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The distribution of the azimuthal angle between the planes formed by the two highest energy jets and the two lowest energy jets
in four-jet events of e * e~ annihilation, depends characteristically on the triple-gluon vertex.

A key property of quantum chromodynamics is the
self-interaction of gluons, a consequence of the non-
zero color charges of the gauge particles. This self-
coupling is a necessary ingredient to overcome the
fermionic screening of color sources, rendering the
quark-gluon interactions asymptotically free. A va-
riety of tests of the triple-gluon vertex have been dis-
cussed in the past decade, comprising deep-inelastic
lepton-nucleon scattering, high-transverse momen-
tum jets in hadron-hadron collisions and heavy
quarkonium decays. However, due to the complexity
of QCD all such analyses arc based on a mixture of
assumptions so that only the diversity of indepen-
dent processes can put the theory on a firm basis. A
qualitatively new test ground will shortly open with
the huge number of high-energy jet events expected
in e*e~ annihilation at LEP and SLC. Sufficiently
large invariant masses of all jet pairs ensure that jets
truly reflect the distribution of quark and gluon
quanta in the femto-universe, revealing the basic
couplings in the QCD lagrangian.

Several methods have been proposed that exploit
characteristic features of gluon dynamics in QCD, as
opposed to abelian vector theories, to isolate the tri-
ple-gluon vertex in four-jet events of e*e~ annihila-
tion. Two proposals are physically most transparent.
(i) The “gluon alignment” [1] in the splitting pro-
cess g—gg forces the two planes, each formed by a
high-energy jet together with a low-energy jet, to ori-

* Supported in part by the West German Bundesministerium fiir
Forschung und Technologie.

ent preferentially parallel, with the low-energy jets
pointing into the same hemisphere. (ii) Virtual hel-
icity-zero gluons of low invariant mass that are ra-
diated from almost back-to-back high-energy quark-
antiquark jets cannot decay into gluon jets at 90° rel-
ative to the quark direction [2]. Cleverly exploiting
the only zero in the spin-one rotation matrix, the large
polar angle range is depleted from low-energy jets in
QCD (accumulating at small angles). This is just op-
posite to virtual gluon decays into quark pairs (and
phase space distributions) *!. In this note, we pro-
pose a different observable that is complementary to
the previously discussed examples, vet also based on
angular asymmetries due to polarization effects.
Gluons radiated from quarks and antiquarks in
e*e~ —qqg are linearly polarized to a high degree in
the gqg final state plane [4]. Denoting the cross sec-
tions for polarizations in and perpendicular to this
plane by do, and do , respectively, QCD predicts

P(x,)=(doy —do,)/(do, +do,)
=2(1=x,)/(x3+x3), (1)

where, as usual, x,=2E,/ \/E are the scaled quark and
gluon energies in the laboratory frame. The fragmen-
tation of a linearly polarized gluon into daughter par-
tons depends on the azimuthal angle y between the
final state plane and the polarization vector. The

#1 Methods based solely on invariant jet measures are not useful
for isolating the triple-gluon coupling. A summary is given in
ref. [3], and a comprehensive systematic comparison of ail
methods is in preparation.
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asymmetric term is just opposite in sign for gg and qg
decays [5],

Dy (2, X)
6 ((1=z+1z%)? >
_271( 2(1-2) +z(1—z)cos2x]),

Dgaqq(z’x)

=—2N—;{%[22+(1—z)2]—z(1—z) cos 2y} . (2)
Quark jets accumulate perpendicular to the polari-
zation vector [6] with a maximal asymmetry
~ [1 —cos 2x] for z= 1. The asymmetry for gluon jets
is less pronounced, ~ {1+ 3 cos 2x] even for z=1, so
that the angular distribution in QCD is quite distinct
from abelian theories *2. In four-jet events of e*e~
annihilation, fig. 1, we therefore expect the angle be-
tween the plane formed by the two low-energy jets
(gencrated preferentially in the virtual gluon decays)
and the plane formed by the high-energy jets (mostly
identical with the primordial quark-antiquark pair)
to be distributed nearly isotropically in QCD while
these planes should be preferentially perpendicular in
abelian theories #3.

