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We present a study of 4200 4-jet events from Z° boson decays. The measured angular correlations between jets are reproduced
well by QCD. An alternative abelian model fails to describe the data.

1. Introduction

One of the essential features of quantum chromo-
dynamics QCD [1] is the self-interaction of gluons,
a consequence of the nonabelian nature of QCD.
Several tests of QCD which are sensitive to the gluon
self-coupling in e*e~—hadrons events have been
proposed, which are based on a study of angular cor-
relations in 4-jet events [2-4]. Such tests become
feasible at the Z° resonance since the hadronic cross
section and thus the number of 4-jet events is large.

We report here on measurements of angular distri-
butions for 4200 4-jet events observed an/- ~=91 GeV
in the L3 detector at LEP, and on a comparison to
QCD. We use an alternative abelian model, QCD’,
to demonstrate the sensitivity of this comparison.

! Supported by the German Bundesministerium fiir Forschung

und Technologie.

2. Theoretical basis

Perturbative QCD predicts two classes of 4-jet
events which correspond to the processes

Z°->qdgg (1)
and
Z°-qqqq . (2)

The corresponding generic Feynman diagrams are
shown in fig. 1. The first graph for process (1) con-
tains a “three gluon vertex”, a consequence of the
nonabelian nature of QCD.

Differential and total cross sections for processes
(1) and (2) can be written as a linear combination
of gauge invariant terms with “colour factors” N¢, Cg
and T¥ as coefficients [5]. In QCD the colour factors
are Nc=3, Cr=% and Tr=1Np=3, where Ng is the
number of quark flavours.

An alternative model QCD’ without self-coupling
of the spin-1 gluons can be constructed with three

229
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Fig. 1. Generic Feynman diagrams for production of four par-
tons in second order perturbation theory for process (a) Z°-qdgg
and (b) Z°->qdqag.

colour degrees of freedom for the quarks. In this abe-
lian model the colour factors are N =0, Cg=1 and
T =3Ng=15 [3]. Choosing o in this model to be
3, the total cross section and 3-jet rates are the same
in QCD and QCD’ up to first order for a given center
of mass energy [6]. In QCD’ only the double brems-
strahlung diagrams contribute to process (1). The
contribution of reaction (2) to the total 4-parton
production cross section is about 34%, significantly
larger than in QCD, where it is approximately 6% [7].
This difference in the rate of process (2) gives the
main detectable difference between the models QCD
and QCD'. Such an abelian model QCD’ is not com-
patible with various other measurements, for exam-
ple the energy dependence of jet rates [8]. Its only
purpose in this context is to provide a consistent the-
oretical alternative to QCD.

Three different variables have been proposed that
are sensitive to the differences between QCD and
QCD'. All of them are based on angular correlations
between the four energy ordered jets. The most en-
ergetic jets 1 and 2 are likely to correspond to the
“primary”” quarks.

The variable proposed by Korner, Schierholz and
Willrodt [2], Pxsw, is defined for events for which
there are two jets in both hemispheres defined by the
thrust axis. @xsw is the angle between the normals to
the plane containing the jets in one hemisphere and
to the plane defined by the other two jets. Gluon
alignment in the splitting process g—gg favours
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Pxsw~ T, whereas g—qd prefers the planes to be
orthogonal.

The Nachtmann-Reiter angle [3], O%r, is the an-
gle between the momentum vector differences of jets
1, 2 and jets 3, 4. Due to the different helicity struc-
tures, O%g ~0 is favoured by the process g—gg and

%R ~ j7is favoured by g—qq.

Bengtsson and Zerwas [4] define yg; as the angle
between the plane containing jets 1, 2 and the plane
containing jets 3, 4. Linear polarization of the gluon
in e*e~ —qag results in different distributions of xzz
for g—gg and g—qq.

QCD can thus be tested by comparing the mea-
sured distributions in the three above angular vari-
ables for 4-jet events to the theoretical predictions.

3. The L3 detector

The L3 detector covers 99% of 4z. The detector in-
cludes a central vertex chamber, a precise electro-
magnetic calorimeter composed of bismuth germa-
nium oxide crystals, a uranium and brass hadron
calorimeter with proportional wire chamber readout,
a high accuracy muon chamber system, and a ring of
scintillation trigger counters. These detectors are in-
stalled in a magnet with an inner diameter of 12 m.
The magnet provides a uniform field of 0.5 T along
the beam direction. The luminosity is measured with
two small angle electromagnetic calorimeters. A de-
tailed description of each detector subsystem, and its
performance, is given in ref. [9].

The fine segmentation of the electromagnetic de-
tector and the hadron calorimeter allows us to mea-
sure the axis of jets with an angular resolution of 2.5°,
and to measure the total energy of hadronic events
from Z° decay with a resolution of 12%.

