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Abstract. Multihadron events resulting from e*e™
annthilation at the Y-resonance are analysed with re-
spect to lowest order QCD which predicts a dominant
Y'decay into three vector gluons. Smearing effects due
to the gluon fragmentation are so large, however, that
no clear 3-jet structure or flatness is expected in the
hadron final state. Instead, Monte Carlo simulations
predict event structures with thrust and triplicity
distributions distinctly different from those of two
quark-jet and of phase space like decay mechanisms.
The data are in perfect agreement with the 3-vector
gluon decay as predicted by QCD and exclude domi-
nantly phase space like or 2-quark jet decays. Also, the
decay into scalar gluons is excluded by the data. An
upper limit for the Y-decay into one photon and two
gluons is obtained.

1. Introduction

The Y-meson [1] first produced in proton-nucleus col-
lisions and identified by the decay Y—up was sub-
sequently observed as a narrow resonance [2] (my
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=9.46 GeV; I,=(40+'3) keV) in the reaction e*e”
— Y—hadrons. It is now generally accepted as a 3S,
bound state of the bottom quark b and its antiparticle
b. In lowest order quantum chromodynamics (QCD)
such quark-antiquark (¢g) states are predicted to decay
[3. 4] into 3 massless vector particles in complete
analogy to the decay [5] of orthopositronium (the 3S,
electron-positron bound state) into 3 photons. The Y
is expected to decay preferentially into three gluons

I-ggg.

But with ~39% probability the decay should yield a
photon and two gluons [4a.f, g]

Y-ygg.

Since gluons are confined in the framework of QCD,
we can only observe the hadrons from their fragmen-
tation. Provided a gluon has sufficient energy these
hadrons are expected to be collimated as jets about
the gluon’s original direction. At the Y-mass, how-
ever, the jets overlap considerably in space, so that
the 3-jet character cannot be directly revealed. We
therefore have to use detailed Monte Carlo studies to
search for evidence for an underlying 3-gluon decay
structure.

The Y-decay has been studied with either charged
particles [6a] or mainly neutral particles [6e] in early
analyses using the properties of the sphericity ellipsoid
[7]. In the present paper we include both charged and
neutral particles into the analysis. We use as topolog-
ical measures thrust [8a,b], triplicity [8c], the jet:

0170-9739/81/0008/0101/802.80



102

(a)

barrel shower counter
superconducting
[ coil

) [

proportionalchambers
muon chambers I

coil

compensation

Ch Berger et al.: Topology of the 1-decay
(b)

iron yoke
|

| endcap
| showercounter
[ |

i
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Fig. 2. Hadronic cross section as measured in the Y region. [The data
are corrected except for initial state radiation. The fit to the resonance
(solid curve) accounts for radiation and machine resolution]

energies and the angles between jets as constructed by
triplicity. We also study the planarity [6a, 6b] of the
events.

Although a visual inspection of the decay events
does not reveal the three-jet character, the triplicity
method is appropriate because it has been shown to
be a successful tool at higher energies for analysing
the more pronounced three jet character (¢gqg) as
produced by gluon bremsstrahlung [6¢]. First results
have already been communicated [9a, 9b]. They show
that the inclusion of neutral particles confirms our
previous results [6a, 6b].

perpendicular to and b containing the
beam axis

2. Experimental Procedure

2.1. Experimental Set-Up

The data were obtained with the magnetic detector
PLUTO at the DORIS storage rings at DESY. A
schematic view of the detector is given in Fig. 1. A
superconducting coil producing a magnetic field of
1.69 T contains 10 cylindrical proportional wire
chambers for the detection of charged particles and a
cylindrical array (barrel) composed of lead-scintillator
shower counters (8.6 radiation lengths) and propor-
tional tubes for gamma detection and electron identi-
fication. The ends of the cylindrical volume are cov-
ered by a second set (endcap) of lead-scintillator
shower counters (10.5 radiation lengths) and propor-
tional wire chambers. The shower counters cover 949
of the full solid angle, the cylindrical wire chambers
allow momentum measurements of charged particles
within 879, of 4. For muon identification the outside
of the flux return yoke is covered with two layers of
proportional tubes (65% of 41).

2.2. Event Selection

For the present analysis events were selected accord-
ing to the following requirements:

Presence of at least four fully reconstructed charged
tracks coming from the interaction vertex.

The reconstructed interaction vertex has a coordinate
z which agrees within +5 cm with the center of the
bunch-bunch collision.
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Fig. 3a-e. Processes contributing to hadronic final states in the Y
resonance region a from direct decay of the ¥, b from Y vacuum
polarization and ¢ from the non-resonant continuum. The u¥pu~
final state can be produced from ¥ vacuum polarization d and from
the continuum e
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Fig. 4a and b. Quantities used to describe the Y decay into 3 massless
quanta in the Y rest frame a and Dalitz plot of the gluon energiesb.
Momentum conservation limits the population to the dotted tri-
angle. By ordering x; 2 x, = x, this is further restricted to the shaded
area

The total observed energy (of charged and neutral
particles) is at least 57%; of the center of mass energy.

