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Abstract

Four-jet final states of hadronic Z°% decays, observed in ete™ annihilation around 91 GeV centre of
mass energy, are analysed in terms of observables that are sensitive to the non-abelian gauge structure
of QCD. After correction for detector resolution and fragmentation effects, the data are compared to
QCD and also to predictions of the abelian vector gluon gauge theory. The theoretical expectations
are calculated in both second order and leading logarithmic approximation of perturbation theory.
The data are compatible with QCD and do not reproduce the predictions of abelian vector gluon
models. From the measured topological distributions, upper limits for the relative production rates of
¢qqq final states are derived. -
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1 Introduction.

The compatibility of Quantum Chromodynamics (QCD) with data from many different hard scattenng
processes leaves little, if any, doubt about the validity of QCD as the theory of the strong: interactions
between quarks and gluons {1). Some of the basic ingredients of QCD are the process of gluon self
coupling and, as a physical consequence, the phenomenon of “asymptotic freedom”. Asymptotic
freedom implies that the QCD coupling strength, «,, decreases with i increasing energy, an expectation
which has been cenfirmed in recent studies of multijet productlon rates in hadronic final states of
ete~ annihilation (see [2,3,4] and references quoted therein). One of the most promising signatures
of the gluon self coupling or, equivalently, of the triple gluon vertex, is the angular correlation of jet
directions in 4-jet hadronic final states of ete™ annihilation reactions. Several observables have been
proposed to test the specific spin structure of the process g — gg within such events [5,6,7,8].

In the analysis presented here, 4-jet final states from a large sample of hadronic decays of the Z°
boson, measured with the OPAL detector [9] at LEP in ete~ annihilations around centre of mass
energies, E.y, of 91 GeV, are analysed in terms of two of these observables. The main purpose of
this analysis is to test the compatibility of QCD predictions with the measured angular correlations.
The data are also compared with the predictions of an abelian vector gluon gauge theory in which the
gluon self coupling does not exist, This alternative theory is mainly used as a tool to demonstrate the
sensitivity of the utilised observables to the characteristic features of QCD; that the abelian theory is
not a realistic theory of the strong interactions is already demonstrated in other measurements, like
the energy dependence of multijet production rates in ete™ annihilations (see e.g. [2,4]).

In analyses where quark and gluon jets cannot be individually tagged, angular correlations within
4-jet events are more sensitive to the specific spin structure of ¢§gg final states rather than to the
existence of the gluon self coupling [10]. Nevertheless the experimental study of these observables
allows discrimination between QCD and the abelian alternative, since the predicted production rates
of ¢¢qq final states are significantly different. Until now one experimental study of angular correlations
in 4-jet final states has been published [11], a study which suffered, however, from low statistical
significance and which was based on partly incorrect theoretical predictions of the abelian vector
theory [10].

2 Four-Jet Angular Correlations as a Test of QCD.

The gauge structure of QCD is visible only in second or higher perturbative order, where the gluon
self coupling contributes through the existence of the triple gluon vertex. In ete~ annihilation, the
triple gluon vertex as illustrated in Fig. la is predicted to be the dominant source of 4-jet events.
Other processes that lead to 4-parton final states are double-gluon bremsstrahlung (Fig. 1b,c) and
gluon splitting into a quark-antiquark pair (Fig. 1d). The interference between diagrams a, b and ¢
preclude discrimination between the different sources of ¢§gg final states on an event-by-event basis.
The specific action of the gluon self coupling can however be tested by comparing the jet distributions
predicted by QCD to those derived from a fictitious abelian gauge theory where diagram (a) does not
exist.

Within the abelian vector gluon theory, 4-quark final states (diagram (d)) are predicted to be
produced more often than in the case of QCD. The relative contributions R,z,5 of 4-quark final states,
predicted in second order perturbation theory and normalised to the total number of 4-jet events with
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jet pair-masses M;; of M2 > 0 01 . E2,, are about 4.7% for QCD and 31.4% for the abelian theory
[10]. Observables that are sens1twe to the different spin structures of events of the process (a), namely
a gluon of spin 1 decaying to two spin 1 particles, and process (d), a gluon decaying to two spin 1/2
particles, have been proposed to test the existence of the triple gluon vertex. They represent angular
correlations.of jet momenta p; in 4-jet events. In this analysis, the following observables, which do not
require the identification of quark- and gluon-jets within individual events, are studied:

e The angle xpz, proposed by Bengtsson and Zerwas [7], whjch is defined as the angle between
the two planes spanned by the jet-momenta p1 and 52 and by 53 and py, where the convention is
such that the momentum vectors within a 4-jet event are ordered according to the jet energies,
E, > ..> Ej. The angle xpz is illustrated in Fig. 2a, for a typical configuration of a 4-jet
event.

