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Multihadronic e e annihilation events at a center-of-mass energy of 29 GeV have been studied
with both the original (PEP 5) Mark II and the upgraded Mark II detectors. Detector-corrected
distributions from global shape analyses such as aplanarity, Q, —Q„sphericity, thrust, minor
value, oblateness, and jet masses, and inclusive charged-particle distributions including x, rapidity,
p&, and particle flow are presented. These distributions are compared with predictions from vari-
ous multihadron event models which use leading-logarithmic shower evolution or QCD matrix ele-
ments at the parton level and string or cluster fragmentation for hadronization. The new genera-
tion of parton-shower models gives, on the average, a better description of the data than the previ-
ous parton-shower models. The energy behavior of these models is compared to existing e+e
data. The predictions of the models at a center-of-mass energy of 93 GeV, roughly the expected
mass of the Z, are also presented.
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I. INTRODUCTION II. QCD PLUS FRAGMENTATION MODELS

Hadronic final states in high-energy e+e annihila-
tion have been studied in great detail during the past de-
cade. Unlike hadron-hadron collisions, where spectators
which can mask the process of interest are present,
e+e annihilation is an ideal place to study strong in-
teractions. All the available data support the assump-
tion that the underlying process can be described by the
primary production of a pair of quarks, e+e ~qq,
which then fragment into the observed hadrons. The
steps in between are, as yet, not totally understood, but
today it is generally accepted that the hard processes in-
volved can be described by the theory of quantum chro-
modynamics (QCD). This implies that the primary
quarks radiate gluons as they move apart. The subse-
quent transformation of the outgoing partons into stable
hadrons is still an unsolved, nonperturbative phenom-
enon. To cover this area, several fragmentation models
have been developed over the past years, giving experi-
menters some useful tools with which to correct their
data and to unravel the underlying parton structure. In
addition, these models might help us to understand
better the long-range behavior of the strong interaction.

In this paper we present general properties of hadron-
ic final states produced by e +e annihilation at a
center-of-mass energy of E, =29 GeV, measured with
the original (PEP 5) and the upgraded Mark II detector
at the SLAC storage ring PEP.

Although these results stand on their own, it will be
interesting to compare them with data which will be tak-
en in the 90-GeV region by experiments at the SLAC
Linear Collider (SLC) to see how these observables
evolve over this energy range. It is also important to see
whether any of the "QCD plus fragmentation" models
are able to describe the data over such a wide energy
range. This also implies that we have to be able to un-
derstand the "old physics" as being the background to
possible new physics at energies near the Z mass. The
aim of this paper can be summarized as follows: to com-
pare the corrected distributions from the original Mark
II and the upgraded Mark II detector, to test how well
the existing QCD models are able to describe the data,
and to present predictions of these models at E, =93
GeV without changing the parameters which are opti-
mized at E, =29 GeV. To allow someone to test a
new model by comparing it with these data, we include
all the measured distributions in tables.

After a short introduction to the QCD models in the
second section, we give a brief discussion of the ap-
paratus and the particle and event selection in Secs. III
and IV. The definitions of the observables used in this
analysis are given in Sec. V. Section VI explains how
the data are corrected, and Sec. VII makes a comparison
between the two Mark II data sets. Section VIII com-
pares the models with the data and in Sec. IX the energy
dependence of the average values of the observables is
compared with data from this and other experiments.
The predictions of the models at energies near the Z
mass are presented in Sec. X.

There are several models for multihadron production
currently available and, since their authors are continu-
ally working to improve them, it is sometimes difficult to
keep track of the latest developments. With respect to
the QCD calculations, the models can be divided into
two groups: those in which partons are produced ac-
cording to the second order in a, QCD matrix elements
and those in which they are produced by leading-
logarithmic parton-shower evolution.

For the fragmentation of the partons into hadrons
there are three main schemes available: independent
fragmentation' (IF), string fragmentation (SF), and clus-
ter fragmentation (CF). The independent fragmentation
scheme is strongly disfavored by the data in certain re-
gions, so it will not be discussed further here. We will
restrict ourselves mainly to the model of Webber (ver-
sion 4.1), the Lund model (JETSET 6.3), and that of
Gottschalk and Morris (CALTECH II). For all the mod-
els the purely weak effects which are important at the Z
energies and the electroweak interferences on the total
cross section, flavor composition, and angular distribu-
tions are taken into account. The simulations of the
weak effects are taken from the Lund generator.

The parameter values of the models given below are
the results of investigations of the multidimensional pa-
rameter space by fits to the distributions of the data
given in this paper. A total systematic optimization pro-
cedure was not used, since the variety of data sets used
did not cover the event topologies uniformly and may
bias the X values from the fits.

A. The Webber model

The Webber model uses the leading-logarithmic
parton-shower evolution and includes coherence effects
by angular ordering. The highly excited qq system
evolves in the first phase (early times) into a system of
partons with lower virtuality by radiating gluons and
producing new qq pairs according to the leading-
logarithmic QCD probabilities. If the virtual mass of a
given parton reaches a certain cutoff (mg ), the evolution
stops for this parton. At the end of the shower the final
gluons are forced to split into qq pairs by the same
mechanism. Neighboring qq pairs along the color flux
lines are combined to form colorless clusters. These
clusters decay according to a phase-space model into one
or two particles which can be stable particles or reso-
nances.

At the beginning of the evolution, the initial system is
boosted perpendicular to the primary quark direction
such that all partons are produced in one hemisphere.
This provides an elegant way of handling the angular or-
dering, but has the problem that the total center-of-mass
energy of the system can be found only after the whole
shower evolution of the event, and the final-state system
depends partly on the way it is boosted. Another prob-
lem is the existence of very massive clusters which can-
not be allowed to decay isotropically. ' A stringlike
scheme is used to break these clusters into two smaller
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TABLE I. The parameters for the Webber model.

Parameter

ALL„QCD scale (GeV)

m~ cutoff for further parton evolution (GeV)
m, i cutoff for string breaking of clusters (GeV)

Range tested

0. 15—0.3
0.6—0.85
2.5-3.8

Best value

0.2
0.75
3.0

clusters, each of which may break further if massive
enough. Unfortunately this heavy-cluster decay pro-
duces more particles from a given cluster mass than the
parton shower does from a primary gluon of the same
invariant mass. This leads to the strange situation that
an increase of the QCD scale ALL~ where LLA denotes
the leading-logarithmic approximation results in more
produced gluons but no increase in the number of final-
state hadrons. "

An important change in version 4.1 is the new treat-
ment of the first splitting of the virtual photon into the
primary qq pair. This is now performed according to
the Altarelli-Parisi splitting function' P (z) =—', [z
+(I—z) ], where z is the fraction of energy assigned to
one quark. It leads to a more asymmetric parton distri-
bution in z which produces more 3-jet events, in better
agreement with the data than the older version 2.0.

Table I shows the three important parameters of the
model with the range we tested for the optimization and
the best values for describing the data. The additional
parameters were used with the default values in the gen-
erator. However, the Lund decay routines were used for
charmed meson decays.

