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Abstract

Data on hadron production by e+e--ann1hi1ation at c.m. energies between

30 GeV and 36 GeV are presented and compared with two models both based

on first order QCD but using different schemes for the fragmentation

of quarks and gluons into hadrons. In one model the fragmentation proceeds
atong the parton momenta, in the other along the colour-anticolour axes.
The data are reproduced better by fragmentation along the colour axes.



In kRadrsn production by high energy electron-positron annihilation, the
momenta of the Tinal state particles tend to be contained in a narrow
double cone. Tnis 2-jet structure is expected from the process e+e_ ~ ag
with subseauent fragmentation of the virtual guarks into hadrons. Recent
excerimentsl’2> at c.m. energies around 30 GeV using the electron-positron
storage ring PETRA have shown a fraction of the events to exhibit 3-jet
structure., The anguliarand energy distributions as well as the production
rate of 3-jet events suggest that they are due to gluon bremsstrahlung

ee” > gdg, as predicted by perturbative qcns! .

The conversion of guarks and gluons into hadrons, however, is not theoretically
understood and is only described by phenomenclogical models. In particular,

it is not clear whether the directions of fragmentation, i.e. the axes with
respect to which the fransverse momentum is limited, coincide with the
directions of the criginal partons4’5) or with the directions of the colour-

6 7). The present investigation aims at clarifying this

anticolour axes ’

nt
quaestion experimentally.

The analysis is based on 2892 multinadron events measured with the JADE-detector
at center of mass energies between 3C GeV and 36 GeV of the e+e‘-st0rage ring
PETRA. The detector, the trigger conditions and the criteria for the selection
0of nadronic events have been described in ref. 8.

- 4
The data are compared with two models ’6).
e
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In both models the e & — gy cross
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ction is calculated to Tirst order™’ 1in the quark glucn coupling constant = .

LT W

ce the lTowest order gqg cross section diverges when the gg configuration i
roached, the total Tirst order GCD cross section is divided up into qq ana

contributions 5 (1 ~ a_ /=) = 5 = + 5 _—_ 1in ragions of phase space wnera
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the 3-1egt avents are gractica)

guark, antiguerx and giucn fragment inde-

endenzly of each other, producing final state mescns with 1imited momentum

w0



transverse to the directions of the original partons. The anguiar and
energy distribution of the mesons within a jet is parametrized according
to the standard prescription of Field and Feynmang). GTuons are treated
as quark-antiguark pairs but the gluon momentum is carried entirely by
one quark which subsequently fragments.

In the Lund mode]a) the fragmentation proceeds along the colour flux lines
as the primary partons move apart. For ggg-events, these flux lines are not
strung between quark and antiquark directly, but via the gluon as inter-
mediary (see Fig. la). The model is formulated in terms of strings and is
kinematically equivalent to a treatment of the gluon as a collinear quark-
antiquark pair (q', g') with the momentum shared equally between q' and q'.
Each of the two gluon components form a qq' or g'g two-jet system with the
primary g or q. In the 4g' and q'Q rest system the mesons within these jets
are distrituted according to the standard prescriptiong), a special treat-
ment being made only for the leading meson at the gluon corner. Neglecting
transverse momenta with respect to the qq' and g'c jet axes final state
particles of the same mass are distributed along hyperbolas in the over all
c.m. momentum space as sketched in Fig. lb. The mode! predicts that particle
distributions in the angular regions between the gluon and the quark or anti-
guark should be different from those for the regionbetween the quark and the

antiquark.

Monte Carlo techniques were used for both models to calculate the four momenta
of the final state particles. The model parameters* used have been obtained
10) of the model of Hoyer et al. to the 30 GeV data (about 50% of
the present data sample}. In a second step the four momenta, which include

from a fit

Sremsstrahlung photons from the initial leptons, were converted inte the
actually measured guantities, such as drifttimes, pulseheights etc., taking
the imperfections of the apparatus into account. These simulated da*a were
Tinaily processed by the same chain of computer programs as the data actually
recorded and were subjected to the same cuts.

To ccmpare the data with the model predictions the following weighted averages

of 1COSX€5 were computed fcr each event:



(V]
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ety u;p-is 1COS)<-§ /;D s b 0,1,2’,

where ie is the angle between the particle momentum vector ﬁi and the sphericity
axis. The summation was extended over all charged and neutral particles of an
event with momenta above 100 MeV and 150 MeV, respectively. The momenta of
neutrz] partizies were determined from the energy deposited in the Tead glass
counters. If & cha

ged particle was also pointing info an energy cluster thsa
sited in the Tead ¢lass by a hadron was subtracted from

~
average eneragy depo

the cluster energy.