For the present analysis, we used the data collected
in the following ranges of polar angles:

—for the electromagnetic calorimeter, 42.4° <0<
137.6°,
— for the hadron calorimeter, 5° <8< 175°.

4, Selection of hadronic events

Events collected at center of mass energies \/§=
88.2-94.2 GeV from the 1990 (March-June) LEP
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running period are used for this analysis.

The primary trigger for hadronic events requires a
total energy of 15 GeV in the central region of the
calorimeters (|cos | <0.74), or 20 GeV in the en-
tire detector. This trigger is in a logical OR with a
trigger using the barrel scintillation counters and with
a charged track trigger. The total trigger efficiency for
selected hadronic events exceeds 99.95%.

The selection of e e~ —hadrons events is based on
the energy measured in the electromagnetic and had-
ron calorimeters:

0.6 <Eyii/\/s<1.4,
|Ey|/Es<0.40, E,/E,;<0.40,
Ncluster >12 s

where E,; is the total energy observed in the detec-
tor, E| is the energy imbalance along the beam direc-
tion, and E | is the transverse energy imbalance. An
algorithm was used to group neighbouring calorime-
ter hits, which are most likely produced by the same
particle, into clusters. Only clusters with a total en-
ergy above 100 MeV were used. The algorithm nor-
mally reconstructs one cluster for each particle pro-
duced near the interaction point. Thus the cut on the
number of clusters rejects low multiplicity events
(ZP>ete—,ptu—,1%17).

In total 49 000 events were selected.

Applying these cuts to a sample of simulated events,
we calculate an acceptance of 97% for hadronic de-
cays of the Z°,

The contamination from e*e~ and t* 1~ final states
in the hadronic event sample is below 0.2% and can
be neglected. The contribution to the event sample
from the “two photon process” e*e~—-e*e~+ had-
rons also has been found to be negligible.

All Monte Carlo distributions were generated by
the parton shower program JETSET 7.2 [10] with
A =290 MeV and string fragmentation. The b quark
fragmentation function was adjusted to match our
measured inclusive muon data [11]. The generated
events were passed through the L3 detector simula-
tion [12] which includes the effects of energy loss,
multiple scattering, interactions and decay in the de-
tector materials and beam pipe.

The simulated distributions in the cut quantities

and in event shape variables agree very closely with -
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the corresponding measured distributions [13].

5. Analysis of 4-jet events

Jets are reconstructed out of clusters in the calo-
rimeters by using the JADE version [ 14] of an invar-
iant mass jet algorithm. In this recombination scheme
there is a close agreement between jet rates on parton
and detector level. First the energy and direction of
all clusters are determined. For each pair of clusters i
and j the scaled invariant mass squared

Vi =2E.E;/E3-(1—cos 6;)

is then evaluated. E; and E; are the cluster energies
and 0 is the angle between clusters i/ and j. The clus-
ter pair for which y;; is smallest is replaced by a pseu-
docluster k with four-momentum

Di=p:+p;.

This procedure is repeated until all scaled invariant
masses squared y; exceed the jet resolution parame-
ter y.,.. The remaining (pseudo)clusters are called
jets.

We have used y.,,=0.02 for our study, which cor-
responds to jet pair masses of 13 GeV or more. This
cut is sufficiently hard to be insensitive to the details
of hadronization and heavy quark decays and at the
same time leaves a large fraction of 4-jet events of
about 9%. A total of 4200 4-jet events was selected.

Fig. 2 shows the measured energy distributions of
the four energy ordered jets. The simulated distribu-
tions are in good agreement with the experimental
ones.

For the @qw analysis only those events were used
for which there are two jets in both hemispheres de-
fined by the thrust axis. This requirement eliminates
about 30% of all 4-jet events.

Xsz can be measured only for events for which the
planes spanned by each jet pair are well defined. We
required the angle between jets 1 and 2 and the angle
between jets 3 and 4 to be less than 160°. This cut
reduces the number of 4-jet events by 40%.

For the study of the cos &%g distribution all 4200
events were used.

To be able to compare the experimental 4-jet an-
gular distributions to those predicted by the two the-
oretical models, we have corrected our data for de-
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Fig. 2. Measured distributions of E;.,/ E,;, for energy ordered jets
in 4-jets events in comparison with the Monte Carlo prediction
(parton shower, A;; =290 MeV).

tector effects, acceptance and resolution. We used the
JETSET 7.2 Monte Carlo program as described be-
fore. The RMS resolutions in the angular variable
Dysw, O%r and xgz are found to be 12°, 6° and 6°,
respectively. We have corrected our measurements for
resolution effects by applying the method of regular-
ized unfolding described in ref. [15]. We subdivide
the range of the allowed values for the three angular
variables into four bins of equal size. The corrections
due to the finite detector resolution and acceptance
for the two outer bins is below 2% for Psw, less than
7% for cos Or and at most 10% for ygz. The correc-
tions for the two central bins are smaller.