Events with 4 prongs have to be charge balanced.
Events with higher multiplicities have to have at least
two negatively charged particles.

At least one charged particle must have a z-component
of momentum different in sign from those of the others.

We estimate the remaining background from cos-
mic ray, beam-gas, two-photon and multiprong t de-
cay events after these cuts to be less than 39,
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2.3. Continuum Subtraction

Data were taken in the energy range 9.25 GeV<E_,
<9.47 GeV. Figure 2 shows the hadronic cross section
[10a] obtained for different values of E_,, in that range
from the numbers of observed events using the moni-
tored luminosity and the acceptance losses computed
with the Monte Carlo models of Sect. 3. For our
analysis the Y region was taken to be 9450<E,,
£9.466 GeV. It contains N,,=1781 events. The off-
resonance energy region (continuum) was defined by
9.250 GeV < E_, £9.442 GeV and contained N, ¢ =442
events.

Hadron events produced at 1" energies originate
from three mechanisms: direct Y decays (Fig. 3a),
events from the decay via a virtual photon (vacuum
polarisation) (Fig. 3b), and events from the continuum
(Fig. 3¢). Denoting the corresponding cross-sections
with ¢, (cross-section in the Y energy range), oyp
(cross-section for Y vacuum polarisation), and o
(cross-section for the non-resonant continuum), the
cross section for Y-production with direct decay is
Odir = Ton — Ooff — Ovp-

Since for u*u~ final states a ‘direct’ production
does not exist (Fig. 3) the third term gyp can be ob-
tained by scaling the difference for u-pair production
on and off resonance to the hadron production level:
ove=(o55—0li) 23k

up

This gives

on

__ on of f off __ . e
Gdir—aon_O-off—o-off(o-uu—o'up )/Guu =0y, — Optf o

Q

u
off *
up

We use our measured value of
on
Ouu

off
Opu

1.24+0.22 [6a,11].

Correcting the above mentioned event rates on
and off resonance for the accumulated luminosities
the cross-section for direct Y decays is given by the
measured one in the Y region subtracted by 1.32 times
the off-resonance distribution. The subtraction is made
bin by bin in all distributions.

3. QCD Predictions on the Parton Level

The QCD predictions are based on the standard
matrix element for the decay of the 1 into three vector
(17) gluons {3, 4]. The 3-body decays of the Y are
completely described in the Y-rest frame by the mo-
menta k;(i=1, 2, 3) of the 3 quanta. From simple zero
mass kinematics one obtains the relation
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Fig. 5. a Energy Dalitz plots for the Y-decay into 3 vector gluons
(or a photon and 2 vector gluons). The boundaries correspond to the
dotted triangle in Fig. 4b. b Energy distribution of the individual
gluons in Y'—ggg and their sum. (For every event the gluons are
ordered such that x; Zx,=x;)

between the fractional energies x;=2k;/M, of the
quanta and the angles 0, between their directions of
flight (see Fig. 4a).

The energies can be used to span a Dalitz plot
(Fig. 4b). Its density distribution W (x,,x,,x;) is dis-
played in Fig. 5a. It is completely symmetric in the
three gluon energies [4]. The probability distribution
W (x) for a gluon to have an energy x is then obtained
by projecting W(x,,x,,x3) onto any of the three axes.
Figure 5b shows the relative probability distributions
W(x) for the three different gluons as well as their sum.
It can already be read from this figure that perfectly
pronounced 3-jet events with about equal amounts of
energy for each gluon (x~%) are rare. Many events
will have two energetic gluons and one o1 low energy.
At low center of mass energies, where the gluon-jets
overlap in space, such a configuration cannot be re-
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solved as a 3-jet event. In an alternative but com-
pletely equivalent description the three gluon energies
can be replaced by the three angles 0,(i=1, 2, 3).

The distribution of the three gluon directions in
space is fully determined by theory [4]. For vector
gluons QCD predicts [4]

W(cos 8)~1+0.39 cos® 8,

where @ is the angle between the most energetic gluon
and the momentum of the electron in the storage ring.
Scalar gluons would give rise to a distribution [12a]
according to

W(cos )~1—cos? 8.

The distribution of the angle f between the normal
on the three gluon plane and the electron momentum
is given by [4]

W(cos f)~1—1cos® B.

