uncor-
rected jT is approximately the same for jet 3 in 3-jet events and for jets of the same energy in 2-jet
events, although a first-order acceptance correction for the reduced acceptance available to jet 3 in 3-jet
events leads to values of jT for jet 3 which are about 25% larger than the 2-jet values at similar jet

energies.

6.4 Charge ratios in the jets

The ratio of the number of positive to the number of negative charged particles in a jet is expect-
ed to be related to the charge of the parton which fragments into the jet. Likewise, the charge of the
parent parton should be reflected in the charge of the leading charged particle in the jet, where this is
the charged particle of highest z. This ratio should not be sensitive to our trigger requirement which,
on the other hand, presumably lowers the total charged/neutral energy fractions within the jets from

their untriggered values. The leader charge-ratio asymmetry

R =[N* — N7J/[N* + N7]

is defined where N* N~ are the numbers of jets with leading charged particle positive or negative re-
spectively. This ratio is shown as a function of the z of the charged particle in fig. 14a), for jet 3 in
3-jet events, and for both jets in 2-jet events, integrated over the most populous jet-energy bins (4— 8
GeV for 3-jet, 828 GeV for 2-jet). Figure 14b) shows the same charge ratio from jet 3 in 3-jet
events, but now with the ratio measured in the 2-jet #°%° events, so that both jet-energy ranges are
4—8 GeV. The solid curve represents the ISAJET prediction for the values expected from a mixture of
two-thirds u-quark and one-third d-quark jets. The expected value from gluon jets is zero. It is clear
that whereas the 2-jet ratio is positive and significantly different from unity, and appears very
well-described by the predicted value for a 2:1 mixture of fragmenting u- and d-quarks, the 3-jet value
is consistent with zero, as expected for the fragmentation of a neutral parton (gluon). Since the initial
state of two protons has a charge of + 2, an enhanced positive asymmetry could be a trivial result of
charge conservation, although this is not expected since our detector is not sensitive to particles of
large rapidity at small transverse momentum. That this is indeed not the case has been shown in ref. 7,

where it was demonstrated that only in the core of a jet (< 30° from the jet axis) does the charge ratio
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show a significant positive excess, which increases closer to the jet direction. It should be noted that in
the 2-jet events the jet energies are higher than those of the lowest-energy jets in 3-jet events, and this
could influence the value of the charge ratios since the dominant parton type is expected to change
with the jet energy, reflecting the Bjorken x distributions of the partons {(structure functions) within the
colliding protons.

We have presented a detailed discussion of the effect of possible systematic error on the charge
ratio in ref. 7. This discussion is directly relevant since the data in that reference are a subsample of the
present set. There we concluded that systematic errors were not significantly distorting the charge rat-
ios; we believe that this conclusion is still applicable.

In summary, the leading charged particles are dominantly positive in the jets from 2-jet events, as
expected for dominant u-quark fragmentation. However there is no charge asymmetry in the charged
leaders from the lowest-energy jet from 3-jet events. This too is expected if gluons are the dominant

fragmenting partons in this case.

7. Estimation of an effective ag
7.0 Introduction

We have estimated an effective “ag” value from the relative numbers of 2-jet and 3-jet events in
our data. After triggering on large transverse energies (our detector is centred at 30°) we expect to de-
tect events in which there is a large subprocess momentum-transfer. Guided by Quantum Chromody-
namics (QCD), we naively expect 3-jet and 2-jet events to occur in the ratio of ag, assuming that we
are measuring cvents at the same subprocess momentum-transfer squared (Q?). We have only recon-
structed jets in the final state, so that the estimation of Q? is non-trivial. In practice we shall work in
terms of the invariant mass of the final jet system; this mass is an estimate of the ./s of the parton
subprocess, ./ s. For our data, this is about 25 GeV/c2.

We emphasize that we have not attempted to correct for two possible distortions of the observed
3-jet/2-jet ratio from the actual one which are difficult to unfold from the data. First, the measured jet
energies have not been corrected to account for undetected particles (e.g. Ky, n, »}. Second, the E%ot

trigger might distort the ratio. Nevertheless, in view of the interest in ag estimates obtained from ha-
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dronic interactions, and because our 3-jet and 2-jet events were collected in the same apparatus with
the same calorimetric trigger, we feel that it is worthwhile to proceed with an analysis ignoring these

effects.
7.2 Method

We follow the straightforward approach of integrating the leading-order (L.o.) QCD cross-sections
over regions corresponding to our detector acceptance and over 3-jet angular configurations that we
can resolve, and hence estimate ag by comparison with the measured ratio of 3-jet/2-jct events. This
approach has previously been taken by the UA1 collaboration [4] at the higher /s values available at
the SPS Collider. The Lo. QCD cross-sections for 2 = 2 and 2 - 3 parton subprocesses are now

well-known [14,15,16,17]. The 2-jet cross-section can be written as:

2

T CES
g, = = = |MaLof
5
and the 3-jet one as:
1 a53 ,
o3 = — —  [|MaLj
167 s

where [M]? are the squared-matrix elements for the individual 2 - 2 or 2 + 3 processes. A typical re-
sult for {M{® from ref. 14 is that for a 2 - 3 quark-quark scattering with different flavours,
Q@) + @p7) = @@’ + qu(q7) + gk).
The result 1s:
M2 = (1/B)Gl(s® + 5% +u? + u?)/t(p  K)(p ~k)(q " k)(q k)]~
x {A [(u+u")(ss"+tt" —uu’) +u(st + st") + u’(st’ + 5't)]
= Ap[(s+s)(ss"—tt' —uu’)+ 2tt"(u+ u) + 20wt + )]},
after averaging over colour degrees of freedom for the initial states, and summing over those for the fi-
nal states. In this, and the equivalent expressions for other parton combinations, G is the SU(N) gauge
coupling constant (we take N =3, for 3 colours), and A, = (N?~1)?/4N3 A, = (N2—1)/4N3. The
4-rnomentum invariants s,t,u,... are conventionally defined:
s=(p'+p )L t=( " —q )V, u=(p*~q7)%,
=@ +q) v=(p —q P, u=(p —q*")
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The |M|? can be expressed in terms of variables measured in the final 2-jet or 3-jet rest-frame. In the
2-jet case, only one variable is required, and this is taken as 6, the parton scattering angle. In the 3-jet
casc the jets are ordered by x; = 2E;/ZE; where E; is Ejet for jet 1, so that X, = X, 2 X;. Then
X;+X;+X; = 2 and all x; < 1. Again we follow the conventional choice, and take the four variables
X, X;, Cos 8, and v, where Cos 8, is the angle between jet 1 and the parton collision axis, and  is
the angle between the plane containing the three jets and the plane defined by the colliding partons
and jet 1 (see fig. 15). The angle §, ranges from 0 to 180%, and ¢ ranges from 0 to 360°. We define
coefficients C, and C, by:
o, = Cuag?/s, 05 = Cyagdls

where C, and C, arc the integrated partonic cross-sections (including constant factors) for specific
2 +~ 2 and 2 - 3 processes respectively. Assuming that the 2-jet and 3-jet events can be compared at

the same effective Q?, so that two powers of ag(Q?) cancel, we see that:

o3/o, = ag,
or, more precisely,
oyfo, = ag(K3/K;)

where the K factors account for higher-order corrections to the l.o. QCD expressions.

To obtain the theoretical ratio of the cross-sections we use the full Lo. QCD expressions for
2 - 3 processes given by Berends et al. [14], supplemented by Halzen and Hoyer [17]. A typical ex-
ample, for qq+qqg, has been given explicitly above. We have. checked analytically and numerically
that these expressions reduce to the 90° c.m.s. cross-sections given in ref. 15. Note that in evaluating
the integrals of the cross-sections we must add contributions for all distinguishable permutations of the
final-state partons. The 3-jet/2-jet comparison must of course be restricted to regions of phase space in
which all the jets are well-separated from each other and from the beams. The lo. 3-jet cross-sections
diverge for configurations which approach 2-jet ones (i.e. x;, x, = 1} due to initial/final-state gluon
bremsstrahlung. We numerically integrate the full expressions over several different regions of the varn-
ables, corresponding to different ranges within our acceptance. The widest range used is still
well-contained within the uniform acceptance region of our detector. We have also checked that we
reproduce the values obtained by UA1 for their particular choice of cuts [4]. Our results for three typ-
ical sets of cuts are given in Tables 3, 6 and 7; these cuts will be discussed in greater detail below. The

theoretical calculations have been made for the elastic 2—+2 and single gluon 2—+3 processes only, with
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initial states gg, qg, qq, and qq’. The identical flavor qq and different flavor qq” processes give slightly
different values, and we have assumed a 50% equal contribution of each, although changing the pro-
portion hardly affects the results. Antiquark contributions are negligibly small for our kinematic re-
gime. It is found that the integrated theoretical ratios are not strongly dependent on the subprocess,

which means that we are not strongly sensitive to the precise proportions of the subprocesses contrib-

uting to the data.
7.3 Choice of structure functions

Although we find that the dependence of the integrated theoretical cross-sections on the exact
parton subprocess is small, we have in fact estimated these proportions using the Lund Monte Carlo
PYTHIA [18] for 2-jet events (each of energy about 15 GeV) in pp interactions at \/s = 62 GeV. This
uses the EHLQ [19] structure functions resulting in 64% qq : 34% qg : 2% gg. They have also been
estimated by the AFS collaboration [8] for rather similar conditions as the present experiment as
54% qq : 40% qg : 6% gg using Duke-Owens [20] structure functions, but which the authors argue
should be modified to 70% qq : 28% qg : 2% gg, due to the softness of the gluon structure function
which they themselves have measured. We then compare our measured ratio of 3-jet/2-jet events to a
weighted sum of the events predicted assuming these proportions [64%:34%:2%)]. We also assume an
equal contribution from qq and qq’ processes. The sensitivity of the extracted value of ag to these
proportions will be discussed below. Thus explicitly, we calculate <C;/C,> as
(a,C5, + a,C5, + 2,C5,)/(a,Cyp + 2,C,, + a,C,5) where 3 is the fraction of subprocess j (qq, qg,
or gg) and Cl] is the corresponding coefficient C; from the tables.

Assuming massless partons, with no initial p, the Bjorken x’s of the colliding partons can be
calculated from the momenta of the final jets. For our data the mean x values of the faster and slower

incoming partons are 0.53 and 0.32 in 2-jet events, and 0.54 and 0.34 in 3-jet events.

