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ABSTRACT

We report a measurement of the inclusive charged-particle distribution for
gluon jets derived from nearly 3-fold symmetric 3-jet events taken at center of
mass energy of 29 GeV in ete™ annihilation. The charged-particle spectrum for
these jets is observed to fall off more rapidly than those of quark jets of the same

energy.

Quantum Chromodynamics (QCD) successfully accounts for many features
observed in high energy ete™ annihilation data, examples of which include vio-
lation of scaling in inclusive particle distributions, jet broadening, and multi-jet
events. In the world of QCD, the sources of the experimentally observed jets
are quarks and gluons. Jets initiated by quarks or antiquarks have been studied
in great detail in various experiments. However, little is known experimentally
about jets which originate from high energy gluons. The JADE collaboration!
has presented evidence that particle distributions in 3-jet events which originate
from hard gluon bremsstrahlung (ete~ — ¢gg) are only described by models in
which gluon jets have a broader and softer fragmentation than quark jets of the
same energy. Suggestions of differences between quark and gluon jets are now

also reported by the UA1 collaboration? in pp collisions.

In this Letter, we study inclusive charged-particle production in 3-jet events
with nearly 3-fold symmetry under the assumption that the distributions orig-
inate from two quark jets and one gluon jet. Although the production of such

symmetric events is small, this requirement has the following advantages: all



three jets have nearly the same energy (~ 1/3 E.,, where E.,, is the center-of-
mass energy), the“jets have the ‘best possible angular separation, and the gluon
jet has a relatively high energy. It has been shown that quark and gluon jets do
not fragment totally independently in an event3, but these results indicate that
it is mainly the soft particles which are affected, whereas the high momentum
particles are produced nearly independently. Hence it is interesting to compare
the particle distributions of the above mentioned 3-jet events with distributions

of events originating from quark jets having the same jet energies.

The data sample used in this measurement was collected at the PEP storage
ring by the Mark II detector at E.,, = 29 GeV. The total integrated luminosity
of 215 pb~! corresponds to the production of approximately 90 000 hadronic
events. A precise measurement of the inclusive charged-particle cross section for

all events was presented in an earlier paper? from a subset of these data.

The Mark II detector has been described in detail elsewhere®. Both the inner
and main drift chambers are used in charged track reconstruction and provide a
momentum resolution of (6 p/p)? = 0.0252+(0.01p)? (p is the particle momentum
in GeV/c). The track selection criteria are the following: a well-reconstructed
charged track has to pass within 1.6 mm in radius (distance of closest approach)
and 60 mm in 2 from the event vertex and have at least 100 MeV /c of transverse
momentum. The measured momentum is corrected for energy loss in the material
in front of the tracking chambers assuming the particle to be a pion. Neutral
particles assumed to be photons are detected by the central region lead-liquid
argon calorimeter modules®, which are 14 radiation lengths in depth. A neutral
cluster with energy greater than 150 MeV and a distance (at the radius of the

shower counter) of more than 300 mm from the closest charged track is defined



as a photon.

Hadronic events were selected by requiring at least 5 well reconstructed
charged tracks, a total charged energy greater than 27.5%, and a total charged

and neutral energy greater than 55% of E,,,.

The eigenvalues of the sphericity tensor? are used to classify the events ac-
cording to fheir shapé in momentum space. For each event the eigenvalues @1,
QR2, @3 (@1 < Q2 < Q3) and the corresponding principal axes ¢i, ¢z, ga of the
momentum ellipsoid are calculated. The sphericity axis (¢3) is required to have
an angle ©3 with respect to the beam axis such that |cos ©3| < 0.7. Obvious 2-jet
events with normalized eigenvalues Q; < 0.06 and Q2 - Q; < 0.05 are excluded.
A cluster algorithm®, which uses the vector momenta of charged and neutral par-
ticles, is used to partition the data into n-jet events. Only the 3-jet events are
retained. Each jet is required to have at least 2 GeV of observed energy and to

contain at least 3 (charged or neutral) particles.