e The angle 8}y, originally proposed by Nachtmann and Reiter [6] and as modified by Bengtsson
[8] is defined by the angle between the two vectors p1 — p3 and p3 ~ ps, where the momenta are
again ordered as indicated above. fjp, is illustrated in Fig. 2b.

The angle ¢x sw, proposed by Korner, Schierholz and Wilrodt [5), is not very sensitive to the difference
between QCD and the abelian model if quark and gluon jets cannot be individually tagged [10]. This
variable is therefore not used in this analysis.

3 Experimental Reconstruction of Four-Jet Angular Correlations.

To reconstruct the jet multiplicity and the corresponding jet momenta in each hadronic event, the
jet algorithm introduced by JADE (12] is used Resolvable jets of partrcles are deﬁned by demanding
that in each event the scaled jet pair masses ykz exceed a threshold -value Yout:

2EL.E; - (1 — cosllyy) - . :
Yt = k L .(EQ H) >ycuts_ o . (1)

vy

where 0y is the angle between jets & and ! and Eyis is the total visible energy of the event. This
definition of resolvable jets is identical to the corresponding definition of resolvable partons in O(a?)
perturbative QCD calculations, resulting in a close agreement between parton rates and experimental
jet rates as demonstrated in several studies over a wide range of centre of mass energres see e.g.. [2,12].
For different values of the’ Jet resolution paramster Y. each évent is classified ‘as an n- jet event, and
the respective four-momenta of the jet axes are calculated from the sum of the particle four-momenta
associated with each jet. The measured momenta of both ¢harged and neutral particles are used in this
analysis, as described in detail in [2]. For identified 4-jet events that fulfil the additional requirements
described in the next section, x5z and cos 8 g are calculated from. the reconstructed momenta of jets.

. In order to compare the data to the theoretlcal expectatrons of QCD and of the abehan theory, the
measured .angular distributions are corrected for the llrruted resolution and acceptance of the detector
and for the effects of hadromsatron the transrtron of quarks and gluons . to observable hadrons, using
a bm—by—bm multlphcatlon method The correctlon factors are obtained from two samples of model
events , generated with the Jetset QCD shower and hadronisation model [13] with parameters optimised
to describe the global properties of hadronic Z° decays [14]: the first sample includes hadronisation,
initial state radiation, a simulation of the OPAL detector and the same event reconstruction and
event selection criteria as applied to the real data, the second sample consists of parton final states
without further hadronisation. The correction factors are determined by the ratio of the corresponding
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distributions from the second and the ﬁrst sample calculated for each bin. The corrected drstrlbutrons
are then compared to the theoretlcal expecta.tlons calculated for quark and gluon final states

. This: technigué automatlcally incliides' the correction for background commg from events which
after hadronisation are misreconstructed as 4-jet eveiits: Studies with the Jetset QCD shower model
at ete™ centre of mass energies around the Z° pole show that between 67% aiid 75% of the 4-jet events
at Yeur values between 0.01 and 0.04, respectively, orlglnate from events whlch exhibit 4-jet structure
at the parton level, i.e. before hadromsatlon, at 1dent1ca1 values of yeus. Most of the remaining
background comies’ from partonlc 3-_]et events More than half of these background events, however,
are classified as 4-jet events at the parton level'in a window of £0.005 around the particular value of
Yeur at whrch the 4-jet structure is tested. This window corresponds to the approximate experimental
uncertamty m reconstructmg jet parr masses ln multuet events, as our studies show; the purity of 4-jet
events is larger than 85% if we allow for a correspondmg difference between the invariant jet masses
on the parton level and after hadronisation. Thus, regardless of how one measures the “purity” of
the experimental 4-jet event sample, the background from non-4-jet events, is sufficiently small to be
included:in .the overall correction procedure. ‘