7.4 Event selection

For the ag analysis the events are processed by the jet-finding algorithm as usual except that we
neglect charged particles which do not fall (at production) within the acceptance of our e.m. calor-
imeter. This minimizes the acceptance difference between the reconstructed 2-jet and 3-jet events, and
hence simplifies the comparison. On average this means neglecting one or two charged particles per

event, containing about 1.1 GeV of energy — equivalent to about 3% of the total energy in the event.
20



The 2-jet sample is composed of all events with at least 2 reconstructed jets, in which any other
than the 2 largest-energy jets are ignored. The 3-jet sample is defined analogously. If we simply calcu-
late the invariant mass of the jets in the 2-jet and 3-jet samples, and plot the ratio of 3-jet/2-jet against
the mass, we obtain fig. 16. There is a rise from low masses, reaching a plateau for masses above about
20 GeV/c?. The value of the plateau is not expected to be directly related to the value of ag because of
various acceptance and efficiency differences (in both detection and reconstruction) between the event
samples. The cause of the decrease in the ratio at lower masses is two-fold. First, the “isotropic” events
in which we have taken two or three “jets” containing relatively small proportions of the event energy

populate this region. Second, there is a relation between the invariant mass and the total energy of a

3-jet system. At fixed total energy of the jets, each angular configuration corresponds to a different
mass, and vice-versa. This means that low-mass 3-jet events tend to have a pair of close jets, which are
not resolved by the algorithm so that the 2-jet class is enhanced.

We then require that the neutral energy in the jets under consideration, EE?et, be above 22 GeV
(c.f. section 7.6) to ensure that the trigger was fully efficient, and satisfied by the neutral energy in the
jets alone. Since the jet classes may overlap, the 2-jet and 3-jet samples are inclusive. The jets are
transformed into the rest-frame of the multijet system. The mean jet energies in the multijet rest-frame
are shown in Table 8. The distribution of the overall pT of the events has a peak at ~ 4 GeV/c and a
tail extending to ~ 20 GeV/c. The mean p is found to be independent of the jet class, and decreases
slowly with EE&let from ~ 5 to ~ 4 GeV/c. We have chosen to require pT < 13 GeV/c in order that
only the most well-balanced, and hence presumably well-measured, events are used for the evaluation.
The vanables x,, Cos 8,, and for 3-jet events also x, and v, are calculated. Since the colliding partons
may have different fractions of the colliding proton momenta (ie. their Bjorken x’s are in general un-
equal), they are not in general collinear in the final multijet rest frame. The conventional Collins-Soper
choice [21] is used: & is measured as the polar angle between jet 1 and the direction making equal an-
gles with the two transformed beam directions,. and hence has a range from 0 to 90°. The angle y is
measured in a similar way, and has a range 0° to 180°. For the 3-jet events the x; are recalculated from
the jet angles, since this improves the x; resolution, and perhaps compensates to some extent for mi-
sassignment of energy amongst the jets. This is done by inverting the three relations:

Cos ajg = 1 - 2[(xj+xk'— lejxk]

where aji is the angle between jets j and k.
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7.5 Detector acceptance

The vanables Cos 8, and Ymj (where Ymj is the rapidity of the multijet system in the pp c.m.)
should be independent, so that any non-uniformity in the distributions of events in the (Cos 8, ymj)
plane is due to a coupling resulting from the acceptance of the detector. It is found that both the 2-jet
and 3-jet events are uniformly distributed within well-defined regions in this plane. In these regions the
detector acceptance is uniform, and from the distributions the limits of acceptance in Cos 6, can be
extracted. These are about +0.6 for 2-jet events and +0.4 for 3-jet events (although the distrnbutions in
Cos 8, extend to +0.7 and +0.6 respectively). Likewise the limits in Ymj are about +0.4. We have es-
timated «g using several sets of cuts, each contained within this region of uniform acceptance. In each
case we restrict |ymj| < 0.4. Each set of cuts is labelled by four values: one for the 2-jet events
[max |Cos 8]], and three for the 3-jet events [max |Cos 8, |, min ¢, max x,]J. The results of the integra-
tion of the theoretical cross-sections over three of these sets, including the the widest and narrowest of
these ranges, are given in Tables 5, 6 and 7. The loosest set is defined by 2-jet |Cos 8| < 0.6, with 3-jet
x, £ 0.92, |Cos 8,] < 04, 45° < y < 135° and the tightest set is defined by 2-jet |Cos 8! < 0.3, with

et x, < 0.9, [Cos 8,] < 0.2, 60° < ¢ < 120°.
7.6 Agreement with QCD

A typical jet-energy Dalitz plot for 3-jet events, given as is now usual as a plot of x; against x,,
together with the X, and x, projections, 1s shown in fig. 17 for the set of cuts of Table 6. The events
are selected rather loosely with multijet invariant masses M > 20 GeV/c? and EE?et > 19 GeV; the
general features of the plot are unchanged with more stringent cuts. The solid curves are Lo. QCD
predictions, normalized to the same total number of events as the data. The QCD predictions for the
four dominant subprocesses are very similar. Here we show an admixture weighted by the structure
functions predicted by the Lund Monte Carlo as discussed in section 7.3: 64% qq + 36% qg. The
dashed lines show the expectation from phase space alone {i.e. constant matrix element). In these plots
the density of events increases both with x; and with x,, as expected from the QCD bremsstrahlung
process, and the x, and x, projections seem to be well-described by the QCD predictions. The distri-
bution in x, in fact continues rising until there is a sharp turmover and rapid decrease to zero for x,
above ~ 0.96. This turnover is due to the inefficiency of the jet-finding algorithm as two of the jets

merge. There is a dirsct correlation between increasing x, and decreasing angular separation between