The jet axes are defined by the vector sum of the particle momenta within
each jet. On the assumption of three massless partons the jet energies (E;) are
calculated from the angles between the jet axes projected onto the event plane
(g2, 43)°. To require almost 3-fold symmetry for the 3-jet events, all three angles
between the jet axes are required to lie between 100° and 140°. After these
selection criteria the data sample consists of 560 events, corresponding to about

0.5% of all hadronic events.

Monte Carlo calculations using models containing QCD plus fragmentation
estimate a background of (0.4 + 0.2)%, mainly from the process ete™ — qgv
where some low momentum charged-particles are produced in the direction of

the photon, thereby simulating a third jet. The model calculations show further



that the fraction of heavy quarks in this sample is the same fraction as for all

hadronic events.

The inclusive charged-particle distribution is analyzed in terms of the frac-
tional momentum z; = p;/ E; where p; is the momentum of particle 7, and E; the
energy of the jet to which it is assigned. The fact that all three jets have nearly

the same energy, implies that a wrong assignment of a particle to a jet is not a

severe problem.

Corrections for detector inefficiencies were computed from Monte Carlo sim-
ulations based on three different models for QCD plus fragmentation: the inde-
pendent parton fragmentation model of Ali et al.l? and the Lund string model!!,
both of which employ parton emission to second-order in a,, and the QCD cluster
model of Webber et al.1?, which uses leading log evolution for the parton shower-
ing including soft gluon interferences and cluster decay for the final hadronisation.
As a first step, Monte Carlo events were generated without QED radiative effects
and passed through the above mentioned cuts yielding Ngen events. These events
yield the z distribution ng.n(z) of all long-lived, charged-particles with lifetimes
greater than 3. 10710 seconds, produced either at the primary vertex or from the
decay of short-lived particles inclﬁding K; and A. Secondly, events were gener-
ated including QED radiative effects'® and traced through the detector. Energy
loss, multiple scattering, photon conversion and nuclear interactions in the ma-
terial of the detector as well as decays were taken into account. This information
was then converted into the measured quantities, such as drift times and pulse
heights, taking the properties of the apparatus into account. The events were
then passed through the same reconstruction algorithms and analysis used for the

real data, yielding Ny, accepted events and producing the particle distribution



ndet(z). The correction factors C(z) are calculated as

_ Nget x)/ngen
C(z) = . 1
Ndet Ngen ( )

C(z) increases slightly from 0.85 at low z values to 0.92 at high z values.

To determine the systematic uncertainties in the correction, the different
models were used and the cuts on cos@3 and the angles between the jet axes were
varied slightly. As an additional check, the axis corresponding to the smallest
eigenvalue of the sphericity tensor (g1) was restricted to |cos®;| > 0.7 with respect
to the beam axis, so that the total event plane is in the well instrumented area of
the detector. The uncertainty in the correction factor is estimated to vary from
+ 0.03 at low z to £ 0.10 for z > 0.5. Figure 1 shows the corrected z distribution
(full symbols), where the errors include both statistics and the uncertainty in the

correction factor.

To compare this z distribution originating from events containing two quark
jets and one gluon jet, each with approximately 9 GeV of energy, with z distri-
butions coming from events containing two quark jets each with about 9 GeV,
we use the published data from the HRS collaboration* at E.,, = 29 GeV, the
JADE collaboration!® and the TASSO collaborationl® both at E ., =14, 22 and
34 GeV, and the Mark II collaboration? at E.,, = 5.2, 6.5 and 29 GeV. In Figure
2 all these cross sections are presented in the form 1/(Nj:0tt) do/dz versus
E¢m/ Njet where Nj,;, the number of jets, is set to two. Within a fixed z interval,

all the data points with Nj,; = 2 are fitted to the form suggested by QCD!7:

L % (@)1 + eae) In(s)) @)

Otot



where c;(z) and cz(z) are free parameters. The resulting fits are represented by
the curves in Figure 2. Large deviations between the different data points are
only visible for low z values, probably due to higher background problems for

low momentum tracks.