It should be pointed out that the ALL& value in a lead-
ing logarithmic evolution cannot be directly correlated
to the A~& value estimated from the first- or second-
order matrix-element calculation. (MS denotes the
modified minimal-subtraction scheme. )

B. The Lund model

The Lund model provides us with two options for par-
ton generation: a second-order matrix-element calcula-
tion (Lund MA) and a leading-logarithmic parton shower
(Lund shower). At low E, 0 (a, ) matrix elements'
seem to be adequate, but at SLC or CERN LEP energies
the production of at most four partons will probably be
insufficient. Indications at DESY PETRA and PEP en-

ergies show that these data also demand higher parton
multiplicities' than produced by Lund MA. Another
problem is implied by the y;„cutoff. The production of
two-, three-, and four-parton final states is determined
by a, and the lower cutoff y;„. If the value M; /E,
of any pair of partons i and j of an event is less than

y;„, then these two partons are combined to one parton.
Using the same y;„value at different center-of-mass en-

ergies implies a fragmentation scheme which has to be

Q dependent. Almost none of the fragmentation
schemes is Q dependent. To compensate for this a
cutoff defined in M;, should be used, but covering an en-

ergy range from 30 to 90 GeV confronts one then with
the following problem: a M; cutoff which describes the
data well at 30 GeV leads at high E, to a 3+4-
parton rate which exceeds the total cross section, and a
cutoff which is well defined at 90 GeV results in no
agreement with data at 30 GeV. Because of this we wi11

TABLE II. (a) The parameters for the Lund shower model. (b) The parameters for the Lund MA

model.

Parameter

(a)

Range tested Best value

ALL„QCD scale (GeV)

Qp cutoff for parton evolution (GeV)
A fragmentation-function parameter
8 fragmentation-function parameter
oq parameter of the Gaussian (Ref. 15) pI(GeV)/c

0.2—0.6
1.0—2.0
0. 1 —0.5
0.8—1.2

0. 18—0.27

0.4
1.0
0.45
0.9
0.23

(b)

AMs QCD scale (GeV)
y;„cutoff for combining partons
3 fragmentation-function parameter
B fragmentation-function parameter
o., parameter of the Gaussian (Ref. 15) pi(GeV)/c

0.3-0.6
Fixed

0.5-1.3
0.5-1.3
0.2-0.3

0.5
0.015
0.9
0.7
0.265
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use in this paper a fixed y;„cutoff for all energies know-

ing that the fragmentation scheme had to be Q depen-
dent to get the right scaling.

This problem does not occur in the parton-shower
evolution where a fixed cutoff Qo is used, rather than a
scaled one. In the parton-shower option in the Lund
model the evolution proceeds in the c.m. system. The
angular ordering is imposed by a rejection technique at
each step. For the first branch on each side no angular
ordering is taken, instead the matrix elements are used
as a guideline here.

At the end of the parton production, string fragmenta-
tion is used in both options. A string is stretched from
a quark via gluons to an antiquark. Breaks in the string
result in the production of additional qq pairs. The
breaking can be understood as a tunneling phenomenon,
automatically providing a suppression of heavy flavor
production and a Gaussian transverse-momentum spec-
trum.

The relevant parameters for the Lund shower option
are given in Table II(a) and for the Lund MA in Table
II(b). The other parameters are used with the default
values in JETSET 6.3 except that the results on D and
D+ branching ratios from Mark III are taken into ac-
count.

The range of the parameters given in the tables was
covered by roughly 40 different parameter sets. An in-
crease of A by 0.1 GeV leads to the production of =0.4
more charged particles, whereas increasing cr by 50
MeV/c reduces the average number of charged particles
by =0.5. This, and the fact that the parameters A and
8 are highly correlated, reduces the variation in the pa-
rameter space quite drastically if one demands the aver-
age multiplicity to be between 12.5 and 13.5 to describe
the measured data. The comparisons with the data show
that the values for Qo and y;„should be made as small
as possible to get sufficient gluon radiation. The best
values given are more or less the kinematic limits in the
generators.

C. The CALTECH II model

The CALTECH II model of Gottschalk and Morris
starts with a leading-logarithmic parton shower, where
the evolution proceeds in the c.m. system. The coher-
ence effect by angular ordering is imposed by rejection
techniques at each step. As with the Lund model, a re-
weighting of the first splitting according to the matrix
element is used. At the end of the shower the quarks
and gluons are replaced by color strings which break up
into substrings according to the Artru-Mennessier
scheme. ' It implies a uniform string breaking with no
mass-shell constraints, in contrast with the Lund
scheme, and it has no limited transverse-momentum pro-
duction during the string breaking. Substrings below a
certain cutoff are treated as colorless clusters which de-
cay according to a phase-space model optimized with
low-energy data.

The important parameters are given in Table III,
whereas for the additional parameters the default values
are chosen. The parameters to and w;„have been fixed
to the default values according to the results in Ref. 7.

DRIFT CHAMBER END-CAP
CALORIMETER

TOF

COIL

END-CAP
IRON

I0I
I

I
I

~ PEP 5 Mark II

& U pg rode Mark II

I I QUID-ARGON SHOWER COUNTFR
FLUX

RETURN

IO =— (a)

Io-I

0.5

~ 8

y
5

I I I I I

FLUX RETURN

MUON TUBES

FLUX RETURN

MUON TUBES

MUON TUBES

0 0I
CL CL

I +
LA

CL CL
LLJ LLJ
CL CL

I I I I I I I

0.6 0.7 0.8 0.9
THRUST

—0.5
0.5

(b)
II

0 ———————————t—t-Q-0--o

1.0

MUON TUBES

FIG. 1. A schematic plane view of the upgraded Mark II
detector.

FIG. 2. Comparison of the corrected distributions from the
PEP 5 Mark II detector and the upgraded one, (a) thrust, (b)
the ratio (upgrade —PEP 5)/(upgrade+ PEP 5) for the thrust
distribution.
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TABLE III. The parameters for the cALTEcH II model.

Parameter

ALL~QCD scale (GeV)
to cutoff for further parton evolution (GeV')

p string breaking parameter (GeV ')

w, „cluster decay parameter (GeV)
w;„cluster decay parameter (GeV)

Range tested

0.3-0.6
Fixed

1.4-2.4
1.9-3.0
Fixed

Best value

0.5
2.0
1.6
2.2
0.25

III. APPARATUS

Our data can be divided into two subsamples which
are taken with two very different detector configurations.
The PEP 5 Mark II detector collected a data sample
corresponding to an integrated luminosity of 210 pb
In this analysis we used only the high-performance runs
of the apparatus which contain —', of the amount of data
taken with that detector. The upgraded version of the
Mark II detector collected a data sample at PEP with an
integrated luminosity of 30 pb '. The upgrade was
designed to improve the match of the Mark II detector
to the requirements of the physics at the Z energy, and
the operation at PEP was primarily to provide a check
for the new components before the SLC was turned on.

The PEP 5 Mark II detector has been described in de-
tail elsewhere. ' For most of the data, the magnetic field
of the old coil was limited to 2.3 kG. The components
relevant for this analysis are both the inner and main
drift chambers which are used for charged-track recon-
struction and provide a momentum resolution of
(5p/p) =0.025 +(0.0lp) (p is the particle momentum
in GeV/c), and the central region lead —liquid-argon
calorimeter modules, ' ' which are 14 radiation lengths
in depth and detect photons by their electromagnetic
showers. The calorimeter has an energy resolution of
5E/E=0. 14/&E (E in GeV).