22



9z

*OPTIUILIL STYT JO UCTIRLIEA
B O] 2AUISUSSUT 3T Sp "98ueI () INO 1340 91°( O §1'( 1M0Oqe WO A1eA O PUB /170 = (00{:20)3:0
1waedys sty om p=Ju SuD[e] ‘sIMoAef JO Jqunu oY} ST Ju pue ‘z(0= GDOV = V 2oym
v/ OMWBUz ~£0)}/ 221 = (;0)°>
ST ‘Su0i)
~eI9pIsu00 dnoif UCHBZHRULIOUDI pIepuEls 03 Sutproode ‘.0 uo Sv jo ssuspusdop powoadys sy
[8°6"t] SAS PUB YSI 24} 1B SUOISI[0D JTUOIPRY WOY PIUIqO Apeal
-[¥ 980U} Uit JUSWSAIEE pood Alqexrewsr ur 3q o1 sreadde anfea sqy, *,(9/A2D) 00 = 1—- =01
(1845) $0'0 F (1835) 200 F 61°0 = CH/*N) e
‘ST aN[EA PAIOSESUW IO SNYL ‘090 = < P\I/z@/\ >
‘ojdures jaf-¢ Y3 10 IN[eA IB[TUNS B PUR '/6°() = <I/\I/30/\> pug as ordures ol-g oyg 10} ‘(woishs
1ol oy jo ssew JueURAUT 9Y1) JAl Aq 0) 2[BOS PUR ‘[Y[] MOJO] oM J] ‘paredulod puU® PIINSESW SALY
am sjuaAs 18l-z pue 10l-¢ oY1 Yi0q I0] TURAS[RI ST ,{) JWES 9] JBY) SWNSSE aM ‘IIPNIOD Y3 12 palo[dxs
10T I UosueduIod Ul pIuTensuod A[SUWISIXS s1 9fuel 1 S[gE[IBAR IO 20UTS PUE ‘ATEIIUOD 0] AIUIPIAS
JO ueA JOq "BIEP IRPIOD) SJS SYH JO TeoldA) A(3/A%D) 000F ~ SSn[eA SYI UL I3MO[ Yanur ‘,(3/A80)
£7€ JO onfea ursur B 1M ,(9/A3D) 00F 01 007 IMOQE WOL ST PAIsA0d } — Jo SBuBI Y[, " < Ad>6L1
= <} — > UM ‘SIU9AS 93 O ,Ld Teauwn oy} yim [[om SoTR[eIIOD <1 — > 90[eA UBSW Y} PUB ‘SIUIAS
12l-z a3 10 paremoes 8q UBD 1 JO anjea oyl BIEP INO U] "¢] JAI UT suonnguistp sdue Junajeos uoired
943 JO S2TpnIs pandsul-(JDOY) UT Posn seam 3 — 30T0UD S, 100 PI[TLL 108} UL ST § D10y 33 eyl puE
‘eiep 1al-z mayy Aq paaayead ST} — 3910US 943 YeY) [77] SUORESIPUI SWIOS SBY UOTBIOQR[[O0 V) 1,
"uonsanb Jnogyp pue usdo Ue s1 SUOND3S-SSOID DY) SYI SIEN[EAI 03 YOTYM I8 ,{) JO 9010y Y],
"(1545) $0°0 F (1835) 200 F 610 = (/"N

st o 107 sn[ea pamsesus mQ

20 o 291042 puv anpoa poury g1/

S» Jo on[ea 2} 2$DALOUL 0O PUI] SUOTIILIOD ISIY}
3O 1s0uI 1eI) 910N F[AsH So uT 6¢('QF 03 Juseambs So/Soy ut o (7 Jo Jous opewssAs s[qissod A Jo
91BUN]SY TR SP[AIL ST ‘uonmugop [dures SASTIUL 273 JO UOUEUEA WO 9,8 PUR ‘Sind lgggg pu® SSBLl

Ulla UOHEBUEA ONEWSISAS WON 9%¢] ‘UONIALI0I 30UBIdadde oyl Ul AJUTeMasun Wiog o4,0] ‘SUOIOuUn



§¢

amNIS Y} UT AJUTELIOUN 01 NP 046 ‘SINd JUAP Yim peards oy woxg o,g :amjerpenb ur suonng

“LIJUOD JA0QE STIOLRA 31 SUIppe £Q OPEW ST JOLID OTRIUIISAS JO SJBUMISD [[RISA0 A} AJ1usnbasuon)