4. Monte Carlo Programs

For comparison with the data the predictions of the
last section are not yet sufficient since we still have to
take the gluon fragmentation into account. Lacking
an exact theory we use a simple model implemented
in a Monte Carlo event generating program (Sect. 4.1
below). Similar programs are used to generate events
according to competing models (Sects. 4.2, 4.3). All
generated events are passed through a detector simu-
lating program (Sect. 4.4) before being analysed exactly
like measured events.

4.1. 3-Jet Generator

The program generates 3 gluon momentum vectors
and orients them in space according to Sect. 3. For
each gluon a jet with the following properties is
generated. The multiplicities of charged and neutral
particles are chosen from Poisson distributions with
means <{n» and {n,y, respectively which depend on
the gluon energy E according to {(n,y=a+b In (E/
GeV) and {ny>=c<{nyy. (A logarithmic energy de-
pendence describes the data well in the energy range
studied here). The hadrons generated are pions and
kaons in the ratio 3:1. Neutral and charged kaons are
generated in equal proportion.

The transverse momentum with respect to the
gluon direction is chosen according to f(p?) ~ exp (—p?/
{p?>). The longitudinal momenta are selected accord-
ing to f(py)~exp (p)/{py>)+d/p, with a multiplicity
dependent cut on p);.

The fragmentation process forms massive jets from
mass zero gluons and leads therefore to unavoidable
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kinematic distortions. To guarantee nevertheless mo-
mentum and energy conservation the generated events
are boosted into their rest frame and then all particle
momenta are scaled by a common factor.

The free parameters a, b, ¢, (p1>, (p,>. d are ad-
adjusted by generating events with only 2 jets at
E.,=9.4 GeV and varying the parameters until the
properties of the continuum data at 9.4 GeV are
reproduced. (For the adjustment of the multiplicity
parameters a and b also data at lower energies were
used [10c].) This means in essence that the gluon jets
are made to fragment very much like the quark jets in
the continuum. We want to stress that therefore none
of these parameters is obtained from the data. It is
also interesting to note that in a 3-jet analysis of our
30 GeV ggg data [6d], we get agreement with the
measurements if we assume similar properties for the
third jet, which is supposed to originate from the gluon,
rather than from the quarks.

4.2. 2-Jet Generator

For comparison with the data outside the resonance
which show a marked two jet structure we use the
model of Field and Feynman [13] as implemented in
a program written by Sander [14]. The program
generates pairs QQ of a quark and the corresponding
antiquark. They are emitted back to back each with
half the CM energy and oriented according to a
1+cos’® distribution with respect to the beam axis.
Pairs of uii, dd, s5, and c¢ are generated with relative
probabilities 4:1:1:4. The primary quark (Q) now
produces a gg pair and forms a meson with the 4, the
remaining ¢ forms another ¢g pair etc. The secondary
formed pairs gG are only allowed to be ui, dd or s3
pairs. This is motivated by the fact that at this stage
¢c¢ production is highly improbable due to the large
mass of the ¢ quark. The details of the transverse and
longitudinal momentum distribution in the jets and
of the types of mesons formed by the ¢g pairs are fixed
by the model [13].

For the 2-jet Monte Carlo events initial state
radiation was taken into account by allowing for the
radiation of a photon (along the beam direction) with
a bremsstrahlung spectrum.

4.3. Phase Space Generators

As a simple alternative to the 3 gluon decay one can
also assume the hadronic final state to be given simply
by phase space, i.e. a constant matrix element. While
phase space is not a realistic model, it stands for reac-
tions which impose no particle correlations except for
momentum and energy conservation. Two phase space
generators have been used. One (P-PS) generates only
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pseudoscalar mesons (pions and kaons in the ratio
3:1). The other (P/V-PS) generates pseudoscalar and
vector mesons in equal proportion [15]. The mean
multiplicity of the produced particles was chosen such
as to reproduce the observed multiplicities.

4.4. Detector Simulation

In order to account properly for detector effects such
as finite spatial and energy resolution and limited
acceptance all Monte Carlo events are passed through
a detector simulation program. It generates propor-
tional chamber and phototube signals corresponding
to the trajectories and energies of the particles in the
Monte Carlo generated events [10]. The output of this
program is passed through the same track recognition,
event selection and analysis programs as the real data.

4.5. Angular Distributions

Experimentally. the structure of most angular distri-
butions is not very pronounced, so that we cannot
perform significant tests on them within our limited
statistics. For example, the distribution of the normal
on the three gluon plane carries information on the
spin parity assignment of the gluons. Although Monte
Carlo calculations have shown that there is a correla-
tion between the 3 gluon input plane and the recon-
structed plane [16], this correlation is not sufficiently
strong to conclusively test the spin and the parity of
the gluons in this fashion with the present statistics.

In contrast, it has been demonstrated [16] that the
fastest gluon jet (=the jet with the largest x-value) can
be reliably reconstructed by the triplicity method. The
experimentally determined thrust axis is closely cor-
related with the direction of the most energetic gluon.
Therefore, the angular distribution of the thrust axis
can be compared with expectations for the gluon
angular distribution.