The design of the upgraded Mark II detector is de-
scribed in Ref. 20. A schematic view of it is given in
Fig. 1. The new coil provides a magnetic field of 4.5 kG.
The new central drift chamber ' is based on a multi-
sense-wire cell of the jet chamber type. Its outer radius
is limited by the time-of-Right counters and the magnet
Aux-return iron as in the old detector. Each cell con-
tains six sense wires (spaced by 8.33 mm), staggered by
+380 pm from the cell axis to provide left-right ambi-
guity resolution. Radially the whole chamber consists of
twelve layers of cells providing 72 measurements per
track. The even-numbered layers have their wires at a
stereo angle of +3.8' to provide position measurements
along the z direction. The chamber has an active length
of 2.30 m with its inner layer of 26 sense wires at a ra-
dius of 25.0 cm and its outer layer of 136 sense wires at
a radius of 144.4 cm. A minimum double-track separa-
tion of 5 mm has so far been achieved, which is consid-
erably better than in the old chamber which had no mul-
tihit capability in a cell.

For the test run at PEP, a cylindrical trigger drift
chamber is located between the main drift chamber
and the beam pipe. The trigger drift chamber consists of
six layers of axial sense wires in 4-mm-radius aluminized
Mylar tubes. The inner layer of this chamber has 72
wires at a radius of 9.5 cm, and the outer layer has 112
wires at a radius of 14.8 cm. The sense wires in the

TABLE IV. The cuts for hadronic event selection.

Cut Cut definition

At least five well-reconstructed charged tracks.
Sum of charged energy &27.5% of F.,
Sum of charged track and photon energy &55% of E,
The z coordinate of the event vertex to be within 20 cm
of the measured interaction point.

i
cos8r

~

&0.55 for the PEP 5 data set and

i
cos8r

~

&0.8 for the upgraded data set with
OT ——angle between thrust axis and incoming beam.
p;„(E, /4 with

p;„=magnitude of the missing-momentum vector.
For events with p;„&2 GeV/c,
we demand

i cos8;„i &0.9
with 0;„=angle between p;„and incoming beam.
In 2-jet events, if both jets have fewer than five charged and
neutral particles, then the invariant masses of both jets
have to exceed 2 GeV/c.
Events, with an observed photon of E~ &3 GeV as well as
E~ &90% of the observed energy of the jet to which it is
assigned are removed.

PEP 5

89%
67%
48%

48%

38%

35%

33%%uo

33%%uo

32.5%

Upgraded

91%%uo

87%
70%

70%

60%

57%

52%

52%

51%
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FIG. 3. Comparison of the corrected distributions from the
PEP 5 Mark II detector and the upgraded one, (a) sphericity,
(b) the ratio (upgrade —PEP 5)/(upgrade + PEP 5) for the
sphericity distribution.

main drift chamber have an average point measurement
resolution of 175 pm, and the trigger drift chamber
wires have one of 90 pm. Both the new trigger drift
chamber and the new main drift chamber are used for
charged-track reconstruction resulting in a measured
momentum resolution of (5p/p) =0.014 +(0.0026p) .

The photon reconstruction is provided by the original
central region lead-liquid-argon calorimeter modules
but with a different amplifier gain and new end-cap
electromagnetic calorimeters. The end caps are
sandwiches of proportional tubes separated by 0.5 radia-
tion lengths of lead. In total, 36 layers of tubes are ar-
ranged along four different coordinates axes: x, y, u, and
v. This results in 18 radiation lengths sampled by ap-
proximately 9000 proportional cells per end cap. The
energy resolution measured with Bhabha pairs is
0.22/&E (E in GeV).

IV. PARTICLE AND EVENT SELECTION

The charged-track selection criteria are the following:
a well-reconstructed track has to pass within 4 cm in ra-
dius (distance of closest approach perpendicular to the
beam axis) and 6 cm in z from the event vertex and have
at least 100 MeV/c of transverse momentum with

IP- I

0.6 0.7 0.8
THRUST

0.9 I.o

FIG. 5. Comparison of the thrust distribution with HRS
and TASSO results.

respect to the incoming beams. The measured momen-
tum is corrected for energy loss in the material in front
of the tracking chambers assuming the particle to be a
pion. Photons are detected by their electromagnetic
showers in the calorimeters. A neutral cluster with ener-

gy greater than 150 MeV and a distance (at the radius of
the shower counter) of more than 30 cm from the closest
charged track is defined as a photon.

Hadronic events were selected by making the require-
ments given in Table IV. The two numbers at the end of
each cut definition show the percentages of multihadron-
ic events which pass that and all the above cuts, as es-
timated from Monte Carlo calculations. The first num-
ber corresponds to the original detector, the second to
the upgrade. The increase in the cosOT cut for the up-
graded data is due to the better coverage of the central
drift chamber and the new end caps.

For the jet definition, a cluster algorithm which uti-
lizes the vector momenta of charged and neutral parti-
cles and partitions the events into a number of recon-
structed jets is used.

The cuts discriminate against poorly reconstructed
events, beam-gas scattering (cuts 4, 6, 7), two photon
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FIG. 4. Comparison of the sphericity distribution with HRS
and TASSO results.

FIG. 6. Comparison of the p~ distribution with HRS and
TASSO results.
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events (6,7), r pair production (1,8) and events with
initial- or final-state photon radiation (7,9). The contam-
ination of the accepted events by these processes was
found to be small: &0.2% from r pair production,
g1.0% from yy scattering, and a negligible amount
from beam-gas scattering.

A total of 22000 events of PEP 5 data and 7400
events of upgraded data passed the selection criteria.

V. DEFINITION OF THE OBSERVABLES

The properties of the events are studied in both global
event shape observables and inclusive particle distribu-
tions. All charged and neutral particles are used for cal-
culating event shapes, axes, and jet masses.

The eigenvalues of the sphericity tensor are taken to
characterize the events according to their shape in
momentum space. For each event the eigenvalues Q„
Q2 Q3 (Q, & Qz & Q3 and QI +Q2 +Q3 ——1) and the cor-
responding principal axes q„q2, q3 of the momentum el-

lipsoid are calculated. The sphericity axis (q3) is usually
taken as the event axis and the event plane is defined by

(q2, q3). In terms of the Q;, the aplanarity is defined by
A =—', QI, the sphericity by S =—', (Q, +Qz) and the vari-

able Q„by Q„=(Q3—Qz)/v'3. Because of the fact that
the sphericity tensor uses the momenta of the particles
quadratically, those observables are more sensitive to the
high-momentum particles in an event than observables
which use momenta linearly.

TABLE V. The aplanarity distribution, (1/N)dN/d A.

Aplanarity

0.00-0.01
0.01-0.02
0.02-0.03
0.03-0.04
0.04-0.05
0.05-0.06
0.06-0.07
0.07-0.08
0.08-0.09
0.09—0.10
0.10-0.11
0.11-0.12
0.12-0.13
0.13-0.14
0.14-0.15
0.15-0.16
0.16-0.17
0.17-0.18
0.18-0.19
0.19—0.20
0.20—0.21
0.21 —0.22
0.22 —0.23
0.23—0.24

(~)

Data averaged

15.0+0.57
28.0+0.83
20.2+0.77
12.4+0.50
7.76+0.33
5. 11+0.23
3.51+0.26
2.48+0.19
1.59+0.17
1.13+0.13

0.800+0.092
0.506+0.061
0.442+0.055
0.298+0.040
0.214+0.031
0. 182+0.028
0. 155+0.025
0. 114+0.020
0.088+0.017
O. 071+0.015
0.051+0.012
O. 018+0.006
0.017+0.010
0.024+0.008
0.031+0.001

PEP 5 detector

14.8+0.57
27.6+0.83
20.5+0.79
12.5+0.52
8.02+0.35
5. 14+0.25
3.50+0.28
2.53+0.21
1.53+0.18
1.09+0.14

O. 758+0.099
0.527+0.072
0.403+0.058
0.267+0.042
O. 222+0.036
0. 172+0.030
0. 149+0.027
O. 104+0.021
0.086+0.019
0.071+0.016
0.054+0,014
0.023+0.009
0.033+0.010
0.023+0.009
0.031+0.001

Upgraded detector

15.4+0.69
28.6+ 1.04
19.8+0.91
12.2+0.62
7.38+0.43
5.06+0.33
3.51+0.33
2.40+0.25
1.69+0.23
1.18+0.17

0.888+0.141
0.471+0.093
0.572+0.105
0.435+0.088
0. 196+0.054
O. 219+0.058
O. 177+0.051
0. 171+0.050
0.096+0.036
O. 070+0.029
O. 043+0.022
O. 010+0.010
0.001+0.010
O. 029+0.017
O. O31+O.OO1
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FIG. 9. The aplanarity distribution in comparison with the
models.