"94 8 JO I0LI3 SNEWIISAS 2[q
-tssod 2y} 0} UOHINQUIUOY snoIsuad B moj[e om WedY "9,8 = Su/Soy £q v sonpar oy st ymsaz
s, -apdures jel-¢ o ur syal samyy ATuo pue semp pue ‘spdures 1al-z syp un 39l omy A[uo pue
OM] I 9SO} 9¢ 03 SIUSAD 1)) FUTDLISAT Ing SISA[RUR 9} Pa1eadal dARY S ‘OTJRI 3U) JO dnifeA
a3 posIp prroo adures 12l 1l-¢ pue 10l-7 941 107 UOUDILD SAISN[OUT S} INIOYM IBBISAUT O], o
04 €T JO IOIID ONBUISISAS 2U) O] UCTINGLIIUOD SNOISUT v
UBISSE 3 "%%S1F U are So/Spy Ul SUOTELEA OUT, "AD § + PLT T A 10 Yons pasesld
-ut A[urpuoedssizod st ‘i “s1af Sy Jo sseur juBLRAUT 9] U0 N9 Y} PUB ‘A3D §T 01 07 WO
paLreA ST 'wggg ‘stal oy wr Adroua rennsu sy3 wo o 3y sk jkl-z/1el-¢ Jo oner sy3 wr voneEr
-TeA S} PAUTLIEYS SARY M ‘UOTIOI3S JUIAD 9} Ul SONBRUINSAS [enpIsal 9jqissod Iof Junosde O], e
0401 = So/Soy jo 1015 oneWISISAS oY} 0} UOTINGLIIUCD ® PPe oM ABuIpIonoy A[pAnosdsas
£61°0 PUE 99170 01 3¢ ‘G810 on[ea EuBmo syl wox ‘(*>/*))%0 ur syrys Bunmsar ay1 § J[qe],
Jo sin2 9yl Jog “(pa1yfromIssc A[QRISPISUOD "3'T) ¢f'] PUR (S1U242 12{-¢ JO IaqUUINU palnsesul
oy1 SunyFromIopun KJQEISPISUCD "9°T) §Z ] SB UINE] 2JB SINUY] 850y, "suone[nores o1 Sumeadas
PUE 1ySom 943 JO oN[eA Y] UL S Jwanxd Junyel Aq ‘JySam STY) UT JOLS oTEWIAISAs 03 snp
‘(PH/Y)50 ur J0110 onjewalsAs s[qussod oy Sunewnse jo yoeordde SATIRAISSUOD S} MO[[OF SM
"Teoniuapt are 32l-7/1al-¢ JO sonel pajopadsos 3yl 1nq ‘suod ¢ B IO HE'] PUR ‘SU0D O] ® I0f 6€°1
ST 1Y31oM UBSWI 94} ‘9 Q[qE], JO SN2 3y 1o} ‘ojdurexs 10,4 "9ZIs JU0d 21} 0] Inp s2§50] asueidao
-0® IOJ aresuadwiod 0} spusl JYSm oy} JO anfea 1 198] U 0T 01 .S WO paseamoul st afue
SU0D Y3 SE ¢'] 01 €' INOQE WO SISBAIIUT on[eA UBSW STy [, aoueidsose 19f oy szuooereyd
0} pasn 3[SUB-3U02 Y} UO sdUspuadap B smors JyFrom oy, -souwedasoe 1al-z 01 19[-¢ AR
ay} Joj Sununoodse (YSm SYI JO SUTRA SYI UT 31 JOMD INEWISAS JO somos 9[qissod Ieap e
"00s = Su/Suy J0 Youa opEwWolsAS Y1 01 UORNQLITUOD B JUINSSE Im SSAIY}
-I9ASU INQ ‘JONID [EeOHSIeIs oyl Jrey ATuo o1 s[qeredwion YIys e ‘47170 031 $8T°0 woxy (3y/Ey)So
sofueyd ST], ‘€8P0 O €SP0 WOl <« iD/fn > so3ueyd ¢ 9[QE], Ul SIND O} IO SUCTDERR
SUSMO-9NT] S} O3 SUOTORL O THA 2y worf SuBdueys ([[euIs ST JAIes passnosip sSUOTORE §S30

-oxdqns Jo s19s JusIagTp 921yl oY1 Bursn Aq paute1qo (/6N )Sv paioeNXs Y} WY UOHELeA U], e



"JOJI3 OTIRUISISAS 0 UOTINGUIUOD ON "gS¢'( SUTRLIAI
anfeA 5Y1 9 9[qE], UI §I00 9y} 10§ ‘ojdurexa 10} { < ?D/fD > oner padelosr Y3 U0 0P QU
-3ou ¢ sey (,bb ou) bb £[amus o3 enbs woyg bb pue bb jo suoniodord ssnejRr oy Sulduey) o

*IOIIS OTJEWIAISAS 03 UONNGLIIUOS ON ‘JOLI3 [EINSTIRIS SY3 JO J[BY-3UO Uey)
ss9] Aq /%0 saBueyp sonfea prepurels Nyl JeY 01 ‘v pue ‘o sisjowrered I9)[F Sy Jubnpey e
"USNE] ST JONS OBUWISISAS SU] 0} UOTINQLITUCD ON
"6 J[QEL. UT S19§ ¢ 0] IOLI3 [eINSTIEIS SYI JO PINYI-3UC UL} SS3 junowre ue £q oo safueto
‘ABL) 7 [EUST ST} JO PRSISHI ‘A0 € JO [ Jo sonfea Ty Suisn -39( AB1oua-3somor o3 Jo £835u9
9Y} U0 N2 ® 0} JuS[eAINba ST 90USY PUE ‘TX UO U] Iamo] B 03 spuodssuod ¥ uo | saddu
2yl YSnoyie ‘palonrsucdal sjuead wi-¢ jo Isquunu Y1 109gR pnod U« anea pass YL, e
‘049 = S1°0/10°0= “»/Spy JO 10115 OREUIIISAS
[BUy 541 O} UOHNQUIUOD B USSSE SNy} am g S[qe], Ul parussad jasqns o1y ut uass sk snf ‘670
01 L1°0 WOX S} PauTeIqo senfea Jo peaids oy, (021 — .09 O} SE€1 —.Sp ddues oy ur 4 pue
‘70 01 $70 28uer 31 VI Tg s0D WI-¢ ‘g0 03 9°) SBuel 3yl UT ¢ S0 181-7) SAIqEIIRA W SIMO A}

JO SUOHBUIqUIOY AUBUI IO} PIMO[[O] SEM 6 S[QE], UT SJN0 JO §39 Y3 10} poumropad smA[eue 3y) e

