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Evidence for Three-Gluon Coupling in e+e Annihilation
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The forward-backward asymmetry of the normal to the event plane for e+e annihilation
into three jets in higher-order perturbation-theory (~ 0', ) quantum chromodynamics is
calculated. This could serve to establish the non-Abelian gluon self-couplings.

PACS numbers: 14.80.Kx, 12.40.Cc, 13.65.+ i

Quantum chromodynamics (QCD) predicts a
multijet structure in e e annihilation into had-
rons, ' ' which has been nicely confirmed by the
recent PETRA data. ' " The mere observation of
three- (and higher-) jet final states, however,
does not prove QCD. Almost any other field theo-
ry with a small fixed-point coupling will lead to
a similar structure, and a quantitative test of
QCD at this level might be opposed by nonpertur-
bative and the unavoidable higher-twist contribu-
tions. ""

In order to furnish unambiguous evidence of
perturbative QCD, it is essential to construct ob-
servables that are sensitive to the distinctive ele-
ments of the theory Sinc.e QCD shows its full
gauge structure only in order +,', these must
either involve four-jet final states or go beyond
the tree-graph level. In this note we propose a
discriminative test of @CD falling into the latter
category, which has the unique feature of giving
direct indication of the chromodynamic gluon self-
couplings and which appears to be feasible experi-

mentally.
The observables we discuss concern three-jet

production in e'e annihilation. One requires
longitudinally polarized beams, the other the
presence of weak and electromagnetic interfer-
ences.

Let us first assume that the electrons and/or
positrons are longitudinally polarized. Electrons
and positrons naturally tend to polarize them-
selves in the direction of the magnetic field, i.e. ,
transversally, and it seems feasible to rotate the
transverse polarization into a longitudinal one."
The achievement of longitudinal polarization is al-
so important in the exploration of weak-interac-
tion contributions to the e'e annihilation pro-
cess. It allows the extraction of physical informa-
tion similar to that obtainable from helicity meas-
urements of the final state. At DESY PETRA
(-19 GeV/beam) and SLAC PEP (-18 GeV/beam)
energies and higher we can hope for a large sam-
ple of cleanly separated three-jet events. The
cross section for e'e -y*-q(p, )qQ, Q(p, ) for
longitudinally polarized beams is given by' '
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where x, ~,
= 2E, ,/(q')' ' and $ i and $+~ denote the

longitudinal polarization of the electron and posi-
tron beam, respectively. For pure helicity states
$+=+h~, where It' is the helicity of e', respec-
tively The fir.st part of the cross section (1) be-
ing proportional to (1+Z) [i.e. , the remnant of (1)
for I =0] is familiar. ' The angle 8 is the polar
angle between the electron beam direction and

! the direction of the fastest of either quark or an-
tiquark jet, while X is the azimuthal angle defined
in Fig. 1 which determines the orientation of the
qqg production plane with respect to the scatter-
ing plane.

The cross section oH associated with longitudi-
nally polarized beams involves the imaginary

1980 The American Physical Society 867



VOLUME 45, NUMBER 11 PHYSICAL REVIEW LETTERS 15 SEPTEMBER 1980

e beam direction

FIG. 1. Three-jet kinematics. The event lies in the
(x, z) plane. Our convention for the angles &, g, and g
is as follows: Oz is along the direction of the fastest
of either quark or antiquark jet, and the second most
energetic quark/antiquark jet lies in the half-plane x
&0. That means the normal Oy to the event plane is in
the direction sig(x~-x2)p&xp2. The ranges of the angles
0, g, and g are 0~0 n, 0 g ~~2Ti, and 0~&)~a'.

FIG. 2. Lowest-order QCD diagrams that contribute
to the imaginary part of the hadronic tensor.

part of the helicity+1 and 0 interference ampli-
tude (photon helicity axis Vz, cf. Fig. 1), i.e. ,

- Ime„(+)P„()e()(0)*, n, P = 1,2, 3.d 0'

dX~ dX2
(2)

This projects onto the antisymetric part of the
hadronic tensor. Noticing that sin0 sinx = cosy,
being the polar angle between the normal to the
event plane and the electron beam direction (Fig.
1), the polarization-dependent cross section is
readily seen to be related to the T-odd observa-
ble"
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(e ) unit vector in the direction of the electron
beam), that will manifest itself in an asymmetry
under g-m —g.

Here we will be concerned with v» which is
particularly interesting for testing QCD since,
being proportional to the imaginary part of the
hadronic tensor, it only contributes to order a,2

and higher. The pendant in heavy vector-meson
production in e'e annihilation followed by its de-
cay into three gluons has been investigated by
De Hujula, Petronzio, and Lautrup. " Though
oH is zero for massless quarks, "we predict a
sizaMe cross section for heavy quarks.