5. Topological Tests

In this chapter we want to discuss the various topolog-
ical quantities, such as thrust, triplicity and planarity.
Using Monte Carlo simulations at 9.4 GeV and 30
GeV we study the event reconstruction capability of
triplicity and planarity. This includes mainly the cor-
relations between generated event planes, gluon direc-
tions or energies. and the corresponding reconstructed
quantities.

5.1. Thrust

Because sphericity {7] involves the sum of squares of
momenta it has proven to be impossible to calculate
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it in the framework of QCD. This had led to alter-
native measures of “jetness” being proposed that are
linear in momentum. We use the thrust variable [4g,
8a, 8b]. Thrust is defined by

T=2 max (Zp:)/z .

where the sum ) runs over one hemisphere only. p;’
is the component of p, parallel to an axis through the
common event vertex and the event is divided into
hemispheres by the plane normal to this axis through
the vertex. In an event in which there is missing mo-
mentum the above definition is somewhat impractical.
To overcome this difficulty we use instead

T=max (Z |p:'|)/z Ip.|

where the sums now run over all particles. The two
definitions are identical if all particles in an event are
detected without measurement errors.

In an equivalent way thrust can also be defined by
partition of momenta into two classes [8a, 8c]

T— max {|P(C))l+P(C,)l},

s

[p;!

i=1

where the final state particles with momenta p,, p,.
.., py are grouped into two non-empty classes Cj,
C, with the total momenta P(C))= Y ,./=1,2.

1eCy
This definition has the advantage that it can easily

be generalized to n-jet events. For a perfect isotropic
event one obtains for thrust 7=%, while a perfect 2-jet
event gives T=1.

5.2. Triplicity

To search for a three jet structure the triplicity method
[8¢c] was used. As a natural extension of thrust,
triplicity is defined by

= Jmax {[P(Cy)|+[P(Cy)l+ PGy,

[p.!

M=

i=1

where the final state particles are now grouped into 3
non-empty classes with total momenta P(C), /=1, 2,
3. The values of triplicity vary between T;=1 for a
perfect 3-jet event and T3==3]ﬁ/8=0.65 for a com-
pletely spherical event.

If the momenta of all final state particles were
perfectly measured, coplanarity of the 3 jets recon-
structed by triplicity would be automatically assured.
In the presence of measurement errors and acceptance
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losses we enforce coplanarity by adding 1/3 of the
missing momentum vector to each of the three jet
momenta.

Identifying the coplanar jet directions found in this
way with those of the original quanta is only justified
if the jets do not significantly overlap in space. Since
they actually do overlap at Y energies, we studied the
resolving power of the triplicity method for the Y-
energy and for 30 GeV (in the once expected mass
region of a possible ¢/ state) using Monte Carlo events.
The recovery of the original gluons by the three jets
from 3 gluon Monte Carlo events can be character-
ized by the angles J,, d,, d; between the directions of
the original gluons and the measured triplicity axes
both ordered according to their energies.

At the Y mass the results for the average values of
d; are (the corresponding values for E,, =30 GeV are
given in brackets): {|cos &,|>=0.78 (0.92); {|cos J, |
=0.71 (0.81); {Jcos d5|>=0.53 (0.69). In the absence
of any correlation we get {|cos §,[>=0.50 (i=1, 2, 3).

This means that we can only reliably reconstruct
the two fastest jets at the Y-mass while the identifica-
tion of the least energetic jet is marginal.

We have also looked into the reconstruction power
of the triplicity method for the gluon energies [16].
Monte Carlo studies show that at the Y-energy there
is a pronounced correlation between the energy of the
fastest gluon and the fastest triplicity jet (x;). The cor-
relation becomes weaker for the gluons with fractional
energies x, and x; [16].

To reconstruct the generated gluon plane using the
triplicity method we take the plane spanned by the
axes of the two fastest triplicity jets. The average angle
o between the normals of the original and reconstructed
plane is {Ja|>=43° at the Y-mass. In the absence of
any correlations one would naively expect <|a|>=45°.
However, since the axis of the fastest triplicity jet is
used for the plane determination, a small error in the
determination of this axis suppresses angles around 0°.
The average ‘‘no-correlation” angle turns thus out to
be (Ja|>=49°. It is interesting to note that the average
correlation angle at E_, =30 GeV decreases to 24°.

These investigations show that the direct 3-jet
identification improves with increasing energy, being
feasable at 30 GeV and only marginal — if at all pos-
sible — at the ¥ mass.