:areudoxdde suaym ‘ToLs a1y 0}
uonnquyuoes Supuodsanzos ay; Y 193301 ‘mofeq poisy are asay ] siuod [eIsA9S SUI M InfeA sy}
JO UOTIELIBA DU} JO S3PNIS Isye So JO anjeA [eUY Sl UO IOLS OHEBWAISAS I} SILUMSI SM (Y /55w
UO IONS 3Y} O] SINGUIUOD JOU SS0p AJSOUNUM] PIeIdsIul SUP UO JONI 2y Je[nomred U CpozIu
-TUTUI JSB3] 18 9J8 JO ‘N0 [20URD SIOLIA oNBWsAs AUew ‘UM Swes 2yt je snjeredde swes 2y} ul paidg]

-[09 $1u2A9 12[-z pue 3al-g JO sIsqUMU Jo onel ¥ Juruof AqQ 9PEW U3 SBY UOHEN[BA3 31 20Ul
40442 o110WISAS fo aavulysa pun synsa4 fo Aapgois 67/

*(3uspuadspur A[[eonstiess Jou are Loy} YInoyi[e) JUIISISUOD are §INd JO 195 YIrI WO pauTeqo
SSTEA JU} JEY} JUSPIAR ST 3] ‘Teousnels A[aind dre S[qei ST} UT pajonb sIous ayJ "< Ity [(Po/in)
sonel oy} WO pouTeIqo At §o[qel Ul uaoys (FN/FN)0 jo sarewmss oy ‘ARUL] 97
-TE3 POSSTOSIP SB OS[E “O)']Al pun] 2y} £q patorpaxd sessaoordqns 52 pue ‘8b ‘bb jo suonaodord aane[as
a1 Sursn ‘(s seudordde syj 107) £ —¢ SIGR], UT 350y} 03 BUTpUOdsaiIod syaqunu Ui WIO PIjen[esd

aIB | < %0/ >, POPESY ULUM[OD S} UT S9N[BA 2] "S1u2a3 1al-7 Jo Isqumu 3urpuodsaliod 2y £q sjUaAd



£C

1l Jo 1quIMU pepatros ay; Surpialp Aq pourelqo are ,7o/fo, paqaqe] senEa 9Y], "9AOQE PISSTISIP

§E 'SIND JO §138 STIOURA 9YL JOJ § S[QEJ, U UMOTS 318 SJUSAS JO SISQUIMU PIjoolion PUR MEI Y[

synsay §/

“ymns
-3¥ S} UO 102 JNBWDISAS 3Y} 0 S3INQUIUOD PUR ‘P3IPNIS SeA SIUOD 3y} JO 9Zis Iy} Jurugsp s[due-frey
a1 Fuidres jo siySom Funmssl oY) U 9FS Y], “soxe 15[ PIIRIOI Y} UO PIUID SAUOD S3IY] JO 10199
-9p Y3 Jo 9ouridaosr [edwIaWoad SYI UMM JUSWUIEIUOD [N UO PISEq S5 BUILD souridasde 2y,
"A¥1qeqoxd STy) JO ISIDAUT Y} SB USYHE) ST 1YSIOM ST "PIAISSQO SEAM JUSA2 EUEUO a1y jey) Amiqeqord
Y3 Bunelunss 30usy pue ‘paidsooe ussq SARY PINOA JUSAS UR YIS JOU IO JIYIOYM Sunpoayd ‘stxe [-30f
33 noqe A s[Eue oYy UT JUAd oyl Sunelol A[aalssaoons £q pautelqo st yFom ayp, -oouejdosoe A Pa
-1 3y} 10} JUNOJJE O} 1U3A3 13[-¢ YOBS YIm PRIEIOOSSE st 3ySiem W [¢] ampososd 7y oyr Sumoror
IPBUL SBAM UOMIILIOD ST, *J030339p a3 ut s33[ omy 03 saneas 530l aamyy 10 s[qe[reae oouerdaoor paymu
93 J0J ST ATESSI00U UOTOALOD A[uo oyt ‘yuenodun st yomym souwidasoe 1a8l-7 0y 1of-¢ sAnE[aI syl ATuo

ST 31 S0UIS '$303J2 20Ue1do0or JOJ PSIddLIOD 2 ISTU SIURAS 39[-¢ JO IqUINU PaAlssqo a1 'AfEUL]
SUOIFIIA402 20UDIdIIIY /*/

"B1ep 243 01 pandde are SN0 IS, "ASD) 77~ JAOQE wggz Pue 0/ ASD) §T~ SAOQE SISSEUI O] SIA]SS
IO PMS3T am 30UO JUEISUOD ST OTeI STY} Jeyl puy oAy 'sisf oy} jJo ssewr jueweAw oy3 uo [-z/13[-¢
Onel 2y} Jo 2ouspuadap Yl suUTUIEXD urede UeD am furg pue Ld [re1so sy wo sino pue “no x
Y1 gra pue ‘(g7 UONDAS 'F'0) suotSal Jen3ue pasnpal oY) UMM ] O3 SJUSAS I} Jumousar 1oyy