In order to render the correctron procedure meanrngful the bln sizes of the expenmental dis-
tributions must be chosen according to the experimental resolutions for reconstructing the angular
observables. This resolution is again studied with the Jetset parton shower plus hadronisation pro-
gram. For each generated event, the observables are calculated from the ﬁnal partons at the end of the
structron asidesc.rlbed above.- At b.oth.sta_ge_s, the Jet—multrpllcrtles and the corr.es,pondmg Jet axes are
reconstructed with the jet.finder using identical values of ycu: . For events identified as having 4 jets
both before and after hadronisation and that satisfy the additional angle and jet energy requirements
described in Section 4, the difference AO = Opgrtons — Ojets is calculated for each observable O and
sampled in a histogram. Note that in this resolution study no attempt is made to isolate events with
kinematic propertres besides those which ican be applred in a reahstrc analysis of measured hadronic
events.- - : :

The dlstrlbutrons AO are dlsplayed in Flg 3 for the observables xBz and cos Oy g from 4-jet events
with yeyt, = 0.01 and 0.02. The distributions peak around zero, with r.m.s widths of 20.1 degrees for
xpz and 0.22 for cosfOxg at yewr = 0.01 and. of .17.4 degrees and 0.16 at yeur = 0.02, respectively.
Note that these numbers contain the effects due to the hadronisation process and due to the limited
acceptance and resolution of thei détector.” The clear peak'structurés around zero and the limited
widths-of :the distributions demonstrate that the éxperimental reconstruction of ‘angular ‘correlations
in 4-jet’'eventsis'only moderately affected by these effects. It is therefore concluded that the analyzing
power of the experimental method is' well suited to study angular correlations in hadronic 4-jet final
states. of Z9 decays.  As a result of these resolution studies we choose bin-sizes of 18 degrees in ¥Bz
and 0.2 in:cos BNR for the further analysls and data correctron procedure '

4 Exp'erirhe_nt‘al ReSults and Comparison with Tlreory.

The following analysis is based on a sample of 80,200 hadronic decays of Z° bosons, corresponding
to'a total 1ntegrated luminosity of about 3.5 pb~%. ' The event selectron criteria are as descrlbed in
[2], with' the exceptlon that the requrrement |cosbr| < 0.9 for the angle between the event thrust axis

!The reconstructlon and recombmatmn of part.on-_]ets is necessary since a typrcal parton shower event consists of
about 10 final partons, of which many correspond to soft radiation processes with virtualities down to Qy =1 GeV /c
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and the beam 11ne is replaced by the demand that all reconstructed jet axes satisfy |cosB_,et| <09,
sinice the thrust a.x1s 1s not well deﬁned 1n spherlcal 4—_]et hke events, A total of 62, 365 events remam
after these’ global event selection cuts. Four-_]et events are reconstructed for different Jet resolution
criteria (ycut = 0,010,.0,015, 0,020,.0.030 and 0.040), and for.each of these samples the distributions of
XB z and o8 BNR are calculated from the. reconstructed event jet axes. At.this point additional event
’selectlon cnterra are nn,posed -

- The observable XB 7 is calcu]ated and sampled only for events in Wl’llCl’l the angles between those
_]et axes that deﬁne a plane (see Flg 2) are smaller than 160 degrees ThlS reduces background
from events where one or both of these planes are not well deﬁned

o Inthe case of cos BNR, we require that the energy ratio between ‘the second- and third-largest
' Jet Eg/Eg,, is larger than 2. This condrtlon enhances the expected dlfference between the
expectatlons from QCD and the abehan theory [10]. '

These': addltronal cuts reduce - the avallable ‘event statistics by factors of 2 to 10, depending on the
observable under study and on the value of ... used to reconstruct jets. For Yeut = 0.01, 3880 4-jet
events remain for the analysis of xBz and 2978 events for cos 8ng- The corresponding numbers for
Your =0 02 are 2080 and 756, respectlvely, and decrease to 589 and 72 events for ycu; = 0 04.