The cross section of the symmetric 3-jet events with N, = 3 is also plotted in
Figure 2. The deviations between these points and the fitted curves (or the data
points with Nj,; = 2 themselves) suggest a different slope in the z distribution

between 2-jet events and 3-jet events of the same jet energy.

The results of the fits within the twelve intervals from Figure 2 are used to
interpolate the cross section at E., = 19.3 GeV. This is shown in Figure 1 as
a dotted curve. The 3-jet distribution is observed to fall off faster than that of

quark jets, indicated by the curve.

To extract to first approximation an inclusive charged-particle distribution

for a gluon jet of ~ 9 GeV energy, we adopted the following ansatz:

1 d 1 d
— —g-(gluon jets) = —0(3—jet events, Ecm = 29 GeV)
Otot dT Otot dx
1 do ()

-~ —;(all events, Ecy, =19.3 GeV)
Lo

where for the events at E.,, = 19.3 GeV the fit results are again used. This cross

section is also shown in Figure 1 (open symbols).

Another way of displaying the data is to calculate the ratio

1 d . _
7'(.73) — 30wt ﬁ(S_Jet events, Ecm = 29 GeV) (4)
. do (a‘ll events, Ecm = 19.3 GeV)

20’!0: dz

as a function of z which is shown in Figure 3.



For comparison, the result of calculations for the three models are also in-
dicated in Figure 3 The quantf;ty r(z) is used for comparison with the models
because many of the model parameters and input governing the fragmentation
are common to the 3-jet final state at 29 GeV and the 2-jet final state at 19.3
GeV. The effects of the inadequacies in the model features are greatly reduced
when the ratio is taken and hence r(z) should be relatively insensitive to how
the models are optimized. We have checked that r(z) stays relatively stable in
the three models even if the z distributions themselves are changed drastically

by adjusting the model features governing the fragmentation process.

The Ali et al. and Lund models do not account well for the trend of the data.
A large part of the disagreement comes from the fact that these models use finite
order (second-order) for the parton generation. The numerator in r(z) receives
only one order of parton radiation because the first order process is used to gen-
erate the three parton state. The differences between the two models themselves
are mainly due to different assumptions about the gluon fragmentation and the

method used to distinguish between 2, 3 and 4-parton events.

On the other hand, the Webber model, which uses leading log evolution for
the parton radiation, accounting for multiple parton emission in a more complete

way, represents the trend of the data well.

In conclusion we have measured the z distribution for charged particles in
nearly 3-fold symmetric 3-jet events produced in ete™ annihilation at 29 GeV.
On the assumption that these events originate from the quark-antiquark-gluon
parton state and using published data on z distributions from quark fragmenta-
tion we have obtained the z distribution for gluon jets of 9 GeV energy. When

compared with quark jets of the same energy, the gluon z distribution appears



to fall off more rapidly for z > 0.4.
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Figure Captions

The detector corrected inclusive charged-particle distribution for 3-fold
symmetric 3-jet events at E., = 29 GeV (full symbols) in comparison
with the inclusive charged-particle cross section of hadronic events at E,,
= 19.3 GeV, extrapolated from the fitted curves in Fig. 2 (dashed curve).
The inclusive charged-particle distribution of a gluon jet of E; = 9 GeV,

assuming the subtraction discussed in the text, is shown by the open sym-

bols.

. The inclusive charged-particle cross section for a jet as a function of the

jet energy, as measured by various experiments. The curves represent fits
to the different data points for twelve z intervals which are defined by a
=003<z<005b=005<2<010,c=010< < 0.15,d = 0.15
<r<020,e=020<2<025f=025<2<030,g=030<z<
0.35,h =035 <z <040,i =040 < £ < 0.50, j = 0.50 < z < 0.60, k
= 0.60 < £ < 0.70, ] = 0.70 < z < 0.80. The detector corrected inclusive
charged-particle distribution for 3-fold symmetric, 3-jet events at E.,, =

29 GeV is also shown.
The ratio of the detector corrected inclusive charged-particle distribution
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for 3-fold symmetric, 3-jet events at E,,, = 29 GeV to the inclusive charged-
particle cross section of hadronic events at E.,, = 19.3 GeV, together with

several model predictions.
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