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ABSTRACT

The general properties of multi-hadron final states produced by e*e~ annihilation are compared with predictions
of the Next-to-Leading Logarithm Parton-Shower (NLL PS) model. The NLL PS model with parameters tuned for
AMY data reproduces hadronic event shapes as nicely as Leading-Logarithm (LL) PS model. The QCD scale
parameter Ajrz is extracted from three different quantities: event shapes, three-jet fraction, and Energy-energy

correlation.

Introduction

In principle, hadronic process in e*e™ annihila-
tion should be described completely by Quantum
Chromodynamics (QCD), the non-Abelian gauge
theory of quarks and gluons. However, simulation
of events is usually separated into two steps, since
we do not know how to apply QCD to large-distance
processes. First, a set of partons are generated us-
ing perturbative QCD calculations and, second, the
partons are converted into observable particles using
a phenomenological hadronization model. These two
steps are separated by an energy scale parameter Q.

In the parton-generation process, some approx-
imations are needed since it is not possible to sum
all of the perturbative diagrams. Two different ap-
proximation methods are used: the Matrix-Element
(ME) method [1] and the Parton-Shower (PS) model
based on renormalization-group [2]. In the ME
method, diagrams up to a fixed order in the QCD
coupling strength, ay - currently O(a?), are calcu-
lated exactly; in the PS method all-order diagrams
are summed in terms of logarithm divergent orders -
currently leading logarithm (LL) is commonly used.

There are advantages and disadvantages to both
schemes. The ME method allows one to fix the renor-
malization scheme to determine the QCD scale pa-
rameter A7z, and provides a good approximation
for the production of clean three-jet events. How-
ever, the number of partons that can be generated is
limited, and it is impossible to generate partons with
small transverse momentum relative to the radiating
quark. On the other hand, in the LL PS method, it
is possible to generate large number of partons; the
Qo cutoff determines the maximum number. In ad-
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dition, 1t provides a good approximation for the pro-
duction of small transverse-momentum gluons. How-
ever, A3z is undefined in the LL PS method.

When one goes to the Next-to-Leading Loga-
rithm (NLL), Parton-Shower scheme has the advan-
tages of both methods. In NLL PS method, Agrz
can be fixed and, in addition, partons can be pre-
cisely generated with both small and large transverse
momentum values.

Based on the theoretical framework on the NLL
(3,4], Kato and Munehisa developed an event gen-
eration program for the NLL PS model [5] in-
cluding detailed considerations of the kinematics.
This generator is combined with the LUND String-
Fragmentation model [6] to generate the hadrons.

The NLL PS program contains following param-
eters. The three NLL jet parameters: A7z Qo,
the minimum virtuality; and 6, cut-off virtuality be-
tween three-jet and two-jet at primary vertex. The
three LUND String-Fragmentation parameters: oy,
the width in the transverse momentum of hadrons;
and the a and b of the symmetric fragmentation func-
tion.

Here, reported is a study of multi-hadron final
states observed in the AMY experiment using the
NLIL PS model program. Similar studies using the
NLL PS model were also previously reported [7].

Tuning the NLL with Event Shapes

Hadronic events are selected with the AMY stan-
dard hadronic event selection [8]. In addition, to en-
sure a large acceptance for particles in jets, only



events with [cosfiryst|<0.7 are considered, where
Oineust 15 the angle between the thrust axis of the
event and beam axis.

A total of 1911 hadronic events, at center-of-
mass energies between 52 and 57 GeV, satisfy all
of the selection criteria; the average center-of-mass
energy is 55.2 GeV and the total luminosity is
18.6 pb™!. The corrected data for various global
event-shape variables, together with comparisons
with the LUND 6.3 LL PS [9] the LUND 6.2 ME
[10] and the Webber LL PS [11] models, have already
been reported {12].