‘0= |g s0D| 18 ('] 03 pazEULIOU UAaq Aey uonopaxd (O
PIE[J2A0 2U1 PUE UONINQUISID (€31 9Y3 10Q PUE ‘PIUTULIZAP ST § SO JO SN[EA m[osqe ayi A[uQ g1 Iy
UL UMOYS ST s1U3A3 33(-7 Ut stee 1ol a1y 10§ wonnquisip ¢ o)) [eo1d£ v -uonnquisp remsue al-7 oy ur
‘13aamoy ‘jusredde st (DO Yiwa £0UDISISUOD SY T, "MO] ST 2oUeITRUS(S [EOTSIEIS U3 PUR ‘ISY) WOTUN
3q 2oueldsdoe 1030319p INO JeY} juswannbar ayy Aq A[a1aaas opnb pauiser e (g sop W Arernonred)
sefqetreA 9sa1] Jo seduer oy nqg ‘oveds aseyd yum weyn (OO YA juswaside 1918q moys suorosfoid
oY1 uTeSe pue ‘(p “yar §o) A surede 'g s0) IOJ SPEW 3q Ued 10[d snoFofeur UY ISMIED UMOUS SE JUID
-1go A[my st unpuode sy a1sym ‘.zt 15B5] 18 9q 01 (519l yo ared isasop aqy) ¢ pue 7 siol usemiaq oidue

oy} Sulmbar 03 SpuodsslIod YoIUM ‘260 5 TX UM SJUIAS 3S00UYD A4 "X/ —¢ T €70 507) ¢ pur 7 sial



8. Conclusions

We have shown that a significant fraction of events triggered on high neutral transverse energy in
pp collisions at /s = 62 GeV contain three jets through studies of the shape of the energy flow in
each event. The appearance of 2-jet and 3-jet events is clear at ISR energies.

Using a method based on a Fourier analysis of the energy flow the jets have been reconstructed
and some of their properties examined. The reconstructed 2-jet events have properties which reproduce
those found in an earlier analysis using a more conventional jet-finding algorithm. The two low-
er-energy jets in 3-jet events tend to lie close together in space, and together recoil against the largest
jet. The distribution of separations peaks at small values, consistent with the angular resolution of the
reconstruction algorithm, as expected for final-state bremsstrahlung, and inconsistent with phase space.

The momentum of charged particles transverse to the jet axis, jT, in the jets is constrained below
the values from phase space zlone, and this is not due to apparatus effects, as expected for bona-fide
jets. In particular this is true for the lowest-energy jet in 3-jet events, where within the statistical errors,
the j7 is the same as that for jets of the same energy in 2-jet events. The charge ratio formed from the
numbers of jets with positive and negative leaders shows values consistent with the expectation that
jets in 2-jet events are predominantly due to the fragmentation of u quarks, and that the lowest-energy
jet in 3-jet events is due to fragmentation of a neutral parton (gluon).

The projections x, and x, of the 3-jet Dalitz plot clearly show behaviour characteristic of the l.0.
QCD predictions for gluon bremsstrahlung, and disagree with purely phase-space predictions. The an-
gular distribution of the jet axis in 2-jet events also agrees with the QCD expectation. From the ratio
of the numbers of 3-jet to 2-jet events measured in our detector we have extracted an estimate for ag:

ag(K3/K,;) = 0.19 £ 0.02 (stat.) + 0.04 (syst.) at Q? = — 1~ 300 (GeV/c)?.
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Table I: Sphericity comparisons
Class <8§> Fraction of events with:
S<0.1 §<0.2 $=>0.5
2-jet 0.101+0.001 65% 89% 1%
3-jet 0.261+0.003 14% 45% 10%
> 3-jet 0.478+£0.004 0.5% 7% 49%
Table 2: Mean jet energies (GeV')
Class Jet 1 Jet 2 Jet 3
2-jet 16.7 12.3 -
3-jet 14.4 9.9 54
> 3-jet 10.6 7.5 5.7
Table 3: Mean jet transverse energies (GeV')
Class Jet 1 Jet 2 Jet 3
2-jet 14.1 10.6 -
3-jet 124 8.6 4.5
> 3-jet 9.4 6.6 4.9
Table 4: Angular widths (radians)
Class rm.s.Ad,, <oy, > <a,, >
2-jet 0.22 2.62 -
3-jet 0.55 2.46 1.47
> 3-jet 1.10 2,14 1.62
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Table 5: Coefficients from integrated l.o. QCD cross sections with loosest cuts:

J-jet: x; £ 0.92, |Cos 8| < 0.4, 45 < ¢ < 145%
2-jet: |Cos 8] < 0.6 (see text for details).

Subprocess Cs C; C,/C,
2g 46.6 45.2 1.031
qg 14.5 19.1 0.759
qq 3.65 6.15 0.593
qq’ 4.58 7.44 0.616
Table 6: Coefficients from integrated l.o. QCD cross sections with cuts:
3-jet: x; < 0.90, {Cos 8;] < 0.3, 50° < ¢ < 130%
2-jet: iCos 8] < 0.5 (see-text for details).
Subprocess : C, C, C,/C,
gg 20.6 320 : 0.644
qg 6.26 133 0.471
qq 1.52 4.05 0.375
qq’ - 199 5.08 0.392
Table 7: Coefficients from integrated l.o. QUD cross sections with tightest cuts:
3-jet: x; £ 0.90, |Cos 8,] £ 0.4, 60° < ¢y < 120%
2-et: [Cos 8] < 0.3 (see text for details).
Subprocess C, (O C,/C,
2g 9.10 15.7 0.580
qg 2.66 6.41 0.415
qq 0.597 1.80 0.332
qq’ 0.812 2.37 0.343
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Table 8: Mean jet energies (GeV )} in rest frame

Class Jet 1 Jet 2 Jet 3

2-jet 13.7 13.4 -

3-jet 12.7 9.9 54
Table 9: Numbers of events and resulting value of aj :

Each sample is defined by the cut set [2-jet max({Cos 8]), 3-jet max(|Cos 8{),min(y),max(x,)];
The acceptance-corrected no. of 3-jet events appears in parentheses;
(See text for more details).

