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The study of the orientation of three-jet events from e*e~ —Z%— multi-hadrons is presented, in particular the polar angle distri-
butions of the thrust axis and of the normal to the three-jet plane, and the azimuthal correlations between the hadron plane and
the one defined by the beam and thrust axes. The data are compared with results at lower energy and with QCD predictions. Good
agreement with QCD predictions is observed. The scalar gluon theory is excluded by the data.

1. Introduction

The measurement of the orientation of two-jet
events in e*e~ annihilation relative to the beam axis
has been of crucial importance in establishing the
spin-1/2 nature of quark-partons [1]. The corre-
sponding measurement of the orientation of three-jet
events and a comparison with the QCD predictions
[2-5] is important in establishing the properties of
the gluons.

Up to now, such a study in e*e~ annihilation has
only been presented by the TASSO experiment [6].
In this case the data are dominated by photon ex-
change and cannot distinguish between QCD and
scalar gluon theories.

More significant differences between vector and
scalar gluon theories are expected in the qqg states at
higher energy mediated by Z° exchange. Further-
more, data on the Z° resonance profit from the higher
statistics.

The data used in this analysis were taken with the
DELPHI detector at LEP at . /sx 91 GeV.

2. Method

The three-jet events in e *e~ annihilation,
ete —y, Z-qdg, (1)

where both electromagnetic and weak production
mechanisms contribute (Z° resonance decay in-
cluded) in the helicity frame (three-jet plane) can be
characterized by two angles: the polar angle € be-
tween the electron direction and the thrust direction
(defined by the momentum of the most energetic jet)
and the angle y between the jet plane and a plane
formed by the thrust axis and the lepton beam axis
(see fig. 1). The corresponding differential cross sec-
tion folded around cos #=0 reads [2-4]

' Permanent address: Département de Physique, Faculté des

Sciences, Université Mohamed I, Oujda, Morocco.

most energetic jet

Fig. 1. The definition of the polar and azimuthal angles 8 and y
for three-jet events {4].

16n d%c s .,
3 dcosfdy (1+cos*8)ay +2asin“6
+20rsin0 cos 2x—2ﬁ o; sin 28 cos x, (2)

where gy (og.) is the transverse unpolarized (longi-
tudinally polarized) cross section with helicity axis
along the thrust axis, while o1 (g;) is the transverse/
longitudinal (+ /—) interference term.

After integration of (2) over y or cos # one obtains,
respectively [2,4],

1 do  1+oacos’d (3)
odcosf ™ 2(1+ia)’

lde 1+pfcos2

160 _1HBoma, (4)

ody 2n

where the parameters « and § (depending on the par-
ticular thrust value 7 of the event) can be expressed
in terms of the various cross sections as

_ 1—-20, /oy

o= 1+20. /0y’ )
or/oy
= Trata ©
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One can also measure the distribution of the polar
angle (0) of the normal to the three-jet plane also
folded around cos #=0, which is predicted to be of
the form [5]

1 do 1+acos’d 7
ogdcosd  2(1+ia)’

with

. 10U+GL—3(O'L—20'T) (8)

T 3gyto —i(oL—201)"

If o, /oy is non-zero for a thrust range below the
two-jet limit T=1*' (i.e. when the parameter « ex-
tracted from the do/d cos 6 distribution becomes sig-
nificantly smaller than 1) then the parameter & ex-
tracted from the do/d cos @ distribution is expected
to be close to —1 independently of the thrust value
chosen and this tests the QCD O(«;) prediction #
o.=20y [2]. This prediction leads also to a relation
between « and S

| s

= 23%a’ @)

which is easy to test.

3. The detector and data selection

The sample of 128 290 hadronic events with i, = 5
used in this analysis was collected by the DELPHI
detector at the LEP e*e™ collider in 1989-1990. The
DELPHI detector has been described in detail else-
where [7]. The present analysis relies on the infor-
mation provided by charged particle detectors. The
similar cuts are applied for event selection as in our
earlier study [8] of hadronic decays of the Z°. The
tracks of charged particles were retained only if they
were detected in the Time Projection Chamber
(TPC), if they extrapolated back to within 5 cm of
the beam axis in r and to within 10 ¢cm of the nominal
crossing point in z, if their measured momentum p
was in the range 0.1 <p<50 GeV/c, if their mea-
sured track length was above 50 cm and if their polar

#! In order to eliminate a trivial case of qq pair production, when
o o=or=0and @=—}.

#2 The O(a?) corrections to this measure have been found neg-
ligible [5].
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angle 0 was between 25° and 155°. Hadronic events
were then selected by requiring that (a) the total en-
ergy of charged particles (assuming ® mass) in each
of the two hemispheres defined with respect to the
beam axis exceeded 3 GeV, (b) the total energy of
charged particles seen in both hemispheres together
exceeded 15 GeV, (¢) there were at least 5 charged
particles with momenta above 0.2 GeV/cand (d) the
polar angle 6 of the thrust axis was in the range
|cos 8] <0.75. A total of 76 046 events satisfied these
cuts. The possible contamination from events due to
beam-gas scattering, yy interactions and 1+t~ decays
was reduced to a negligible level ( <0.1%, <0.1% and
<0.15%, respectively) by the imposed cuts.