Another way of measuring the event structure is the
thrust, ' which is defined as T =max(g

l p ~~, l /g l p, I ),
where pll, is the longitudinal momentum of particle i rel-
ative to the thrust axis, which is chosen such as to max-
imize g lp~~, ~. The axis with the greatest thrust value
perpendicular to the thrust axis is defined to be the ma-
jor axis, and the thrust along this axis is the major
value. The minor axis is defined to give an orthonor-
mal system, and the minor value is again the sum of
parallel rnomenta with respect to this axis over the sum
of rnomenta. The oblateness is the difference of the ma-
jor and minor values. Because these observables use mo-
menta linearly, they are much more sensitive to the soft
particle production than those from sphericity analysis,
and past experience has shown that their distributions
are more difficult to describe using the models.

A third measure of the hadronic final state with sound
perturbative properties is the jet invariant mass proposed
by Clavelli and Wyler though we use a slightly
different definition. The event is divided into two hemi-
spheres by the plane perpendicular to the sphericity axis,
and the invariant mass of all particles in each hemi-
sphere is calculated. The smaller value defines M,&, the
mass of the slim jet, and the other Mb„ the mass of the
broad jet. The quantities of interest are Mb, /s, M„/s,
and (M„,—M„)/s with s =E,

l02
I t I

I
I I I

I
I I

~ Mark II

IOI

—iz

IO-I

lp-2
0 0.60.40.2

Qx

FIG. 10. The Q„distribution in comparison with the mod-
els.

FIG. 11. The Q, —Q, distribution in comparison with the
models.

Measurements of the inclusive distributions of charged
particles within hadronic events are given in
x =2p/E, , pt, and p~ (with respect to the sphericity
axis), pt" and p~"', the transverse momenta in and out of
the event plane, the rapidity y = —,'in[(E+p1)/(E —pi )],
where is this case pll is the component of momentum
parallel to the thrust axis, and the charged particle Bow
dn/18, where 8 is the angle between the particle and
the sphericity axis. Finally, the energy flow dE/d8 is
used, which is equal to dn /d 8 weighted by the energies
of the charged and neutral particles.

VI. CORRECTIONS

To correct the observed distributions for acceptance
inefficiencies, other detector imperfections, effects from
radiated photons, and the above described cuts, Monte
Carlo simulation programs are used. The production of
multihadronic events was computed based on four
diFerent models for QCD plus fragmentation: the in-
dependent parton fragmentation model of Ali et al. ,
and the Lund string fragmentation model, both of which
employ parton emission to second order in a„and the
QCD shower models of Webber and Lund, which use

lo 2
I I I

~ Mark

Lund ShowerIO'

IOO—Iz

IO-I
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SPHER I CI TY
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FIG. 12. The sphericity distribution in comparison with the
models.
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TABLE VI. The Q„distribution, ( I /N)dN/dQ„.

Q.

0.00-0.02
0.02-0.04
0.04—0.06
0.06—0.08
0.08-0.10
0.10-0.12
0.12-0.14
0.14-0.16
0.16-0.18
0.18-0.20
0.20-0.22
0.22-0.24
0.24-0.26
0.26-0.28
0.28-0.30
0.30-0.32
0.32-0.34
0.34-0.36
0.36-0.38
0.38—0.40
0.40-0.42
0.42-0.44
0.44-0.46
0.46-0.48
0.48-0.50
0.50-0.52
0.52-0.54
0.54-0.56
0.56-0.58

&Q„)

Data averaged

0.007+0.003
0.021+0.006
0.037+0.008
0.048+0.011
0.053+0.012
0.082+0.017
0. 104+0.020
0. 134+0.026
0. 152+0.028
0. 147+0.027
0.233+0.031
0.232+0.030
0.256+0.032
0.321+0.039
0.410+0.041
0.507+0.049
0.515+0.045
0.740+0.061
0.872+0.054

1.08+0.07
1.42+0.08
1.72+0.08
2.39+0.11
3.2420. 14
4.37+0.19
6.32+0.26
9.67+0.37
11.9+0.46
3.21+0.16

0.490+0.01

PEP 5 detector

0.007+0.003
0.021+0.006
0.051+0.012
0.053+0.012
0.049+0.011
0.075+0.016
0. 115+0.023
0. 129+0.025
0. 141+0.027
0.201+0.037
0.217+0.030
0.257+0.034
0.283+0.037
0.321+0.041
0.418+0.044
0.475+0.049
0.51520.048
0.761+0.067
0.916+0.062

1.08+0.07
1.41+0.09
1.74+0.09
2.47+0.12
3.26+0.15
4.52+0.20
6.48+0.27
9.91+0.38
11.5+0.45
3. 11+0.16

0.489+0.01

Upgraded detector

0.006+0.006
0.022+0.012
0.022+0.012
0.040+0.017
0.069+0.023
0.110+0.032
0.08860.027
0. 148+0.039
0. 180+0.045
0. 109+0.031
0.282+0.052
0. 197+0.041
0.219+0.044
0.322+0.057
0.396+0.061
0.587+0.079
0.516+0.069
0.705+0.085
0.792+0.083

1.10+0.10
1.44+0.12
1.69+0.13
2.26+0.15
3.21+0.20
4. 14+0.24
6. 10+0.31
9.35+0.44
12.5+0.57
3.40+0.21

0.491+0.01

leading-logarithmic evolution for the parton showering
including soft-gluon interference.

As the first step, N, „Monte Carlo events were gen-
erated at fixed E, =29 GeV without QED radiative
effects These . events yield the distributions n,„(x)of all

long-lived particles (E—,KL, n, p+—, e +—
, y. , p, p, n, n,

and v) produced either at the primary vertices or from
the decays of all short-lived particles such as Kz, strange

baryons, resonances, and particles containing charm and
bottom quarks. For distributions of quantities which de-
pend on the particle masses the actual masses of the par-
ticles are used.

For the second step, events were generated including
QED radiative effects and traced through either the
PEP 5 or the upgraded detector. Energy loss, multiple
scattering, photon conversion, and nuclear interactions

102

Ioi

Z(l—
~iD OO—(z

IO-I

I
(

I

~ Mark g
Lund Shower

I 02

IOI

IOO—iz

IO-I

IO 2

0.5 0.6 0.7 0.8
THRUST

0.9 I.O

IO 2

0 O. I 0.2 0.3
MINOR VALUE

0.4

FIG. 13. The thrust distribution in comparison with the
models.

FIG. 14. The minor-value distribution in comparison with

the models.



10 A. PETERSEN et al. 37

TABLE VII. The Q, -Q, distribution, (1/N)dN/d (Q2 —Q, ).