Since by construction 7; > T a scatter diagram of
T; versus T has a boundary as indicated in Fig. 6a. In
this figure it is also indicated which regions 3-jet, 2-jet,
and spherical events will dominantly populate at high
energies. To get an impression how this scatter plot
actually looks like we present in Fig. 6b and ¢ Monte
Carlo results for center of mass energies of 9.4 GeV
and 30 GeV respectively. We can see that there is a
considerable overlap for the various models (¢4, ggg.
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Fig. 6. a Schematic representation of a scatter diagram of triplicity
(T3) versus thrust (7). b.c Scatter diagrams of 7} versus T for 9.4
GeV and 30 GeV Monte Carlo events for various models (¢g. ggg.
PS)
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PS) at the Y-mass while at 30 GeV a separation of the
different decay pictures emerges.

5.3. Planarity

An alternative approach to look for the production of
three coplanar jets is the planarity method. To this
end we calculate the sphericity by forming for each
event the sphericity tensor [7]. Ordering the eigen-
values J; of that tensor according to 4, =4, =4; the
sphericity is given by

S=3;~3/<§1 A,) .

A measure of flatness of an event can be extracted
from the 4, according to {6a]
24,

(54

The above ordering of the A, implies Q; <0,<0;.
1

=% can then be considered as a measure of flatness [6b].
2
To test the resolving power of the planarity method

we can use Monte Carlo events and compare the
average angle o between the normals of the original
and reconstructed plane. At the Y-mass we get {Ja|>
=42°, In the absence of any correlations one obtains
]| =49°. The average correlation angle at E,, =30
GeV is 20°. Also we can compare the direction of the
fastest gluon with the direction of the reconstructed
Qs-axis. Denoting this angle by 6 we get the Y-mass
{Jcos 6[>=0.79 and (|cos 6> =0.91 at E =30 GeV.
In the absence of any correlations we get {|cos 6[>=0.5.

These Monte Carlo studies show that the fastest
gluon can reliably be reconstructed, but the plane
reconstruction power of the planarity method is only
marginal at the Y-mass.

In contrast to triplicitly, planarity is a necessary,
but not sufficient condition for a three-jet structure.

In an equivalent way also <{p,,>/{p.,> can be
considered as an indicator for flatness. Here, p,,, is the
momentum out of the triplicity plane and p,, the trans-
verse momentum in that plane with respect to the
fastest triplicity jet.

Q.=1

6. Analysis of the Y-data

In this chapter we present the analysis of the Y-data.
We search for an underlying 3-jet structure in the
decay events by using the topological quantities thrust,
triplicity and planarity. The Y-data are compared with
various theoretical models (3-gluon decay, phase space,
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Tairect data

Phase Space MC
(pseudoscalar
mesons)

off Resonance data
(9.4 GeV)

2-jet formation) and off-resonance data. We also
briefly discuss competing models (mixed model, scalar
gluon model, gluons without color), and compare
our measured multiplicities on the ¥ and in the nearby
continuum with QCD-predictions. For the rare decay
mode Y —7ygg an upper limit is given.

6.1. Thrust and Triplicity Analysis

In Fig. 7a we present two-dimensional histograms 7;
versus 1" for Y-direct data and for the off-resonance
data as well as for the 3-jet, 2-jet and phase space
Monte Carlo events. The data are uncorrected. De-
tector effects are taken into account in the Monte
Carlo simulation. Although it is difficult to draw
firm quantitative conclusions from these two-dimen-
sional histograms one can see that there is a striking
similarity between the Y-direct data and the 3-gluon
Monte Carlo, whereas the phase space Monte Carlo,
2-jet Monte Carlo, and off-resonance data look dif-
ferent. Also the off-resonance data agree with the 2-jet
picture. The results from the two different phase space
Monte Carlos are very similar, but also very different
from the 2-jet events.
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Thrust and triplicity are strongly correlated. In
Fig. 7b we show the dependence of the average triplicity
on the average thrust. At thrust values of 7>0.7 all
models fall on one common curve which also describes
the data. Only for the two lowest thrust bins there is
a slight indication of the occurrence of 3-jet events
since there {T; > > {T;>ps for the same thrust values.

The projections of the two-dimensional histograms
(Fig. 7a) onto their axes allow a more quantitative
comparison. Because of the correlation between thrust
and triplicity we only show here the projection onto
the thrust axis (Fig. 8). The tentative conclusions
drawn from the two-dimensional histograms are con-
firmed. The 3-gluon Monte Carlo describes the data
best; predominantly 2-jet like models are ruled out.
The off-resonance data are very well described by the
2-jet Monte Carlo.

Also phase space is ruled out. First there is a
general argument against phase space like topologies
at the Y. Although the average sphericity (S) or the
average value of {(1—T) of the J/y-decay can still be
described by phase space [6a, 17], both quantities in-
crease for any phase space model with increasing
particle multiplicity. However, on the Y we find (S
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and {1 — T comparable to the corresponding quan-
tities on the J/, in spite of a factor of two higher
multiplicity. As Table 1 shows, the thrust values for
the Y and for phase space Monte Carlos differ by more
than 3 standard deviations. This is a strong evidence
that the Y cannot be described by uncorrelated particle
emission, like simulated in the phase space model (see
also [18]).