Sample 3-jets 2dets  as/0, <Cy/Cy> ay(Ks/Ky)

[0.6, 0.4,45,0.92] 181(259.7) 2090  0.124+0.010 0723  0.172+0.014
[0.6, 0.4,45,0.90] 143 (199.8) 2090  0.096+0.008  0.552  0.174+0.015
[0.5, 0.3,50,0.92] 121 (169.4) 1622 0.104£0.010  0.593  0.175+0.017
[0.5, 0.3,50,0.90] 98 (136.2) 1622 0.084+0.009 0453  0.185+0.020
[0.5, 0.3,60,0.90] 65 (86.8) 1622 0.054£0.007 0301  0.179+0.023
(0.3, 0.2,60,0.90] 40 (57.6) 824 0.070£0.016 0402  0.174+0.027
[0.4, 0.2,60,0.90) 40 (57.6) 1187  0.049£0.008 0273  0.179+0.029
[0.5, 0.2,60,0.90} 40 (57.6) 1622 0.036£0.006  0.190  0.189+0.032
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Fig. 1:

Fig. 2:

b)

d)

Fig. 3:

Fig. 5

Fig. 6:

Fig. 7:

Figure Captions

View of R110 detector along ISR beams.

Dalitz plot representation of the data in terms of the Q,, Q,, Q, parameters defined in the
text:

Axes of the Dalitz plot, with the shaded area showing the physically-populated region (due
to the Q; ordering);

The Dalitz plot for the data;

Projection of data on the Sphericity axis;

Projection of data on the (,/3/2)(Q, —Q,) axis.

The distribution of normalized energy flow, (1/E4q¢)(dE/d¢), as 2 function of ¢, an azimuthal
angle defined relative to the S-axis (a,b, and c), or to the highest-encrgy jet (d), for

“Raw data”™: all events;

72-jet-like”: events of class a) with Q, < 0.05, Q; < 0.05;

“Planar, broad recoil”: events of class a) with Q, < 0.1, (Q;—Q,) > 0.1;

Events with exactly 3 reconstructed jets.

The size of the energy smearing as a function of the parameters used in the filter functions
(see text).

Typical energy distributions within the detector, represented by a tower proportional to the
energy deposition in each cell of a grid (8,¢) for:

a 2-jet event;

a 3-jet event;

an event with more than 3 jets;

2-jet event a) after filtering;

3-jet event b) after filtering;

event ¢) after filtering.

The fraction of events with exactly two, three, or more than three jets as a function of E$y;,
the total neutral energy in the event.

The numbers of cvents; with two, three, and four jets having total invariant masses above 20

GeV/c?, as a function of the total neutral energy in the events.
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Fig.

8:

Fig. 9:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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10:

12:

13:

14:

a)

b)

15:

16:

The numbers of jets reconstructed in the data, as a function of the minimum cut-off energy
required to define a jet.

The efficiency of the algorithm in resolving two jets, as a function of the angular separation
between the jets. The standard filter parameters are (a,,a,)=(0.55,0.25), and these values re-
duced by a factor of two are (a;,x;)=(0.275,0.125).

The mean angular separation, a,,, between the two lowest-energy reconstructed jets, as a
function of the «,; between the original parton directions in 3-jet ISAJET Monte Carle
events.

The energy spectrum of the lowest-energy jet in events with exactly three jets.

Distribution of angular separation, «,;, between the two lower-energy jets in events with ex-
actly three jets. The solid line represents a phase-space distribution (see text).

Mean value of charged-particle transverse momentum JT: w.r.t. the jet axis, as a function of
the fragmentation z, for the lowest-energy jet in 3-jet events. Note the suppressed-zero scale.
jT for the lowest-energy jet in real and random (see text) 3-jet events.

i for the lowest-energy jet in 3-jet events, and for the jets in 2-jet events from #%° events.
jT for the lowest-energy jet in fake 3-jet events, and for the jets in fake 2-jet events, both for
the Ejet range 4—8 GeV and with <Ejet> = 5.8 GeV. The ratio of the curves is also
shown.

Mean charge asymmetry for leading particles in jets as a function of z. The solid curve is the
prediction from ISAJET for a mixture of fragmenting u-quarks and d-quarks in the ratio 2:1.
(The ISAJET prediction for gluon fragmentation is zero).

For jets 1 and 2 in 2-jet events {over the Ejet range 8— 28 GeV), and for jet 3 in 3-jet events
(Ejet 4— 8 GeV);

For jet 3 in 3-jet events (Ejet 4—28 GeV) and for the lower-energy jet in 2-jet #%2° events
(also Ejet 4—-8 GeV).

System of axes used to specify 3-jet events.

Ratio of numbers of 3-jet and 2-jet events as a function of the invarant mass of the three or

two highest-energy jets in the events.



Fig. 17:

Fig. 18:

Typical Dalitz plot (x, vs x,) representation of a sample of 3-jet events selected by M > 20
GeV/c?, EE‘]‘et > 19 GeV, and [0.5,0.3,50,0.92] (using the notation of Tables 9. The solici
lines represent typical l.o. QCD predictions (for 64% qq + qqg + 36% qg - qgg); the
dashed lines represent what is expected from phase space alone.

X VS X}

Projection onto x, axis;

Projection onto x, axis.

Angular distribution of jet-axis in a smple of 2-jet events, normalized to 1.0 at |Cos 8l = 0.

The solid curve is the QCD prediction for a mix of 64% qq ~ qq + 36% qg -~ qg.
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