Q2-Qi

0.00—0.02
0.02—0.04
0.04—0.06
0.06—0.08
0.08—0.10
0.10-0.12
0.12-0.14
0.14-0.16
0.16-0.18
0.18-0.20
0.20—0.22
0.22-0.24
0.24-0.26
0.26-0.28
0.28-0.30
0.30-0.32
0.32-0.34
0.34-0.36
0.36-0.38
0.38-0.40
0.40-0.42
0.42-0.44
0.44-0.46

Data averaged

23.0+0.70
11.0+0.46
5.31+0.23
3. 16+0.20
1.97+0.11
1.37+0.09
1.07+0.08
0.76+0.06

0.571+0.049
0.460+0.045
0.313+0.038
0.298+0.036
0.244+0.031
0. 174+0.023
0. 167+0.022
0. 112+0.016
0.094+0.014
0.050+0.009
0.045+0.008
0.023+0.005
0.037+0.008
0.013+0.004
0.008+0.003

0.045+0.001

PEP 5 detector

22.9+0.85
11.0+0.47
5.45+0.25
3.18+0.22
2.01+0.12
1.39+0.10
1.02+0.09
0.79+0.07

0.551+0.051
0.464+0.048
0.338+0.043
0.310+0.040
0.241+0.032
0. 171+0.024
0. 164+0.024
0. 120+0.018
0.087+0.015
0.048+0.010
0.059+0.011
0.029+0.007
0.037+0.008
0.013+0.004
0.007+0.003

0.045+0.001

Upgraded detector

23. 1+0.99
10.9+0.52
5 ~ 14+0.28
3.12+0.24
1.91+0.15
1.35+0.13
1.16+0.12
0.72~0.09

0.619+0.078
0.452+0.066
0.277+0.051
0.277+0.051
0.252+0.048
0. 180+0.039
0. 174+0.038
0.097+0.027
0. 123+0.031
0.058+0.020
0.026+0.013
0.013+0.009
0.039+0.016
0.013+0.009
0.013+0.009

0.044+0.001

in the material of the detector, as well as decays, were
taken into account. This information was then convert-
ed 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 programs used
for the two samples of real data. The accepted events
Nd«produce the detector particle distributions nd«(x)

The corrected distribution dn«, (x) as a function of a
variable x is then obtained from the measured distribu-

tion dn „,(x) by using a bin-by-bin correction function
C(x) (Ref. 30):

dn„, (x)=C(x)dn „,(x) .

The values of C(x) are calculated by

ns, „(x) nd„(x)
C(x)=

gen +det
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FIG. 15. The oblateness distribution in comparison with the
models.

FIG. 16. The Mb, /s distribution in comparison with the
models.
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TABLE VIII. The sphericity distribution, (1/N)dX/dS.

Sphericity

0.00—0.02
0.02—0.04
0.04-0.06
0.06-0.08
0.08-0.10
0.10-0.12
0.12-0.14
0.14-0.16
0.16-0.18
0.18—0.20
0.20—0.22
0.22-0.24
0.24-0.26
0.26-0.28
0.28 —0.30
0.30—0.32
0.32-0.34
0.34-0.36
0.36—0.38
0.38-0.40
0.40—0.42
0.42—0.44
0.44—0.46
0.46-0.48
0.48-0.50
0.50-0.52
0.52—0.54
0.54-0.56
0.56—0.58
0.58-0.60
0.60-0.62
0.62-0.64
0.64-0.66
0.66—0.68
0.68—0.70
0.70—0.72
0.72—0.74
0.74—0.76
0.76-0.78
0.78-0.80

(s&

Data averaged

1.54+0.10
6.79+0.34
8.09+0.32
6.54+0.25
4.99+0.20
3.81+0.16
2.90+0.15
2.44+0.14
1.90+0.11
1.61+0.09
1.34+0.09
1.03+0.07

0.982+0.080
0.738+0.061
0.680+0.057
0.581+0.055
0.504+0.049
0.403+0.040
0.365+0.040
0.358+0.040
0.329+0.040
0.227+0.029
0.249+0.031
0.160+0.021
0. 179+0.024
0. 171+0.023
0.155+0.021
0. 133+0.019
0. 122+0.017
0.082+0.013
0.09120.014
0.091+0.014
0.079+0.012
0.043+0.008
0.042+0.008
0.038+0.008
0.022+0.005
0.018+0.004
0.014+0.004
0.013+0.004

0. 12920.004

PEP 5 detector

1.43+0.11
6.62+0.33
7.83+0.31
6.71+0.26
5.09+0.21
3 ~ 92+0.17
3.06+0.17
2.41+0.14
2.01+0.12
1.69+0.10
1.34+0.10
1.11%0.08

0.935+0.079
0.857+0.073
0.696+0.061
0.618+0.062
0.515+0.053
0.435+0.046
0.364+0.043
0.336+0.040
0.312+0.040
0.220+0.030
0.251+0.033
0.227+0.031
0. 176+0.025
0. 160+0.023
0. 166+0.024
0. 125+0.019
0. 125+0.019
0.081+0.014
0.094+0.015
0.081+0.014
0.090+0.015
0.041+0.009
0.038+0.008
0.038+0.008
0.021+0.006
0.031+0.007
0.013+0.005
0.013+0.005

0. 130+0.004

Upgraded detector

1.75+0.15
7.06+0.42
8.53+0.40
6.28+0.32
4.82+0.26
3.65+0.21
2.69+0.19
2.49+0.18
1.75+0.14
1.47+0.13
1.32+0.13
0.92+0.10

1.08420.116
0.607+0.077
0.652+0.081
0.529+0.073
0.484+0.069
0.355+0.056
0.368+0.060
0.420+0.066
0.368+0.062
0.245+0.047
0.245+0.047
0. 104+0.028
0. 187+0.040
0.206+0.042
0. 136+0.033
0.161+0.037
0. 116+0.030
0.084+0.025
0.084+0.025
0. 155+0.036
0.058+0.020
0.058+0.020
0.071+0.023
0.039+0.016
0.032+0.015
0.007+0.006
0.019+0.011
0.013+0.009

0. 128+0.004
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FIG. 17. The M,&/s distribution in comparison with the
models.

FIG. ].8. The (M~, —M„)/s distribution in comparison with
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TABLE IX. The thrust distribution, (1/N)dN/dT.

Thrust

0.56—0.58
0.58—0.60
0.60—0.62
0.62—0.64
0.64—0.66
0.66-0.68
0.68-0.70
0.70-0.72
0.72-0.74
0.74-0.76
0.76-0.78
0.78-0.80
0.80-0.82
0.82-0.84
0.84-0.86
0.86-0.88
0.88-0.90
0.90-0.92
0.92-0.94
0.94-0.96
0.96—0.98
0.98-1.00

Data averaged

0.001+0.001
Q.001+0.001
0.015+0.005
0.053+0.013
0. 125+0.027
0. 195+0.039
0.286+0.055
0.344+0.052
0.514+0.063
0.646%0.067
0.930+0.095

1.1520.09
1.45+0.08
1.92+0.11
2.67+0.12
3.91+0.16
5.83+0.22
8. 19+0.24
9.88+0.36
8. 17+0.)8
3.56+0.29
0.39+0.07

PEP 5 Detector

0.002+0.002
0.003+0.002
0.013+0.005
Q. Q50+0.013
0.113+0.025
0.222+0.045
0.301+0.059
0.375+0.058
0.555+0.069
0.667%0.071
0.947+0.098