A corrected thrust distribution on the Y is shown in
Fig. 9. The correction is done bin by bin, and the cor-
rection factor is derived from generated Monte Carlo
events in comparison to how these events look like
in our detector. From the comparison of Figs. 8 and 9
it can bee seen that the correction factors are quite
small. The corrected average thrust on the Y is {1
=0.73+0.01.

“Table 1. Mean values of thrust, triplicity, triplicity related observables (x,, 6,) and flatness measures for Y-direct and off resonance data and
various Monte Carlo models. (The errors for data are statistical. For Monte Carlo they contain the systematic uncertainties in the models)

Y-direct data 3 (vector) Phase-space Phase-space 3 (scalar) Off-resonance Field-
gluon Monte Carlo Monte Carlo gluon data Feyman
Monte Carlo (pseudo-scalar- (pseudo-scalar  Monte Carlo Monte Carlo
mesons) and vector
mesons)
(T 0.73240.004 0.724+0.01 0.69+0.01 0.69+0.01 0.80+0.01 0.808 +£0.004 0.80+0.01
(T3 0.870+0.002 0.86+0.01 0.84+0.01 0.84+0.01 0.90+0.01 0.910+0.002 0.90+0.01
(x> 0.862 +0.003 0.8610.01 0.83+0.01 0.83+0.01 0.90+0.01 0.909 +0.003 0.91+0.01
(X3 0715+ 0.004 0.72+0.01 0.70+0 01 0.71+0.01 0.77+£0.01 0.733 +0.005 0.75+001
{x3» 0.423 4+0.005 0.42+0.01 0.47+0.01 046+0.01 033+0.01 0.358 +£0 007 0.34+0.01
O 82,6 +0.9° 83 +1° 90" +1° 90" x1° 687 +1° 68.8° +1.1° 70° +1°
CH 126.4° +£0.6° 126> +1° 124" +1* 124 +1° 1337 41° 132.8° +0.8° 1317 +1°
CN 151.0° +0.5° 151° +1~ 146" +1° 146 +1° 159 +1° 158.4° +0.6° 159 +1°
{0/05» 0.368 +0.009 0.37+0.01 0.40+0.01 0.40+0.01 035+0.01 0.327+0.009 0.35+0.01
LPow? 0.548 +0.007 0.55+0.01 0.56+0.01 056+ 0.01 0.52+0.01 0.498 + 0.008 0.5240.01

(P>
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Instead of using 73 and T we can present the data
also in terms of the fractional energies x, of the jets
as constructed by triplicity. If the three jets were
completely separated in space the fractional energies
x; would be essentially independent of the fragmenta-
tion of the gluons and would depend only on the
matrix element. The topological quantities 7 and 75,
however, always depend on the details of the gluon
fragmentation. Therefore, the x-distributions carry
additional information. In Fig. 10 we show the two-
dimensional histograms representing the 3-jet energy
Dalitz plots for Y-direct and off-resonance data and
various Monte Carlo models. Unfortunately, at 1-
energies the constructed jets are too weakly correlated
to the gluon energies as to draw firm conclusions to
the Y-decay matrix element from this plot. Only in
the limit of high energies the observales x; agree with
the fractional energies of the gluons.

Even though the x, do not have physical significance
in simulated phase space and g7 events, as discussed
above, we show their respective Dalitz plots also to
exhibit the topological differences of these events from
the Y direct decay events.
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Fig. 10. Two-dimensional histograms
representing the 3-jet energy Dalitz plot for
Y-direct and off resonance data and various
Monte Carlo models

The data and models shown in Fig. 10 can be
discussed as follows: The two phase space models are
very similar. Keeping in mind that ) x;=2, one ex-

pects in the x;-variable a clustering of the events near
X3=% x,., because phase space will predominantly be
interpreted by three jets with approximate equal
amounts of energy if the triplicity method is used.

For the off-resonance data, where on the other
hand we expect a pronounced 2-jet structure, we in-
deed find that the region of large x; is significantly
depleted as compared to the phase space models. This
feature is also borne out by the corresponding Monte
Carlo simulation of 2-jet events. As far as the Y-direct
data are concerned they fall inbetween the phase
space models and the 2-jet model. The energy Dalitz
plot is more uniformly distributed and it is also repro-
duced by the 3-gluon decay picture.

The merits of presenting the results in terms of the
x, variables which are qualitatively different from 7T
and 7; will become more apparent at higher gg-reso-
nances.