The angular distributions presented below were
obtained after correcting the raw data for the limited
geometrical acceptance and resolution of the TPC,
limited efficiency of the track finding, particle inter-
actions in the material of the detector, other detector
imperfections, applied kinematical cuts, and also for
higher order QED initial state radiation [9} and jet
fragmentation. The correction procedure was based
on 54 000 Monte Carlo events generated according
to the Lund Parton Shower (PS) model (Monte Carlo
program JETSET version 6.3) [10,11]. Correction
factors were calculated by comparing the original
parton distributions with the observed distributions
of the final state particles after reconstruction and
selection.

The parton distributions were obtained from the
events generated without initial state radiation and
without jet fragmentation. The observed distribu-
tions of the final state particles were obtained after
tracking events, generated with initial state radiation
and jet fragmentation, through the DELPHI detector
to produce simulated raw data which were then pro-
cessed through the same reconstruction and analysis
programs as the real data. Thus the correction factor
for angular distributions reads

_ [(1/N)(dn/dx) Jparions
h [(I/N)(dn/dx)]particlcs’

with x=cos 8, cos 8 or .

The correction factors C(x) are shown for the
thrust interval 0.75 < T<0.80 in fig. 2. They are close
to unity for the cos @ distributions in the cos 8 inter-
val studied, but show more important variations for
the cos 8 and y distributions due to the cuts imposed

C(x) (10)
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] T =0.75-0.80
A
(&)
—_—_—
]
1 1 _ |
0.4 0.6 0.8 1
cos?}
z 2
a [ T =0.75-0.80
8 [
Cas
F
y f—t— ; n
os [
[
o L L N - ] P 1
0 0.2 0.4 0.6 0.8 1
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2
3¢ T = 0.75-0.80
y E ‘_‘+—'
__i._—
b —
05
L
o Lo 1 P [ | PP P | !
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Fig. 2. The correction factors C for cos 8, cos § and y distributions
for the thrust interval 0.75 < T'<0.80.

on the polar angles of the tracks and the thrust axis.
The variation of C(x) with T'is smallest ( < 10%) for
cos @ distributions, < 15% for cos g distributions and
is largest (<25%) for yx distributions. These correc-
tions are dominated by the experimental cuts. The
corrections from hadron level to parton level, which
are included in C(x) are 3%, 1% and 5% for the cos 6,
cos @ and x distributions, respectively. The C(x) cor-
rections have been obtained with the Parton Shower
option of the Monte Carlo program. It has been
checked that similar results are obtained with the ex-
act second order QCD Matrix Element option in this
program.

Jets were defined in the data and Monte Carlo
events by the LUCLUS algorithm provided with the
JETSET Monte Carlo program [11]. In this algo-
rithm two particles (or particle and jet) with mo-

16 January 1992

menta p,, p» and opening angle «,, are merged to-
gether if

) DiD:

sin $ory; <do. (11
pl+p2 2812 0 )

This procedure is repeated in successive steps until a
stable configuration is reached. The jet resolution pa-
rameter d, was set to 6E;/ \/s GeV, where E, is the
sum of energies of the accepted charged particles. This
yielded 6308, 3934, 2018 and 756 three-jet events be-
low thrust cut-offs of 0.90, 0.85, 0.80 and 0.75,
respectively.

4. Experimental results

The do/dcosé, do/dcos@ and do/dy distribu-
tions, corrected to the parton level and with initial
state radiation and detector imperfections taken into
account as discussed in the previous section, are pre-
sented in figs. 3, 4 and 5 as a function of the thrust
value. The do/dcosd and do/d cos @ distributions
have been folded around cos §=cos §=0. The da/dy
distribution has been folded in the different angular

DELPHI

da/dcosd

0.85<T1<0.90

0.B0O<T<0.85

086

(1/0)

0.5

(1/0) dg/dcose

0.75<T<080 0.70<T7<0.75

PEFSYISE EPEPETArEl EPA AT ATErErS
] 0.25 0.5 075 1 0 0.2% 0.5 0.75 1

Cﬂl’; CQ‘i
Fig. 3. The polar angle distributions of the normal to the three-
jet plane for different thrust values. The solid curves represent
the results of a fit to the form (7).
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Fig. 4. The polar angle distributions of the thrust axis for three-
jet events for different thrust values. The solid curves represent
the results of a fit to the form (3).
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Fig. 5. The azimuthal correlation between the lepton and hadron
planes for three-jet events for different thrust values. The solid
curves represent the results of a fit to the form (4).
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intervals in the following way: y=yx for the 0—n/2
interval, y=n—y for the n/2 - minterval, y=y—n for
the 7—3n/2 interval and y=2n—y for the 3n/2-2xn
interval.