The NLL generator was tuned using AMY data
by varying the parameters Ay;z , 04 and a. Since the
parameters a and b in the LUND symmetric fragmen-
tation function are strongly correlated, we fixed 4 to
be 0.9 and only allowed a to vary. The § parameter
is fixed at 0.1, since dependence of § is cancelled in-
ternally and does not appear in final hadrons [5]. We
choose a small value of 1.0 GeV for Qy in order to
reduce the dependence on the hadronization model.
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Fig. 1.
predictions of the models: for (a) P with respect to the

The acceptance-corrected distribution and

sphericity-axis-defined event plane for charged particles and

(b) AM? = (MBp ~ M3,)/s.
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For tuning, we fit to the four distributions: the
scaled charged particle momentum X, = 2p/\/s; the
charged particle transverse momentum in and out of
the event plane, p&’«‘ and p3**, where the event plane
is defined by the two Sphericity axes with the high-
est eigenvalues; and the jet mass difference AM? =
(MBR2 —MSLZ)/E,,,'sz, where the Mpg (Msy) is the
largest (smallest) mass determined by dividing each
event by a plane perpendicular to the Sphericity axis
and calculating the invariant mass of the particles in
each hemisphere. A3z is sensitive to p%’f and the jet
mass difference AM?; o, is sensitive to pJ*; and a
is sensitive to X,.

A minimum value of x? = 67.4 is found at a =
0.78 £ 0.07, Az =0.31 £ 0.02 GeV, and o =0.41
+ 0.01 GeV.

In Figs. 1 (a) and (b), the corrected AMY re-
sults for the p%'a‘ and AM? distributions, taken from
Ref. 12, are shown together with the results from the
tuned NLL PS model, shown as solid line curves. The
total 2 values for all 22 (fitted 4) distributions are
386(67.4), 371(60.6), 2783(553.8), and 601(102.0) for
the tuned NLL PS, the LUND LL PS, LUND ME,
and Webber model, respectively. The tuned NLI PS
model has almost same x? values as LUND LL PS
model.

Table 1. Summary of tuned values of parameters for
various @ cutoff for NLL PS model. The tuned (total) x? is
the sum of x? of the four distributions used for tuning (all 22
distributions in Ref. 12.)

Parameter |a)Qo = [b)Qo= [c)Qo= |d)Qo = |e)Qo =
1GeV |v2GeV | 2GeV | 3GeV | 4GeV
a 073 0.97 117 1.37 1.53
Az 0.31 0.31 034 | 042 | 049
a 041 0.41 042 | 042 043
tuned x? | 674 65.6 734 | 798 | 1785
total 2 386 552 566 756 1563

The effect of the Qg cutoff values is examined
using values of Qo. The parameters a, A7z and g
are adjusted for each @p. Table 1 shows the total
x?, together with the best values for a, A5, and o4
for each value of the Qo cutoff. The best value of
the Qg cutoff is found to be 1 GeV and the total x?
doubles at Qg = 3 GeV. We use variation of param-
eters with this range of @y as a preliminary estimate



of the systematic error: a from 0.66 to 1.4, o from
0.40 to 0.43 GeV, and Ayz =0.31 £ 0.02(stat) +
0.11(sys) GeV

Charged Particle Multiplicities

Shown in Fig. 2 is the fully corrected charged
particle multiplicity distribution for energies from 50
to 61.4 GeV (corresponding luminosity of 30 pb~!,
<y/5> = 57 GeV) observed in AMY experiment
[13], together with the LUND LL and tuned NLL
PS model predictions. There is excellent agreement
between the data and both of the model predictions.
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Fig. 2. The acceptance-corrected charged-particle mul-
tiplicity distribution at < /8 >= 57 GeV and predictions
of the NLL (solid histogram) PS mode! and Lund LL (dotted
curve) PS model.

Ag7s determination from three-jet ratio

Since a main source of three-jet events is qqg
production, the fraction of three-jet events, Rj, is
sensitive to the value of Ag7z [14]. We define the jet
by using the YCLUST jet-clustering algorithm [15].