The experimental distributicns of an) are shown in Fig. 2a. The Zﬁz) distri-

f
bution peaks at higher values than that of Zﬁl), which is essentially the thrust

variable, the only difference being that y is the angle between the momentum

vector and the sphericity axis rather than the thrust axis. The distribution

oy . , : : e
of :(ﬁ* i¢ sven broader. This general trend is reproduced by the two model Calcu-

Jaticns although the Lund model describes the Zhl)~ and especially tre Zao)

distribution significantly better. In Fig. 2h and Fig. 2c the gg- and the

Y
qag-part**’ of the thecretical distributions are shown separately. The two
models credict different ggg-distributions, though their gqg-distributions are
guite similar.

These differences are gualitatively expected. In a qgg-configuration as
sketched in Fig. 1b, the average number and the average momenta of particles
produced in the angular range setween the antiquark and the gluon is farger
for fragmentation along the colour axes than for fragmentation aiong tne
parton directions. The inclusion of these particles therefore yiers a mors

tug-3et like configuration in the lLund mode ' .

Apsther specific orediction of this model is the production of more particies

: — . e
in the anaular region between the cuark anc the gluon (Fig. 1b) than between
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the two quarks. To Took for this asymmetry in the experimental data, events
showing a 3-jet structure are selected: For a global classification the
eigenfa?ues Ql’ 02, Q3 (O1 < QZ 403; Q1 + Q2 + Q3 = 1) of the normalized
spnericity tensor are used. For details we refer to ref. 2, By demanding

a planarity QZ - Q1 > 0.07 and an aplanarity Q1 < 0.06 we separate

484 planar events from 2-jet 1ike events and possibly 4-jet like events.
The triplicity methodll) is used to identify 3 jets of particles within

2 pianar event and to determine the jet direction vectors. Events in which
one or more of the jets contain fewer than 4 particles or an energy

of less than 2 GeV are rejected. 326 events meet these criteria. The three
jets are ordered according to the angles between their direction vectors,
projected into the event plane, as sketched in Fig. lc). The event plane

is def?neq by the two eigenvectors of the sphericity tensor corresponding
to the eigenvalues Q3 and QZ'

Fig. 32 shows angular distributions of the particies from these 3-jet events.
The average number of charged and neutral particles per event is plotted as

a function of the normalized projected angle eifeik’ where 81 and eik are de-
fined in Fig. lc. The two model predictions are also shown in Fig. 3a. The gluon
momentum vector, according tc the Lund model, is closest to the jet direction
vector #1, #2 and #3 in about 12%, 22% and 51% of the events, respectively. The
remaining 15% of the events are 3-jet structures faked by gg-events. {In the

Hoyer model the corresponding numbers are 9%, 22%, 49% and 20%.)

Apart from the region between jets #1 and #2 both models describe the data
reasonably weil., In this region, which is the region between the two quark jets for
the majority of events, the model of Hover et al. predicts more particles than
the Lund model. As shown in Fig. 3b, this difference between the two models is
enhanced if the simulated jets are ordered such as to make Jet #3 always the

glucn jet. In this angular range the experimental data (Fig. 3a} are 1in reasonable

agreement with the Lund model but not with the model of Hoyer et al..

Since this difference is caused by the Lorentz transformation of the two-Jjet
subsystem from iis own c.m.s. to the overall c.m.s., it ouaht to be more pro-
- s . Z 2 :
nounced for particies with Targer m D e wherse Dyt 15 the momentum component
w L

normal Tc the event plane. As a measure of the asymmetry the ratic of the number of



particles in the central range 0.3 < eifeiks 0.7 between jet #1 and £#3 to the
number between jet #1 and #2 s taken. This ratio is listed inTable 1forall
particles and separately for thosewith Pouts 0.2 GeV and Pout” 0.2 GeV, tcgether

with the corresponding model predictions. The ratio for particles identified as
K-mesons are also given in Tabie 1 . Charged K-mesons with momenta p < 0.7 GeV
are identified by the measurement of their energy 105512). In spite of the rather
large statistical errors, the data do exhibit an increase of the asymmetry with
increasing m2+p§ut and again, a better agreement with the Lund model than with
the model of Hoyer et al.. The same is true for the ratic of %{B;n|, shown in the
last row of table 1, where the summation is carried out over all particles within

the above angutar ranges and E1n is the momentum component in the event plane.