The data were fitted to the expression (7), (3) and
(4) suggested by QCD. The fits (solid curves in figs.
3, 4 and 5) describe the data well. The fitted values
of the parameter &, « and f are given as a function of
the thrust value in table 1 and are also shown in fig.
6.

The values obtained for the anisotropy parameter
a (fig. 6a) are in very good agreement with the QCD
prediction &= —1% [5] independent of the thrust
value.

The polar angular distributions of the most ener-
getic jet (fig. 4) are certainly flatter than the
(14 cos?6) distribution for two-jet events. The val-
ues obtained for the anisotropy parameter « (fig. 6b)
exhibit a strong decrease with decreasing 7', again in
very good agreement with the QCD prediction (solid
curve).

The azimuthal angular distributions (fig. 5) show
significant departure from the isotropic behaviour
expected for two-jet events. Our values for the pa-
rameter f increase with decreasing 7" (fig. 6¢). They
follow the trend of the QCD predictions.

We also calculated the parameters &, « and fin the
Lund PS (JETSET 6.3) and Lund Matrix Element
(ME) (JETSET 7.2) models [10,11]. The Lund ME
predictions (not shown) completely coincide with
QCD predictions, as expected. The Lund PS gives
o= — 1}, while the behaviour of the parameters « and
B as a function of T is only slightly different from the
QCD predictions (dotted curves in figs. 6b and 6c¢).

Finally we compared our measurement of the an-
isotropy parameter & with the theory of coloured sca-
lar gluons [12,5]. The Born term Feynman diagrams
in such a scalar gluon theory include the vector cur-
rent and axial vector current contributions. The VV
part of the hadron tensor [5] leads to a value &= —{
for the anisotropy parameter below the Z° peak where
the VV contribution dominates. However, for the AA
contribution &# — }§ already at the Born term level.
Since the AA contribution is significant on the Z° peak
this allows the spin property of the gluon to be tested.
The deviation from &= —1{ is predicted [5] to be
highest for u, ¢, t quarks for thrust values 7<0.9, but
it is also substantial for a sample of hadron events
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Fitted values of the anisotropy parameters &, a and f for thrust value T with the corresponding confidence level (CL) of the fits.

T @ CL(%) o CL(%) 8 CL(%)
0.85-0.90 ~0.38+0.07 54 0.98+0.18 78 0.06+0.05 97
0.80-0.85 —0.32+0.09 92 0.74+0.18 89 0.03+0.06 98
0.75-0.80 ~0.39+0.10 68 0.53+0.21 99 0.08+0.07 99
0.70-0.75 —~0.27£0.15 97 0.3610.25 99 0.12+0.08 93
5. Summa
DELPHI Ty

s 0.4
P a} — Qco
L ~ -~ Scolor gluons

R P PPPPN Lund P§

M . N I B T U
Q.68 0.72 0.76 0.8 0.84 0.88 0.92 0.96 1

FENEFETS BRI IPUTRrI W AT PR P BN AN GG BT RraY
a.68 0.72 0.78 0.8 0.84 0.88 0.92 0.98 1

| IRV EFEFUTETE EPEAPAT Sl AT P A1y
0.68 0.72 0.78 0.8 0.84 0.88 0.92 0.98 1

Pl EFEPETET I

T

Fig. 6. Values of the anisotropy parameters, &, « and f as a func-
tion of the thrust value. The solid, dashed and dotted curves rep-
resent the predictions of QCD, scalar gluon theory and the Lund
PS model, respectively. Note that for the TASSO data, the scalar
gluon theory would give the same predictions as QCD.

without identified quarks, as is shown in fig. 6a by
the dashed curve. As one can see, our data distin-
guish unambiguously between vector and scalar gluon
theories in qqg states mediated by Z° exchange.

Our measurements of the polar angle anisotropy
parameters « and &, which determine the polar angle
distribution of the thrust axis and of the normal to
the three-jet plane, respectively, in e “e~ annihilation
into three jets around the Z° peak show:

- flattening of the do/d cos 6 distribution with de-
creasing thrust value, so that the polar angle param-
eter o<1 and thus o #0 for T< 1.

- constancy of the polar angle parameter &= — { over
the whole range of thrust values. These measure-
ments are in good agreement with the QCD
predictions.

The first experimental test of the scalar gluon the-
ory on the Z° peak, for which the anisotropy param-
eter & deviates substantially from &= — §, shows that
this theory is excluded by the experimental data.

The measurement of the azimuthal correlation be-
tween the lepton and hadron planes for the three-jet
events shows departure from the isotropic behaviour
expected for two-jet events, with the anisotropy pa-
rameter f increasing with decreasing thrust value in
reasonable agremeent with the QCD prediction.

While this paper was prepared, we became aware
of similar results obtained by the L3 and OPAL ex-
periments [13].
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