1.14+0.09
1.46+0.09
2.03+0.12
2.65+0.12
4.28+0.18
6.21+0.24
8.36+0.25
9.67+0.39
7.69+0.36
3.45+0.28
0.35+0.06

Upgraded detector

0.001+0.001
0.001+0.001
0.027+0.015
0.061+0.024
0. 183+0.054
0. 163+0.049
0.265+0.068
0.305&0.064
0.461+0.078
0.615+0.089
0.905+0.12

1.15+0.12
1.43+0.12
1.76+0.14
2.72+0.17
3.43+0.20
5.33+0.28
7.91+0.32

10.16+0.45
8.91+0.45
3.72+0.35
0.51+0.11

&& —T) 0. 103+0.004 0. 105+0.004 0. 101+0.004

For most of the distributions C(x) varies between 0.7
and 1.4 with the values being closer to unity for the up-
graded detector than for the PEP 5 detector. The
correction factors for each of the two samples are aver-
aged between the results of the different models, but a
higher weight is given to those models which describe

the uncorrected data best. The differences between the
averaged value and those of the different models are tak-
en as measures of the systematic uncertainty in the
corrections. The errors shown for the corrected distri-
butions contain the quadratic sum of the statistical error
of the data and the systematic error in the correction.

TABLE X. The minor-value distribution, (1/N)dN/dM.

Minor

0.00-0.02
0.02-0.04
0.04-0.06
0.06-0.08
0.08-0.10
0.10-0.12
0.12-0.14
0.14-0.16
Q. 16-0.18
0.18—0.20
0.20—0.22
0.22-0.24
0.24—0.26
0.26—0.28
0.28 —0.30
0.30—0.32
0.32—0.34
0.34—0.36
0.36—0.38
0.38—0.40

(M)

Data averaged

0.009+0.003
Q. 067+0.013
0 AAA +0 Q48

1.86+0.13
4.53+0.21
7.26+0.23
8.42+0.26
7.96+0.24
6.38+0.20
4.63+0.15
3.25+0.14
2.20+0.10
1.39+0.08

0.801+0.064
0.437+0.047
0.279+0.034
0. 159+0.022
Q.091+0.014
0.057+0.010
Q.035+0.007

0. 153+0.005

PEP 5 detector

0.008+0.003
0.074+0.014
0.416+0.046

1.80+0.13
4.35+0.20
7. 19+0.24
8.25+0.26
8.07+0.25
6.67+0.21
4.83+0.16
3.37+0.15
2.30+0.11
1.39+0.08

0.829+0.069
0.453+0.050
0.279+0.036
0. 160+0.023
0.095+0.015
0.059+0.011
0.038+Q.008

0. 154+0.005

Upgraded detector

0.012+0.006
Q. 057+0.018
0.508+0.071

1.95+0.17
4.89+0.28
7.40+0.32
8.72+0.35
7.77+0.32
5.93+0.27
4.29+0.21
3.05+0.19
2.03+0.14
1.39+0.12

Q. 753+0.089
0.409+0.065
Q. 277+0.052
Q. 156+0.035
0.081+0.024
Q. 052+0.018
0.029+0.013

0. 151+0.005
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TABLE XI. The oblateness distribution, (1/N)dN/do.

Oblateness

0.00-0.02
0.02—0.04
0.04—0.06
0.06—0.08
0.08—0.10
0.10-0.12
0.12-0.14
0.14-0.16
0.16-0.18
0.18-0.20
0.20—0.22
0.22-0.24
0.24-0.26
0.26-0.28
0.28-0.30
0.30-0.32
0.32-0.34
0.34-0.36
0.36-0.38
0.38—0.40

(o)

Data averaged

4.05+0.25
8.26+0.45
9.02+0.35
7.70+0.24
5.88+0.20
4.23+0.24
2.81+0.23
2. 17+0.13
1.56+0.10
1.07+0.08

0.773+0.071
0.559+0.061
0.501+0.055
0.347+0.039
0.268+0.034
0.230+0.033
0. 144+0.022
0. 106+0.016
0.084+0.014
0. 162+0.024

0.086%0.004

PEP 5 detector

3.90+0.25
7.98+0.44
9.10+0.35
7.75+0.25
5.96+0.21
4.34+0.25
2.94+0.24
2. 19+0.14
1.56+0.10
1.12+0.09

0.886+0.083
0.609+0.067
0.487+0.055
0.410+0.047
0.309+0.040
0.234+0.034
0. 150+0.023
0. 147+0.023
0.079+0.014
0. 192+0.029

0.087+0.004

Upgraded detector

4.31+0.32
8.67+0.53
8.91+0.42
7.60+0.32
5.76+0.27
4.09+0.27
2.68+0.24
2. 13+0.17
1.55+0.13
1.01+0.10

0.660+0.083
0.501+0.072
0.527+0.075
0.281+0.048
0.222+0.043
0.22420.045
0. 133+0.031
0.071+0.021
0. 102+0.027
0. 128+0.031

0.083+0.004

VII. COMPARISON OF DATA FROM THE PEP 5
AND THE UPGRADED DETECTOR

Despite the differences in the instrumentation of the
PEP 5 and upgraded detectors, the corrected distribu-
tions of the two sets of data taken agree remarkably
well. The X /DF scatter is close to unity for all correct-
ed distributions. The largest deviation is visible in the
thrust distribution [Fig. 2(a)) with a 1 /DF of 1.5. The
ratio (PEP 5 detector —upgraded detector)/(PEP 5
detector + upgraded detector) for the thrust distribution,
shown in Fig. 2(b), does not indicate any obvious sys-
tematic shift. As an example of the typical agreement
between the two data sets we show the distributions for
the sphericity in Figs. 3(a) and 3(b). Taking a close look
at the comparison, the upgraded data might indicate

slightly slimmer event shapes. The average p~ (pj ) (see
Tables XVI and XV) are 5 MeV/c [5 (MeV/c) ] smaller
and the average sphericity (see Table VIII) is 1.5%
smaller for the upgrade than for the PEP 5 data, but
these deviations lie within the quoted errors. The in-
tegrals over the different inclusive charged-particle dis-
tributions (such as x, rapidity, p~, and particle liow),
which give the average charged multiplicity, vary be-
tween 12.84 and 12.96. For the two samples, the result-
ing multiplicity is on the average 0.05 higher for the new
data than for the old, but this difference is smaller than
the resulting errors.

Because of the good agreement between the two sets
of data, we have combined them into one set by averag-
ing the two values weighted by their errors. The new to-
tal error is calculated as the inverse quadratic sum of the
statistical errors of the two data sets, and the systematic
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FIG. 19. The p& distribution of charged particles with
respect to the sphericity axis in comparison with the models.

FIG. 20. The p j distribution of charged particles with
respect to the sphericity axis in comparison with the models.
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TABLE XII. The invariant mass squared of the broad jet, (1!N)dN/d (M~, /s ).