=The drstrlbutmns of xBz and cos 6N, after corrections for detector acceptance and resolution and
for hadronisation ‘effects as' described above, are shown in Fig. 4 and 5 for y.,; = 0.010 and 0.020.
The evolution of the mean values of these distributions for values of yu¢ between 0.01 and 0.04 is
demonstrated in:Fig. 6. The data are compared to the expectations of QCD, calculated from various
parton-generators based on both second order and leading logarlthrmc approxnnatrons of perturbatlon
theory : :

: -1 Four—parton final states according to second order QCD perturbation theory are generated with
. Jetset [13]. Predictions of the ygz and cos Ong distributions were in the past.usually based
on such calculations [5,6,7,8] since they are exact to a given (second) order. The shape of
these distributions does not depend on the strong coupling constant a,, which is the only free
- parameter within these calculations. Models based on second order QCD calculations, however,
+ +~do'mot provide a good overall description of the highest energy data available today (14,15,16,17)],
: wh:ch ‘18 probably because of mlssmg contrlbutlons from higher order terms

.2, As another optlon of the Jetset program, parton showers with parton invariant masses Qg as low
. as 1 GeV are generated according to probabilities calculated in the leading-logarithmic approx-
... imation to all orders. These calculations contain some, but not all, higher order contributions
. and can therefore be used to estimate the magnitude of higher order effects. Models based on
: part.on_”s,hower_s provide in general a more accurate and complete description of the experimental
data than do models based only on second order calculations [14,15,16 ,17]. Jetset version 7.2
includes simulation of the azimuthal distribution of parton splittings accordmg to gluon spin
polarisation and approximations of closest-neighbour colour coherence effects. The QCD shower
parameters Ay =200 MeV and Q; = 1 GeV are taken from our previous publication [14]. The
other options and parameters, such as the choice of the energy scale for the running couplmg
constant oy, are kept at their default values.

3As a further systematlc check of the QCD predlctlons, Iwe also study the QCD shower model
L ,HER,WIG (versnon 4. 2) [18] which is based on a_ different approach to the leadmg-log parton

shower cascade. This model includes a correct and more complete treatment of azimuthal cor-
7 relations in ‘par‘ton’ splitting processes than does Jetset. The parameters of the HERWIG QCD_
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_ barton.generator_are. all kept at their, default values, which were determined. largely from an
optumeatron to the g]ol)al hadronlc event shapes observed n our, experlment [14]

In addltlon to these dlﬂ'erent QCD modelsﬂ we also compare the data to the predrctrons of varlous

.....

phase space generator ¢ of 4-jet.final states. With the comparison to such models we. venfy the sensltrvrty
of the analysed angular dlstrrbutlons to the specrﬁc _gauge s structure of QCD :a d‘stud the -ability to

AL

4 The second order generator as .‘ plemented 1n the J etset program, is used to generate 4-parton

_:_'_‘ﬁnal states accordmg to the abehan vector theory by srmply replacmg the group constants of

'?QCD by those appropriate’ for the abelian case (see e.g. [6]) N =3 — 0, C; 4/3 — 1 and

Tr = Ny/2 — 3Ny; N, being the numbers of colours and Ny the number of quark flavours. As

.. .In the case of QCD, this model contains no free parameter which influences the shape of the
. ... XBZ. and cos ONR dlstrlbutlons

-+ 5. The Jetset’ mbodel é¢an’also generate parton showers ‘according to the' probabilities of an abelian
'-vector theory. “The multftude of ‘the available features in this' model ‘requirés’ specifying the
parameters ‘and opt1ons ‘that ‘we’ “have chosen to use: The. probabilities for parton branclnng
" are calculated accordmg t0 the’ abehan vector gluon theory as descrrbed above.” The abelian
' ""couplmg strength in’ the shower ‘g, 18 set to be’ constant ‘Since ‘o is expected to decrease
" with décreasing momentum transfer Q2 (rather than increase as «, in thecase of' QCD) this
Cis consrdered to be a ‘conservative approach. We' chose’ aa = (.25 such that the mean parton
- mult1p11c1ty 'at’an intermediate state of the shower (Q, = ' 6 GeV) is similar- to that expected
‘ :frorn QCD “We checked’ that the results presented below: do not depend on ‘the specrﬁc value
" of &, We disabled the angular ordering in the partor cascade‘ which similates the effect of
soft gluon destructive interference in the case of QCD, but we preserved tli¢' decreasing order
of the parton virtual masses in the shower [19]. We also removed closest-neighbour interference
effects in the azimuthal parton distributions, but retained the effects due to the gluon spin and
gluon polarisation: The:choice. of parameters for the abeliari shower model is not: ;unique; the
predictions of this model, however are used only to verify the sensitivity of the observables to
the physrcal process under study