In summary: Interpreting our data by first order QCD we conclude, that frag-
mentation along the colour-anticolour axes resembles the structures of the
actual parton-hadron conversion more closely than fragmentaticn along the parton
momenta. This observation should be taken into account when correlating jet
directions with parton directions. It also implies that glucns 'fragment'
differently from quarks.

We are indebtsd to the PETRA machine group for their excellent support during
the experiment and to all the engineers and technicians of the collaborating
institutions who have participated in the construction and maintenance of the
apparatus. Ye would tike TO thank A. Ali, 4. Joos, G. Kramer, €. Pietarinen,
G. Schierholz and T. Sjostrand for useful discussions. This experiment was
supported by the Bundesministerium fir Forschung und Technologie, by the
Cducation Ministry of Japan and by the UK Science Research Council through
the Rutnerford Lzboratory. The visiting aroups at DESY wish to thank tne

DESY diracrterate for their hospitaiity.



Footnotes

%)

xx)

The following parameters were used for hoth models:

The primordial fragmentation function is f({z) = 1 - a + 3a(1-z)2 wWith

a = 0.% for the u, 4 and s quarks, a = 0 for the heavy guarks, and

(Hoyer mocel only) a = 1 for the quark originating from the glucn.

A production ratio of secondary u, d and s guarks ¢f 2:2:1 and a fraction
of pseudoscalar mesons among the produced mesons of 50% are used, Tne
momenta of the secondary quarks transverse to the fragmentation axis were
distributed according to ds/dzﬁfvexp(-pz/ng) with Iq = 0.33 GeV. The
value of the strong coupling constant used is given by

_ 127
%s T (332 ) Tn(s/E7)

‘with A = 0.3 GeV and nf = 5,

The border line between qq and ggg-events is different in the two models;
qqg-events being 26% of the total in the Hover model and 52% in the

Lund model. For the purpose of compariscn in Fig. 2¢ however only events
from regions of the gog-phase space populated by both models were accepted.
The events omitted from the Lund sample are 2-jet like.



I } !
f Models i
| i
Particles Data i Hoyer et al. | Lund
F==========================:”:============:T=:==:=======:==::::::::::::::::::::}
Ratio of | all 1.35 + 0.0$ | 1.08 + 0.04 1.34 + 0.06 ;
number of | '
| particles | jout . g 5 oy |11.23 + 0.1 1.02 + 0.05 1.29 + 0.07
. _out !
p%UY > 0.2 6ev 1.6 + 0.2 1.20 £ 0.09 1.43 £ 0.12
K 2.2 £ 0.7 0.89 + 0.2 1.76 + 0.4 ;
| ‘ l
‘o of | | ;
Ratio of 1 411 (1.51£0.1 | 1.18 £ 0.0 | 1.52#0.07 .
momenta i } |
Tabie 1

The ratio of the number of particles within C.3 < eifeﬁk < 0.7

hetween jet # 3 and # 1 to the corresponding number between jet # 1 and

together with the statisticai uncertainties. In the last row the ratic
=-=in:

£ '.-! n:
o1 -:lp-i :

is given, where the summation is extended over a1l particles
). “‘“-i H +
within the above angular ranges and p " 45 the momentum component in the

event plane.



Figure Captions

Fig. 1
Fig. 2
Fig. 3

Sketch of the QUark and gluon velocities and of the colour-
anticolour axes (a). Fragmentation along these axes, neglecting
transverse meomenta, yields particies of the same mass distributed
In momentum space along two hyperbolas, as indicated in (b)y. The
broadening due to different masses and transverse momenta is also
indicated. The ordering scheme of the observed jets is sketched

in (c). Sik is the angle hetween the jet axes # i and # & projected
oento the event plane.

The distributions of Z(f), Z(j) and Z(E) defined in

the text as obtained from the data and predicted by the models fay).
The model predictions for the qa-part and the qgg-part are shown
separately in (b) and (c), respectively.

The average number of particles per event between the indicated
jet axes versuys the normalized projected angle. The data together
with the corresponding model predictions are shown in (a), the
model predictions, ordered for gquark and gluon jets, in (b).
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