One now may ask how 0~ can serve to establish
QCD since it is not directly proportional to the
gluon self-couplings but involves also other dia-
grams (Fig. 2). The answer is that, being an in-
terference cross section, it can assume either
sign, and it turns out that this is negative for a
non-Abelian gauge theory while positive for an
Abelian vector theory. Scalar and pseudoscalar
theories, on the other hand, can already be ex-
cluded by measuring the angular distribution of
the thrust axis."'"

To isolate o~ we need to keep only the g depen-
dence in (1). We define the normal to the event
plane to point into the direction" p, xp, if Ip, I &Ip)
and p, xp, if Ipj &Ip,l. This convention has been
chosen since it should be relatively easy to locate
the heavy-quark (-antiquark) jets. Equation (1)
then reduces to
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where oI drops out. This leads us to define the asymmetry

d'o(cosr) = Icosr)l) d'cr(cosr) = —lcosr)l) d'cr(cosr) = Icosr)l) d'o(cosr) = —Icosr)l)A=- +- d cospdh, dh, d cosq dh, dh, d cossack, dh, d cospdhydh2
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where d'0/dx, dx, =d'(oU+o~)/dx, dx, . In lowest
order and for massless quarks we have 0~ =2o~,
which makes the second term in the denominator
of (5) vanish. For massive quarks this is found
to be negligibly small relative to the first term
so that we may write

8 I. cosy d'o d'o
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I. cosy
1+2 1+-,' sin r)

* (6)

The order-a, ' diagrams that contribute to o~ are
listed in Fig. 2. The denominator, on the other
hand, may well be approximated by the dominant
lowest-order cross section. We have calculated"
the ratio R for m/(q')' '= 0.125 and m/(q')' '
=0.25, where m is the quark mass. The result
is shown in Fig. 3 for n, =0.2. Instead of the
quark energies we have chosen thrust T and the

! angle 0» between the quark and antiquark momen-
tum. The predicted asymmetry depends quite
strongly on the value of m/(q')'/' as was to be ex-
pected. In favorable cases we may expect an
asymmetry of more than ten percent which we
find very encouraging. For the bottom quark (m
= 5 GeV) and 40 GeV center-of-mass energy the
effect will still be on the percent level (Fig. 3,
upper curve). Integrated over 8» the three-jet
cross section normalized by the point cross sec-
tion o, has for m/(q')'/'= 0.25 and T = 0.7, 0 8, .
and 0.9 the following values: (1/cr, ) (do/dT) = 0.07,
0.4, and 1.6. For m/(q')'/'= 0.125 the relative
cross section is even larger. So for T ~ 0.8 the
cross section and also the asymmetry should be
measurable.

According to the classes of diagrams contribut-
ing to v„, those involving the triple-gluon coupling
and the @ED-type diagrams, R can be written (N
number of colors)

1 . Xg ~A. X„1 ~X X„A.g A.~R=NTr t'f ~&2 2 2 ro+NTr 2 2"
2 2

r

We found that, apart from the edges of phase space where R gets very small, ro=rs. Noticing that (1/
N)Tr [if„s~(ks/2)(Xr/2)(X~/2)] = —2 and (1/N) Tr [(XtI/2)(A. „/2)(X &/2)(X„/2)] = —(2/g) this gives (n = a,)
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FIG. 3. The asymmetry parameters for m/(q ) =0.125, rn/(q ) =0.25 and various thrust values as a function
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substantiating our claim that R directly meas-
ures the gluonic self-interactions. In order to
prove (or disprove) QCD it would be sufficient to
establish the sign of R.

At higher energies [(q')'/'240 GeV] there will
be an increasing admixture of the weak neutral
current which gives rise to the same kind of asym-
metry and has the advantage of not requiring lon-
gitudinally polarized beams. Below the Z pole
where only the y-Z interference is of importance
we find

2@~au~ ReP cost)
Qz' - 2@at e&ReP 1+-; sin t)

where Q~ is the quark electric charge, and the
neutral-current parameters are defined in Ref.
21 (8 is the same as before). The asymmetry A
now is related to the T-odd and parity-odd obser-
vable 0& ' ~ (p, &&p,). It appears that the factor in
brackets is positive for any flavor, which makes
it relatively easy to establish the sign of R.

If QCD proves to be right, the asymmetry A
can be looked at as a measure of the heavy quark
masses. Since (6) decreases very fast with de-
creasing quark mass, only the highest-mass
quark will contribute. Other proposals to meas-
ure the three-gluon vertex have been discussed. ""
These proposals, as well as the one presented
here, will involve very difficult experiments.
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