. :6.%We also compare. the data to the angular drstrlbutlons predrcted by a srmple rnodel where four_
: momentum—balanced Jets are generated according to a phase space distribution.;

It can be seen in Frgs 4, 5 and 6 that the drfferent QCD calculatrons quahtatrvely agree in the
overall shapes and. slopes of the XBZ . and cos Oy g distributions, but partly dlﬂ'er in their actual detalls
For better; visibility the areas. which, are lncluded by the different QCD, curves are hatched and labelled

“QCD”. . In most cases the O(or,) and , the Jetset; QCD shower curves define the outer boundarres of

the QCD, areas; while the: Herwig QCD shower .curves are usually closer to. the O(or,) p\redrctron We
take the differences between the predictions of the various QCD, models as systematlc uncertarnty and
pomt out that the data are always in good agreernent with QCD within the given errors.

The drstrrbutlon predrcted by each abehan vector model 1s srgmﬁcantly drﬁ'erent from that der;ved
according to the corresponding QCD model. The O(a?) and the shower model approach for the
abelian theory, however .again differ in'the detailed shapes. of the distributions; the area enclosed by
these calculations is therefore hatched and labelled “Abelian” to indicate the respectrve theoretical
uncertainty’ VWith the exception of the cos HN  distribution at yuy = 0.02 and the mean values of the
cos’ HNR distribition for’ Yout > 0.02; the areas eénclosed by ‘the abelian ‘models ‘are: clearly separated
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from those of QCD. ‘Within the regions of’ clear’ separatlon the observables xpz 'and cos@}p are
therefore well suited to'significantly test the non-abelian gauge structure of QCD. The fact that the
data are in good agreement with the QCD predictions but disfavour the expectations of the abelian
models constltutes a Slgmﬁcant test of the valldlty of QCD.’

For the sake of better v:s1b111ty, the predictions obtained from the phase space 4-jet generator are
not md1v1dually dlsplayed in all the graphs of Figs. 4, 5 and 6 but are discussed in the following. The
phase space dlstnbutlons are basmally flat'in cos Oy, as expected from direct analytical calculations
[6]. This leads to an almost constant mean value of cos 0 r independent of the value of y.u¢, as
demonstrated in Fig. 6b. In the case of xpz, the phase space model lies always in the shaded area of the
abelian models, thus also predlctmg s1gmﬁca.nt dlfferences from QCD. These studies therefore confirm
the previous observation that the agreement of the data with the predictions of QCD constitutes a
non-trivial test of QCD.

The most prominent difference between the theoretical curves is observed for the expectation of a
hypothetical, pure sample of ¢gg§ events as shown in Figs. 4 a and 5 a, calculated from the second
order-QCD generator. Further study reveals that it is mainly the contribution from the process ¢ — ¢¢
that causes the specific differences between QCD and the ebelia.n theory in these observables, rather
than the triple gluon coupling g — gg. Without the individual identification of quark- and gluon-jets,
g7gg events from QCD (diagrams a-c in Fig..1) and the abelian theory (including only the diagrams
from double bremsstrahlung, b and ¢) do not exhibit, a detectable difference [10].. We therefore point
out that the techniques used to analyse angular, correlatlons in 4-jet final states do not allow “direct”
observation of the.triple gluon vertex. Instead these rnethods without individual qua.rk- and gluon-jet
1dent1ﬁcatlon provide the possibility to detect and analyse the specific spin structure of 974¢ events.
Since QCD and the abelian theory predict mgmﬁcantly different admixtures of ¢g¢q events in 4-jet
final states, this analysis still provides the means of a mgmﬁcant test of the nonabelian nature of the
strong interactions.

5 Upper- Limits on the Production of ¢Gqd Final States.

Since the observables studied in this analysis are mainly sensitive to the specific spin structure of
4-quark final states; experimental limits can be obtained on the relative production rate Rygeq of ¢dqd
events, normalised by the total rate of 4-jet events observed, While the measurement of this number
allows a clear distinction between the predictions of QCD and of the abelian theory (Ry5e7 = 4.7% and
31.4% at Yeut = ='0.01, respectlvely) it also provides'the possibility to place limits on (or find evidence
for) other, non-standard’ processes which lead to additional 4-jet final states by the decay of a gluon
to two fermions. An example of such a process is the splitting of a gluon irito two light and long-lived
gluinos §, the supersymmetrlc spin-1/2 partners of the gluons as postulated by the extended theory
of supersymmetry. Because the resulting events would most likely resemble norinal 4-jet events, this
process would not have been detected by techniques based on missing—energy signatures [20].