Figure 11 shows the projection of the two-dimen-
sional histograms on the x;-axis, which is the distribu-
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Fig. 11. Experimental distribution of the reconstructed reduced

energy x; of the fastest triplicity jet for Y-direct and off-resonance
data compared to Monte Carlo calculations for various models

tion of the most energetic triplicity jet. We have ascer-
tained by Monte Carlo studies [16] that x; can be
most reliably reconstructed.

In an equivalent way the angles 6; between the
constructed triplicity jets can be used to describe the
Y-data. But since the angles 0, are directly related to
the x;, the @-plots carry no additional information.
Therefore we only show the distribution of the best
reconstructed angle 6, (Fig. 12). The conclusions
drawn above from the T, T; plots and its projection
on T are confirmed in the x; and 6, distributions.
Further two-dimensional histograms and distributions
for other variables are presented in [16].

We have also investigated whether a mixed model
(50% phase space plus 509, two-jet) describes our
data. The idea of a mixed model was derived within
the framework of the quark fusion model [12b]. We
compare the thrust and 6; distribution with the 3
gluon decay and the mixed model and find that the
3 gluon decay picture of the Y is slightly favored over
such a mixed model (Fig. 13).
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Fig. 12. Experimental distribution of the reconstructed angle 0,
between the two fastest triplicity jets for Y-direct and off-resonance
data compared to various Monte Carlo models

As an information additional to the distributions
discussed above, the results of this section are sum-
marized in Table 1 in form of mean values for 7, Tj,
x;, 0; for the Y-direct and off-resonance data, as well
as the various Monte Carlo models and an additional
scalar gluon model [12¢].

The Y-direct data are very well reproduced by the
3-gluon model, while the other models fail to describe
the Y-data.

6.2. Planarity Analysis

The planarity analysis is done along the lines as de-
scribed in Sect. 5. We have determined the Q,-values
using the sphericity method. The results are also given
in Table 1 in form of the mean values of {Q,/0,> for
the different sets of data and models. We have also
looked into the results for {{p,.>/<{pi.>>. They are
consistent with the <{Q,/Q,> values. No significant
differences are observed between phase space, I-de-
cays, and 3 gluon Monte Carlo events.
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Fig. 14. Corrected experimental distribution of |cos &1. 8 is the angle
between the thrust axis and the beam axis. The curves are predicted
for Y-decay into vector and scalar gluons, respectively

6.3. Discussion of the Triplicity
and Planarity Analysis

The methods used for the analysis of the )-data give
consistent results. We observe a good agreement be-
tween QCD predictions and the )-direct data. The
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average quantities shown in Table 1 may indicate that
the Y-decay events are showing some — however mar-
ginal — degree of flatness.

Although we are unable to directly resolve the
3-jet structure of the events our data agree in all
aspects with the results of the 3-gluon Monte Carlo
simulation.

6.4. Vector Gluons and Competing Models

In Sect. 3 we have presented the theoretical predictions
for the distribution of the thrust axis. Figure 14 shows
our data corrected for fragmentation and detector de-
ficiencies along with the predictions. The data are
consistent with vector gluons while they cannot be
described by scalar gluons.

The case against scalar gluons becomes even more
convincing if we consider the probability distributions
W (x,) as introduced in Sect. 3. Theory [12a] predicts
that all events would have one gluon with very low
or vanishing energy: the events would appear as two
jet events. We have written a Monte Carlo generator
for the Y-decay into scalar gluons, including subse-
quent fragmentation into jets and passage through
the detector. A full triplicity analysis of a sample of
such events has been performed [16]. We do not show
the distributions here since, of course, they are very
similar to those obtained with the 2-jet Monte Carlo
program.

This can also be seen from Table 1 which contains
a column for the scalar gluon model. Since the pre-
dicted values do not at all describe the Y-direct data
the scalar gluon hypothesis is definitely excluded.

Furthermore the assumption of a Y-decay into
pseudoscalar gluons is in severe conflict with the ob-
served level splittings in the charmonium system. Thus,
pseudoscalar gluons are also excluded [12a, 12d].

The possibility of vector gluons without color has
also been discussed in the literature [12¢]. Given
colorless gluons the decay Y—g—g¢g would be pos-
sible in lowest order. Obviously then there would be
no difference between the event structure on the Y-
resonance and the continuum. The hypothesis of
colorless gluons is therefore in complete contradiction
to the data.

6.5. Multiplicity on the Y

According to the prediction of QCD [4e, 4h, 4a, 4j]
the multiplicity of the Y should be higher compared
to the nearby continuum. If the gluon fragments like
a single quark one expects from the multiplicity of
two jet events at center of mass energies around 6 GeV

(M) gg9~ 1-8.
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Fig. 15a and b. Expected photon spectrum of the decay Y-ygg
a for massless gluons (positronium model) b with fragmentation of
gluons (see text)

But it has been argued that the gluon could fragment
with a higher multiplicity, since its average color
charge is # times larger than that for quarks [4j]. This
would lead to

<nch>}’—'999 ~9.