Mb'. /s

0.00—0.01
0.01—0.02
0.02—0.03
0.03—0.04
0.04—0.05
0.05—0.06
0.06—0.07
0.07-0.08
0.08—0.09
0.09-0.10
0.10-0.11
0.11-0.12
0.12-0.13
0.13-0.14
0.14-0.15
0.15-0.16
0.16-0.17
0.17-0.18
0.18-0.19
0.19—0.20
0.20—0.21
0.21—0.22
0.22-0.23
0.23-0.24
0.24—0.25
0.25-0.26
0.26-0.27
0.27-0.28
0.28—0.29
0.29-0.30
0.30—0.31
0.31-0.32
0.32-0.33
0.33-0.34

(Mh, /s )

Data averaged

0. 19+0.05
1.13+0.32
3.93+0.57
8.95+0.71
13.1+0.77
13.4+0.59
12.4+0.62
9.93+0.58
7.86+0.48
6. 11+0.43
4.42+0.35
3.65+0.31
2.93+0.26
2.25+0.20
1 ~ 95+0.18
1.42+0.14
1.29+0.12

0.964+0.096
0.819+0.084
0.592+0.065
0.464+0.053
0.469+0.053
0.314+0.040
0.280+0.037
0.209+0.030
0. 145+0.024
0. 112+0.021
0.069+0.014
0.068+0.015
0.056+0.014
0.049+0.013
0.043+0.012
0.023+0.009
0.018+0.008

0.078+0.003

PEP 5 detector

0. 15+0.06
1.13+0.32
3.89+0.56
7.56+0.74
12.1+0.83
13.2+0.87
13.1+0.86
10.7+0.67
8.55+0.53
6.38+0.50
4.68+0.39
3.92+0.34
2.90+0.26
2.33+0.22
1.9920.19
1.46+0.14
1.28+0.13

0.939+0.10
0.821+0.087
0.595+0.069
0.455+0.056
0.519+0.061
0.307+0.042
0.281+0.039
0.229+0.035
0. 157+0.028
0. 112+0.023
0.060+0.016
0.076+0.018
0.052+0.015
0.057+0.015
0.041+0.013
0.026+0.010
0.019+0.009

0.080+0.003

Upgraded detector

0.26+0.09
1.14+0.46
3.99+0.62
11.2+0.93
14.3+0.93
13.6+0.92
11.720.87
9.10+0.70
7.04+0.57
5.76+0.57
4. 11+0.43
3.33+0.36
2.97+0.33
2. 14+0.26
1.89+0.24
1.37+0.19
1.30+0.18

1.02760.16
0.815+0.13
0.587+0.11
0.490+0.10
0.374+0.084
0.342+0.080
0.277+0.071
0. 163+0.053
0. 114%0.044
0. 114+0.044
0.196+0.059
0.049+0.028
0.082+0.037
0.032+0.023
0.049+0.028
0.017+0.016
0.017+0.016

0.077+0.003

TABLE XIII. The invariant mass squared of the slim jet, (1/N)dN/d (M, ~
/s ).

M, i /s

0.00-0.01
0.01—0.02
0.02—0.03
0.03—0.04
0.04—0.05
0.05—0.06
0.06—0.07
0.07—0.08
0.08—0.09
0.09—0.10
0.10-0.11
0.11-0.12
0.12-0.13
0.13-0.14
0.14-0.15
0.15-0.16

(M i/s )

Data averaged

4. 17+0.63
14.1+1.3
21.6+1.2
21.6+1.1
13.7+0.83
10.2+0.61
6.23+0.37
3.38+0.29
2. 16+0.20
1.25+0.12

0.724+0.095
0.507+0.071
0.254+0.043
0.091+0.018
0.038+0.012
0.033+0.012

0.039+0.002

PEP 5 detector

3.95+0.77
14.9+1.5
20.7+1.4
21.2+1.2
13.8+0.9
11.2+0.7
6.72+0.41
3.63+0.32
2.28+0.21
1.27+0.13

0.775+0.11
0.517+0.077
0.270+0.048
0. 182+0.038
0.053+0.018
0.042+0.016

0.039+0.002

Upgraded detector

4.41+0.81
13.3+1.5
22.6+1.5
22.0+1.3
13.6+1.0
9.03+0.74
5.54+0.51
3.02+0.38
1.95+0.28
1.19+0.20

0.632+0.14
0.482+0.12
0.218+0.072
0.03920.028
0.020+0.020
0.020+0.019

0.038+0.002
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TABLE XIV. The mass-squared difference of the broad and slim jet, ( I /N)dN/d [(Mb, —M,', )Is].

(Mt„—M, ) )/s

0.00—0.01
0.01—0.02
0.02—0.03
0.03—0.04
0.04—0.05
0.05 —0.06
0.06-0.07
0.07-0.08
0.08—0.09
0.09—0.10
0.10-0.11
0.11-0.12
0.12-0.13
0.13-0.14
0.14-0.15
0.15-0.16
0.16-0.17
0.17-0.18
0.18-0.19
0.19—0.20
0.20—0.21
0.21-0.22
0.22-0.23
0.23 —0.24
0.24 —0.25
0.25 —0.26
0.26-0.27
0.27-0.28
0.28 —0.29
0.29-0.30
0.30-0.31
0.31-0.32
0.32-0.33
0.33—0.34

((Mb, —M', I)/s)

Data averaged

19.9+0.46
17.7+0.41
14.4+0.46
11.6+0.37
8.65+0.29
6.45+0.28
5.00+0.31
3.64+0.26
2.61+0.20
2. 17+0.17
1.66+0.15
1.23+0.12

0.964+0.099
0.811+0.092
0.634+0.074
0.516+0.062
0.338+0.043
0.320+0.042
0.273+0.037
0. 197+0.029
0. 168+0.024
0. 166+0.026
0. 154+0.024
0.083+0.016
0.070+0.014
0.038+0.010
0.040+0.010
0.025+0.008
0.012+0.006
0.030+0.008
0.014+0.006
0.021+0.007
0.006+0.003
0.010+0.005

0.040+0.002

PEP 5 detector

19.3+0.47
17.2+0.42
14.7+0.48
11.8+0.39
8.97+0.30
6.79+0.30
4.95+0.31
3.85+0.28
2.78+0.21
2.27+0.18
1.65+0.15
1.20+0.13

0.949+0.11
0.867+0.11
0.596+0.077
0.499+0.066
0.369+0.052
0.310+0.045
0.279+0.041
0. 191+0.031
0.241+0.037
0. 160+0.027
0. 144+0.025
0.097+0.019
0.063+0.015
0.034+0.011
0.046+0.013
0.022+0.008
0.012+0.006
0.043+0.012
0.014+0.007
0.020+0.008
0.005+0.004
0.009+0.005

0.040+0.002

Upgraded detector

21.2+0.69
18.9+0.63
13.9+0.60
11.2+0.51
8.06+0.41
5.92+0.37
5.07+0.40
3.37+0.32
2.39+0.25
2.02+0.22
1.67+0.20
1.29+0.18

0.992+0.15
0.734+0.12
0.734+0.12
0.557+0.10
0.285+0.069
0.353+0.078
0.258+0.065
0.217+0.058
0.095+0.037
0. 190+0.054
0.204+0.056
0.054+0.028
0. 136+0.045
0.082+0.034
0.027+0.019
0.041+0.024
0.000+0.000
0.014+0.014
0.014+0.014
0.027+0.019
0.027+0.019
0.014+0.014

0.040+0.002

error from the correction factors is added quadratically.
Tables V —XXII contain the averaged data values

along with those from the PEP 5 and upgraded detectors
separately. In the discussions which follow, we will al-
ways use the averaged data sets.