We estimate an upper limit on R,g,7 from the measured mean values of the XBzZ and cosfyp
dlstnbutlons at Yout = 0 01 usmg the following equatlon ‘

<O >CP= Ry < 0 > +(1 = Ragga)- < O >£‘a’;§°f", - (2)

where < O > denotes the mean va]ue of an observab]e, ea:p stands for the.experimenta-l measurement
and theor for the respective theoretical predictions. The expectations for the two different event

.



classes Z° — ¢gqq and. — gggg are calculated with the second order parton generator of the Jetset
model, which prov1des definite predlctlons for these different event classes without, dependence on
model parameters We do not attempt to deternune hmrts on fyze5 from a comparison to QCD
parton shower models since the definition pf resolvable quark- or gluon jets is not unamblguous in
the environment of a parton cascade. Different. deﬁn1t10ns of quark-jets and different kinds of shower
models lead to various expenmental lnmts on Rygeq which can be interpreted only within this partlcular
model.

"‘The expenmental mean values are corrected like the dlfferentral d:strrbut:ons discussed a.bove for
the effects of detector acceptance and of the hadromsatmn process as determlned by the Jetset parton
shower model. Such a procedure corrects the data to a parton stage which corresponds to minimal
parton invariant masses of J; = 1 GeV, containing much more (soft) gluon radiation than the second
order parton generator, lee the hadromsatlon process, however the soft part of the parton shower
alters the drstnbutron shghtly, such that the expected dlfference between QCD and the abelian theory
is increased. Thls eﬂ'ect IS, partly responsnble for the dlfferences observed in, Flgs 4 and 5 between
the second order and the parton shower pred1ct1ons We dld not correct for these differences in the
general analys1s of the differential distributions presented above, but rather 1ncluded them in the
overall theoretical uncertainty. For estimating an upper limit of Ryg,; from a comparison with O(org)
calculations, however, a more conservative approach is to correct the data also for soft parton shower
effects. 'We have chosen to correct the data to a parton stage which corresponds to minimal parton
invariant masses of @y, = 6 GeV, for which the mean multiplicity of parton shower events is similar
to the case of second orderparton ﬂnal states at y.e = 0.01,

'The measured mean values of XBZ and cOS BNR for 4—_]et events at Yout = 0. 01 are hsted in Table 1.
Also hsted are the correction factors the corrected data results and the expectations from the second
order parton generator for both 9799 and gdgg events. From these numbers we determine the followmg
limits on Rygeq: quqq < 5.7% or Ryges < 11, 8% with 68% or 95% conﬁdence level, respectively, from
< xBz > and Rggeq < 4.7% or, Reges < 9.1% with 68% ‘and 95% conﬁdence level from. < cosfyg >
(the 68% and 95% confidence levels correspond to the one-ta.lled gaussian integral of the probablhty
function, restricted to positive values of Rgze5). We checked that similar limits are derived from fits
to the dif ferential distributions...

The results are compatlble w1th the second order QCD expectatlon of Rg?ng) = 4 7%, and clearly

rule out the- predlctlon of the, abehan model ( R,S:z;” = 31.4%). The possibility of. the additional
production of gqgg events as descrrbed above, which would raise the QCD plus Supersymmetry pre-
diction 2 to Rq;';;y = 4.7% + 8/5 = 7.5% can currently be ruled out with about 89% confidence level
(from < cosfyp > a,t Yeut = 0:01), Note, however, that this limit is (QCD-) model dependent and
is strictly valid only within the second order calculations.. More data statistics and a reduction of
systematic uncertainties in the correction procedure are necessary to derive more s:gmﬁcant limits on

the production of. non-standa.rd 4-fermion final states.
6 Summary and Discussion.