We have checked that this difference between QCD
and abelian theories survives the transition to a full-
scale four-jet analysis including all diagrams for

%2 Adding up gluons, quarks and antiquarks in QCD, the coeffi-
cient of the cos2y term is proportional to (3—Ng) so that
asymmetry effects vanish for Ng=3 quark degrees of freedom
[7].

*3 Note that for isotropical phase space decays of a virtual gluon
to two jets, these planes are oriented preferentially perpendic-
ular. This is due to the fact that the minimum value required
for the invariant mass of jet pairs, is very restrictive when the
two planes coincide. This cut affects y distributions in QCD
much less as a consequence of the gluon alignment.

Fig. 1. Definition of the azimuthal angle y between the planes
formed by the two high-energy and the two low-energy jets in
ete~ »fourjets.
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ete”—qdggand qdq’q’. The abelian theory has been
defined with a fixed coupling «, =3, in order to
correctly reproduce the two- and three-jet rate, and
quarks were endowed with three (ungauged ) degrees
of freedom. Introducing a minimum jet—jet invariant
mass 73 = YminS, we ensure that the lifetime and flight
distance of all virtual quarks and gluons
d~ %\/E/ mj will be short enough so that parton
showers do not expand yet and the “naive” Feynman
diagram calculation in the femto-universe will be
valid. We have chosen y,,;,=0.02 setting an upper
limit of d~ 5 fm at \/~ mz~ 94 GeV. The resulting
jj invariant mass of ~ 14 GeV is sufficient to resolve
the jets so that all the problems occurring at low e *e~
energies [8] are avoided.

The actual Monte Carlo calculation was performed
by adopting the four-jet QCD matrix elements [9] as
implemented in ref. [10], modified appropriately for
the abelian model. Because the azimuthal angle y is
not defined for back-to-back jets (1 antiparallel to 2,
or 3 antiparallel to 4), angular cuts of 160° between
1 and 2 and 100° between 3 and 4 have been im-
posed. The qualitative differences between QCD and
the abelian model are not affected by these cuts.

The y distributions are displayed in fig. 2 for QCD
(fullline ) as well as the abelian model (dashed line).
(The distribution for a simple phase space model
where the particles 3 and 4 are lumped together into
a massive cluster decaying isotropically, is similar to
the abelian model, yet with a somewhat less steep
slope.) The slope of the curves is a monotonic fun-
tion of the angular cuts imposed. A qualitatively
characteristic difference between the models is ap-
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Fig. 2. Distribution of the azimuthal angle y in QCD (in contrast
to an abelian vector theory).
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parent so that they are easy to separate. The y distri-
bution is sensitive to the triple-gluon vertex.

All conclusions so far have been derived for four-
jet events on the parton level. We therefore need to
check whether the four-jet rate is sufficiently large if
our restrictive cuts are imposed, and whether jet frag-
mentation and ¢, b quark decays do not spoil these
effects. To study these problems, the Lund string
fragmentation model [11] has been used as an ex-
ample, together with a jet finding algorithm [12].
Choosing the resolution parameter di,i,=5 GeV in
this algorithm, the sample of four-jet events at y>0.02
on the hadron level is not contaminated by three-par-
ton events after fragmentation (faithfulness ~99%),
parton and jet angles coincide within 4°, and devia-
tions of the reconstructed jet energies from the par-
ton energies are less than 6%. The y distributions for
approximately 7000 Monte Carlo events are dis-
played in fig. 3. The jet finding algorithm unravels
the original parton distributions very accurately. The
relative four-jet cross section (including angular cuts)

amounts to 4% for y>0.02 and o™ =, (ys) so that,
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Fig. 3. x distributions for 7 000 Monte Carlo events, based on the
jet finding algorithm of ref. [12]. (The statistical error in each
bin is approximately 3%.)
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for example, ~40000 events can be used for the
analysis out of 10° Z decays. We have also checked
that parton showers do not spill over into the regime
of well-separated jets. Imposing our standard cuts the
four-jet cross section is fully covered by the hard four-
parton cross section derived at short distances .
Hence the jet distributions reflect the distributions of
the partons in the femto-universe and allow us to iso-
late effects of the triple-gluon coupling.

We are grateful to A. Ali, S. Bethke, M. Dittmar, R.
Schulte, T. Sj6strand and T.F. Walsh for discussions.
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