Most theoretical estimates indicate an expected in-
crease of 1.5~3 units in charged multiplicity [4h]. The
average charged multiplicity for Y-direct decays mea-
sured in this experiment is

(M Dy gag=8-2+ 0.1

while for the continuum data we obtained [20]

<nch>offAresonance =6.9 + 0.1.

The multiplicities have been corrected for detector
efficiencies and acceptance losses.

Compared to the continuum data we see a clear
increase of the charged multiplicity of*

Ang=13+0.2.

This increase of 4n.,=1.3 at. the Y reflects according
to the theoretical considerations of Bigi and Nussinov
[4h] a larger dynamical increase of An,=2.0 in 3-
gluon jet processes as compared to ¢g jets. Our data
on the Y are thus in good agreement with expectations
based on QCD calculations.

6.6. Search for the Y-Decay into one Photon
and two Gluons

In our hadronic event sample we have looked for
events with an isolated high energy photon from the

*  We only quote the statistical errors of the multiplicities. The
systematic uncertainties in the “‘on’ and “‘off”’-resonance multi-
plicities are expected to cancel out in the difference 4n,
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decay Y—ygg as suggested in [4f]. We required one
photon with a reduced energy x, =2 E, /M, >0.7 being
the only particle in one of the triplicity jets. To reduce
background from beam gas interactions and heavy
lepton decays we further required that at least one of
the remaining triplicity jets contains more than one
charged particle with momentum above 300 MeV/c.
We find 12 events of this type on the }-resonance.

The background from unresolved n° and # has
been estimated for the various models discussed above.
For the phase space models we find a background of
0 events, for the two-jet model 7 events, and for the
3-gluon model 11 events.

To compute the detection efficiency for the decay
Y—>ygg we have used a Monte Carlo program treating
the gluon fragmentation as described in Sect. 4.1. The
energy spectrum of Fig. 5b ( > W(x,)} as well known

=1

from the positronium decay is drastically affected by
the transition of massless gluons into massive jets.
The probability of having a photon with x, > 0.7 drops
from 50, for the positronium model to 299, for our
model (Fig. 15*. The one obtained excess event
(compared to the background calculated on the basis
of the 3-gluon model) — taken at face value — would
correspond to a branching ratio of I'(Y-—>ygg)/I'(Yy;)
=2.69%;. Expressed as an upper limit for the }-decay
into one photon and two gluons we obtain

I'(Y—>vgg)

<27%
F(Ydir)

at 90%, confidence level. This can be compared to the
experimental value of the LENA-Collaboration (I'(Y
—vy+hadrons)/I"(Y—>hadrons)< 5% at 95% confi-
dence level [21] and to the theoretical prediction based
on QCD of ~3% [4a, 4f, 4¢] if we assume I'(Y—ggg)
=F(Y::llr)

7. Conclusions

In a jet analysis of ¢* e -annihilation in the Y-region
we have established the following facts:

(1) The Y-decay topology has characteristics very
different from those of the continuum. The continuum
data are well described by assuming e* e ~-annihilation
into a quark-antiquark pair producing two hadronic
jets.

(i1) The two jet character of Y events is stronger
than for phase space and weaker than for off-resonance
events.

* It is interesting to note that our calculated photon spectrum
seems to agree qualitatively with the spectrum observed on the J/y
at SPEAR [19]
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(iii)) The rdther detailed features of the Y-direct
decay that are visible in the distributions of thrust,
triplicity, triplicity related observables (x;, 6,) and
angular orientation of the events are very well de-
scribed by the QCD-prediction of Y-decay into 3 vector
gluons with subsequent fragmentation into jets.

(iv) As expected from the width of the fragmenta-
tion distributions neither the triplicity nor the planarity
analysis gives positive evidence for the production of
three jets in the Y-decay which are separated in space.
The correlation between the parton and triplicity or
planarity planeis too weak to exploit it with the present
statistics for a spin analysis. However, scalar gluons
are ruled out on the basis of the thrust axis angular
distribution.

(v) The Y-direct data cannot be described by any
one of the two different phase space models used.

(vi) A mixed model (509, phase space, 50% ¢q)
does not describe the data as well as the 3 gluon decay
of the Y does.

(vit) A competing model of the Y-decay into 3
scalar gluons, which predicts essentially only two ha-
dronic jets in the final state, is clearly ruled out. The
same holds for the assumption of colourless gluons.

(viii) The observed increase in multiplicity on the
Y is consistent with the prediction of QCD.

(ix) As an upper limit for the branching ratio
I'(Y-ygg)/I'(Y—>ggg) a value of 279, was obtained.
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