Figure 3 shows how the jet multiplicity fractions
vary with cut-off parameter, y.u1, together with re-
sults from the NLL PS generator for different val-
ues of Agrs. Az can be determined from Rj for
different values of ypu:. We choose yeuy=0.08 re-
sulting Ag7z = 0.24 £ 0.07 GeV, since the ratio of
the R3 at the parton level and that at the hadron
level is almost constant above y¢y:=0.08. System-
atic uncertainties in determining A7z are estimated
as follows: The fluctuations of Ajrz over the range
0.04< ycyu1<0.12 indicate an uncertainty from the
Yeut dependence of 0.034 GeV. The uncettainty aris-
ing from the @y dependence (1< Qo <3 GeV) and
the a dependence (0.66< a <1.4) are estimated to

be 0.050 GeV, 0.015 GeV, respectively. The uncer-
tainty from o4 (0.40< o4 <0.43 GeV) is negligible.
Adding all the above in quadrature, we obtain A3z
= 0.24 4 0.07(stat) &+ 0.06(sys) GeV.
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Fig. 3. The acceptance-corrected multi-jet production
rates measured by AMY and predictions of the NLL PS model
for three different values of A-ATS_‘

A5 determination from the EEC

The Energy-Energy Correlation (EEC) [16] was
introduced as a method to extract the strong cou-
pling constant a;. The EEC is an energy-weighted
angular correlation defined as

EEC(9) = 2—?(6) = ]lv Y3y %‘?15(9_0,5),

events ¢ j vts

where ¢ and j run over all particles (charged and neu-
tral) in the event, 6;; is the angle between particles
¢ and j, N is the total number of events, and E,;; is
the total visible energy. While qg events contribute
to the EEC near 8= 0° and 180°, events with hard
gluon radiation contribute to the EEC in the inter-
mediate angular region. Figure 4 shows the EEC
for the corrected AMY data together with results
from the NLL PS generator. We obtain Ay from
the integrated value of EEC over the angular range
O < 8§ < 180° — @ for different values of ©. For
smaller values of ©, fragmentation effects and the
contribution from two jet events are expected to be
large. We choose the relatively large value of ©=50°
to avoid uncertainties due to these effects, with the
result A3rg=0.3040.02. The systematic uncertainty
arising from the dependence on the choice of © is es-
timated to be 0.039 GeV. The systematic uncertain-
ties due to the Qp dependence (1< Qg <3 GeV), the
a dependence (0.66< a <1.4) and the o4 dependence
(0.40< 04 <0.43 GeV) are estimated to be 0.11 GeV,



0.075 GeV, and 0.011 GeV, respectively. Adding all
of the above in quadrature, we obtain A3z = 0.30
+ 0.02(stat) & 0.13(sys) GeV.
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Fig. 4. The acceptance-corrected AMY results for the
EEC and predictions of the NLL PS model for three different
values of A-M—S-.

Summary

After tuning the parameters to our previously
reported distributions for event properties, the NLL
Parton-Shower model agrees well with AMY data
with the y? comparable to that for LUND LL PS
model. The tuned NLL PS model also reproduces
the measured charged-particle multiplicities well.

The QCD scale parameter Az is derived using
the NLL PS model from the three methods: Agrg =
0.314£0.02+0.11 GeV (event shape tuning); 0.24 +
0.07 4+ 0.06 GeV (R at yeur = 0.08); 0.30 + 0.02 +
0.13 GeV ([ EEC df over 50° < § < 130°).
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DISCUSSION

. Haissinski (LAL, Orsay): What is the scale that
is being used for the value of a,(Q?) in this NLL

approach?

. Y. Sakai: For each branching, one takes Q* = P}.
Therefore the scale is not unique. It decreases as the
cascade develops.

. M. Jacob (CERN): The precision given on Azrz
seems very good. Does it include the uncertainties
associated with the definition of the jets, i.e. recom-
bination scheme dependence in the case of B3?

. Y. Sakai: I understand that the answer was that it
was not included.
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