The OPAL event sample of hadronic Z° decays was analysed in terms of 4-jet event observables that
are sensitive to the specific nonabelian gauge structure of QCD. Such a study is an important test

2Since gluinos are expected to exist in a colour octet, their relative contribution to this process would be equivalent to
the production of three new quark flavours, hence the expected rate of four-fermion final states is increased by a factor
of 8/5.



of the velidity of QCD as the theory of the strong interactions, and is ¢complementary to testing the
characteristic running of the coupling strength «,. For an event sarmple of almost 8000 identified and
reconstructed 4-jét events and after some a:dditional kinematic cuts, the observables are calculated
from’ the reconstructed jet axeés. No attempt is made to identify individual quark and gluon jets
within the events; instead the observables are calculated after ordering theé jets accordmg to’ their
energy. The analysis therefore relies on the statistical assurnption that, according to the’ charactenstlc
bremsstrahlung spectrum of gluons radiated from quarks, the two least energetic jets of a 4-jet event
are mainly due to gluons from double bremsstrahlung or from the processes g — gg (the triple gluon
vertex) and g — q4. The differential distributions are corrected for detector resolut1on and acceptance,
as well as for ha,dromsa.tlon effects determmed from the Jetset shower model

The same model was used to study the influence of the hadronisation process on the experimental
reconstruction of the observables. As a result, the r.m.s. resolutions are about or better than 20
degrees for xpz and 0.2 for cosfyg. These resolutions and the fact that hadronisetion and soft
parton showers affect the shapes and mean values of the analysed distributions by only a few per cent,
demonstrate that experimental studles of xBz and cosf} g in hadronic Z° decays are well suited for
sngmﬁcant tests of QCD

The corrected data are compared to theoretical predictions calculated both in second order and
in the leading-log approximation of perturbation theory. The differences between the éxpectations of
these different approaches are taken as a systematic uncertainty of the theoretmal expectations. In
order to demonstrate the sensitivity of the observables to'the specific spin structure of 4-parton final
states, the data and the QCD predictions are also compared to calculations of the abelian vector gluon
gauge theory where the process of gluon self coupling does not exist. The expectatlons of the abehan
theory are again calculated both in second order and in the leadmg—log approxnmatlon of perturbatlon
theory. Although the two pérturbative approaches result in different expectations for the detailed
shapes of the observables, there is a consistent and clear distinction predicted between QCD and the
abelian theory for both observables x5z and cos 6} NR "The data are always compa.tlble w1th QCD ‘and
clearly dlsfavour the predlctlons of the abehan models.

In an analysis where quark and gluon jets are not identified, the observables x5z and cos 9% é are
mainly sensitive to the specific spin structure of events where a radiated gluon decays into two fermions,
while signatures of the triple gluon vertex cannot be discriminated from double gluon’ bremsstrahlun £
Thus in this analysis we see a clear difference between the predictions of QCD and the abelian theory,
but we cannot isolate and identify the process of gluon self coupling.” Nevertheless the good agreemient
between the measured distributions and the QCD expectations is an important conmstency test of
QCD, since the predictéd relative rates of ¢gqq ﬁnal states within the 4—_]et sample are mgmﬁcantly
different in QCD and in the abelian theory.

From the measu:ed mean va.lues of xpz and cosfy g and the second order perturbative QCD
predictions, we derive upper limits on the production rate of four-fermion final states, relative to all
4-jet events, of Kyzes < 9.1% with 95% confidence level. The expectations of QCD and the abelian
theory, in second order perturbation theory, are Ryg07 = 4.7%. and.31.4%, respectively. The measured
limit therefore rules out the abelian theory but is consistent with QCD. It can also be used to set
limits on non-standard processes that lead to additional 4-fermion 4-jet final states,
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Table 1: Mean values:of xpz and. cos 6 g of the data before and after the correction for hadronisation
and soft parton shower effects, as well as the predictions for ¢gg§ and gqgg events in second order

perturbation. theory.. Also given are upper limits on the relative production of qqqq 4-jet ﬁnal states,
ca]cula.ted from the preceding numbers. . : :
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Figure 1: Basic Feynman diagrams for the process ete™ —» 4 jets.
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Figure 2: Definitions of xpz (a) and of 8 (b) for-a typical 4-parton event configuration.
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Figure 3: Distributions AQ = Opartons —Ojets for the observables xpz and cos 8%y, calculated for
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event reconstructlon
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