Our data sample contains a background of 30%
from 3-jet events on the generator level which are
classified as 4-jet events after all particles have been
passed through the full detector simulation and re-
construction. We also lose a fraction of 4-jet events
on the generator level since they have jet multiplici-
ties different from 4 on the detector level. However,
this number is close to the number of background
events. Furthermore, the difference in the angular
distributions for these event classes is small and the
total correction per bin is below 3%.

The uncertainties in the detector correction were
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studied by changing the energy response in different
detector components in the Monte Carlo simulation
by up to 10%. Larger variations are incompatible with
the measured energy distributions in the calorime-
ters. We find a systematic uncertainty in the angular
distribution of 2-5% for different bins.

6. Comparison to theoretical models

Figs. 3-5 show the corrected normalized distribu-
tions for the variables @ggw, c0s Okr and ypz in
comparison to the Monte Carlo predictions for both
QCD and QCD'. To generate the theoretical predic-
tions we used two different options in the JETSET
7.2 Monte Carlo program:

(a) Matrix elements, calculated to second order in
QCD [5,16].

(b) Parton shower evolution, obtained from lead-
ing log approximations.

The differences between these two approaches can
be considered as theoretical uncertainties [7,17]. For
(a) we used the value A5 =190 MeV [8] and a re-
normalisation scale u2=0.08s for the QCD predic-
tion. For the abelian model the strong coupling con-
stant was increased with respect to QCD by a factor
of 3. The parton shower calculations (b) were per-
formed with A;; =290 MeV for QCD. For the abe-
lian shower mode we used the JETSET parameters as
suggested in ref. [7].

Fragmentation parameters were determined from
a comparison between measured and predicted dis-
tributions for several event shape variables both for
the QCD parton shower MC and the second order
matrix element generator. The uncertainty due to
hadronization was estimated by changing the frag-
mentation parameters. Replacing the measured ones
by the JETSET default values (for parton shower)
modifies the distributions by at most 5% per bin. We
have assumed the same fragmentation parameters for
the abelian model as for QCD.

In addition, a small correction for initial and final
state radiation was applied, which changes the angu-
lar distributions by about 2% per bin.

The two bands in figs. 3-5 indicate the theoretical
uncertainties coming from the difference between the
matrix element and parton shower approaches and
from hadronization uncertainties.
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Fig. 3 shows that the differences between QCD and
QCD’ are small in the Pgqy distribution. The mea-
surements are consistent with either prediction.

The measured cos Oy distribution clearly favours
QCD and is incompatible with the abelian model, as
can be seen in fig. 4. We obtain for three degrees of
freedom y2(QCD) =5.0 and y>(QCD’ ) =39.8 for the
matrix element predictions, and ¥y>(QCD)=0.7 and
x*(QCD’) =33.2 for the parton shower approach. In
the calculation of the x? values a theoretical error due
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Fig. 3. Measured distribution of ®ksw. The predictions for QCD
and the abelian model QCD’ are shown as bands indicating the
theoretical uncertainties, see text.
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Fig. 4. Measured distribution of cos ©%g. The predictions for
QCD and the abelian model QCD' are shown as bands indicat-
ing the theoretical uncertainties, see text.
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Fig. 5. Measured distribution of xgz. The predictions for QCD
and the abelian model QCD’ are shown as bands indicating the
theoretical uncertainties, see text.

to fragmentation of (2-5)% per bin was included.

Fig. 5 exhibits the measured and predicted distri-
butions for ysz. Again we find that the QCD’ model
fails to describe our data while QCD reproduces our
measurements well. We obtain for three degrees of
freedom x2(QCD) =3.0 and x2(QCD’ ) =33.8 for the
matrix element case, and x?(QCD)=0.9 and
x2(QCD’)=61.6 when using the parton shower
evolution,

We have studied the dependence of the theoretical
predictions on the value of y.,, in the range 0.02-0.04.
QCD can reproduce all measured angular distribu-
tions for all those values of the jet resolution
parameter.

The distributions of the variable cos O%g and yg
have been measured also by the AMY Collaboration
[18].

7. Conclusions

We have studied the angular correlations between
Jjets in 4200 4-jet events from Z° decays. The mea-
sured distributions in the angular variables cos ®%g
and ygz are reproduced by QCD, while the predic-
tions of an alternative abelian model are found to be
incompatible with our data. The main difference
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comes from the large rate of qqqq final states in the
abelian model.
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