Comparisons of these data with results from TASSQ '

and HRS Collaborations are given in Figs. 4—8 for the
sphericity, thrust, p ~, particle x, and rapidity. The
agreement with the TASSO results is fairly good, taking
into account that their data are taken at E, =34 GeV.
The differences between the distributions are in the
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TABLE XV. The transverse-momentum-squared distribution with respect to the sphericity axis,
( 1/o„, )do /dp', [(GeV/c) '].

pi [(GeV/c)'1

0.0—0. 1

0.1 —0.2
0.2—0.3
0.3—0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
1.0-1.1

1.1-1.2
1.2-1.3
1.3-1.4
1.4-1.5
1.5-1.6
1.6—1.7
1.7—l. 8
1.8-1.9
1.9-2.0
2.0-2. 1

2.1-2.2
2.2—2.3
2.3-2.4
2.4-40

(p f ) [(GeV/c)']

Data averaged

65.4+0.55
23.3+0.23
12.0+0.23
7.26+0.14
4.71+0.14
3.29+0.10
2.31+0.071
1.71+0.069
1.29+0.053
1.03+0.043

0.825+0.042
0.671+0.035
0.548+0.029
0.454+0.024
0.381+0.024
0.342+0.024
0.292+0.024
0.241+0.022
0.208+0.019
0. 189+0.017
0. 166+0.015
0. 144+0.014
0. 128+0.012
0. 121%0.012
1.433+0.117

0.255+0.007

PEP 5 detector

65.3+0.56
23.3+0.23
11.7+0.23
7.28+0.15
4.72+0.14
3.25+0.10
2.36+0.07
1.69+0.07
1.29+0.054
1.05+0.045

0.857+0.045
0.691+0.037
0.557+0.031
0.501+0.028
0.396+0.026
0.371+0.028
0.292+0.025
0.244+0.023
0. 190+0.019
0. 189+0.019
0. 177+0.017
0.154+0.016
0.122+0.013
0. 127+0.013
1.470+0.126

0.258+0.007

Upgraded detector

65.5+0.67
23.4+0.29
12.3+0.26
7.23+0.17
4.69+0.16
3.33+0.12
2.25+0.09
1.74+0.08
1.28+0.064
1.00+0.053

0.786%0.050
0.644+0.043
0.534+0.037
0.400+0.030
0.360+0.030
0.309+0.029
0.293+0.030
0.236+0.027
0.248+0.028
0. 188+0.023
0. 152+0.020
0. 131+0.018
0. 140+0.018
0. 111+0.016
1.399+0.122

0.253+0.007

TABLE XVI. The transverse-momentum distribution with respect to the sphericity axis,
(1/a„, )der/dpi [(GeV/c) '].

pi (GeV/c)

0.0-0. 1

0.1-0.2
0.2—0.3
0.3-0.4
0.4-0.5

0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
1.0—1.1

1.1-1.2
1.2-1.3
1.3—1.4
1.4—1.5
1.5 —1.6
1.6—1.7
1.7—1.8
1.8—1.9
1.9—2.0
2.0—2. 1

2.1 —2.2
2.2-2.3
2.3—2.4
2.4—10

(p, ) (GeV/c)

Data averaged

13.3+0.19
24. 5+0.41
24. 3+0.43
19.6%0.35
14.2+0.26
9.90+0.28
6.76+0.19
4.69+0.14
3.14+0.094
2. 14+0.066
1.52+0.062
1.07+0.045

0.808+0.035
0.576+0.026
0.431+0.024
0.329+0.019
0.262+0.020
0.202+0.015
0. 154+0.015
0. 122+0.013
0.093+0.010
0.081+0.009
0.058+0.007
0.042+0.005
0.216+0.021

0.392+0.004

PEP 5 detector

13.4+0.20
24.6+0.41
24.2+0.43
19.3+0.35
14.0+0.26
9.93+0.28
6.84+0.20
4.75+0.14
3.16+0.10
2. 19+0.07
1.59+0.066
1.15+0.050

0.835+0.038
0.564+0.027
0.451+0.026
0.349+0.021
0.253+0.020
0. 195+0.016
0. 163+0.017
0. 130+0.015
0.088+0.011
0.076+0.010
0.063+0.008
0.048+0.007
0.222+0.024

0.394+0.004

Upgraded detector

13.3+0.26
24.4+0.48
24.5+0.50
19.8+0.41
14.4+0.31
9.85+0.31
6.66+0.21
4.61+0.16
3.12+0.11
2.08+0.08
1.45+0.07

0.980+0.053
0.771+0.044
0.599+0.037
0.402+0.031
0.301+0.025
0.279+0.027
0.216+0.023
0. 143+0.019
0. 112+0.017
0.106+0.016
0.090+0.014
0.050+0.010
0.033+0.008
0.208+0.026

0.389+0.004
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TABLE XVII. The momentum distribution out of the event plane, ( I/cr„, )do /dpi"' [(GeV/c) '].

pi"' (GeV/c)

0.0-0.1

0.1-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7-0.8
0.8-0.9
0.9-1.0
1.0- 1.1
1.1-1.2
1.2- 1.3
1.3-1.4
1.4- 1.5
1.5-1.6

(p;"') (GeV/c)

Data averaged

47.2+0.81
34.5+0.61
21.8+0.39
12.4+0.22
6.45+0.12
3.24+0.09
1.59+0.058

0.790+0.037
0.397+0.020
0.212+0.015
0. 107+0.011
0.058+0.008
0.030%0.005
0.020+0.004
0.012+0.003
0.00620.002

0. 190+0.006

PEP 5 detector

46.8+0.80
34. 1+0.61
21.7+0.39
12.5+0.23
6.48+0.12
3.32+0.092
1.61+0.061

0.807+0.039
0.392+0.022
0.219+0.016
0. 109+0.012
0.060+0.009
0.032+0.006
0.020+0.004
0.012+0.003
0.008+0.002

0. 191+0.006

Upgraded detector

47.8+0.92
35.0+0.69
21.9+0.44
12.3+0.26
6.41+0.15
3.14+0.11
1.55+0.073

0.765+0.048
0.406+0.031
0.200+0.021
0. 104+0.016
0.054+0.012
0.026+0.007
0.020+0.006
0.010+0.004
0.004+0.002

0. 188+0.006

direction predicted by the models for such an energy
difference. There are some deviations between our data
and the HRS results. The differences at very high
thrust and low sphericity might result from somewhat
higher background contamination, since they make less
stringent cuts. For the pi distribution in Fig. 6, one has
to take into account that HRS and TASSO calculate the

pi relative to the thrust axis rather than to the spherici-
ty axis.

VIII. COMPARISON OF THE DATA
WITH THE MODELS

The averaged distributions of the data are shown in
Figs. 9-26 and compared with the predictions of the
Lund MA, Lund shower, CALTECH II, and Webber mod-
els.

The Lund MA model underestimates the tails of the
aplanarity (Fig. 9), the minor value (Fig. 14), and the

TABLE XVIII. The transverse-momentum distribution in the event plane with respect to the
sphericity axis, (I/o„, )do /dpi" [(GeV/c) '].

p,'" (GeV/c)

0.0—0. 1

0.1 —0.2
0.2-0.3
0.3—0.4
0.4—0.5
0.5-0.6
0.6-0.7
0.7—0.8
0.8-0.9
0.9—1.0
1.0—1.1

1.1-1.2
1.2—1.3
1.3—1.4
1.4—1.5
1.5-1.6
1.6—1 ~ 7
1.7—1.8
1.8—1 ~ 9
1.9—2.0
2.0—2. 1

2.1 —2.2
2.2—2.3
2.3—2.4
2.4—10

(pj" ) (GeV/c)

Data averaged

35.8+0.56
27.5+0.47
19.5+0.35
13.4%0.25
9.39+0.18
6.53X0.13
4.42+0.093
3.24+0.098
2.27+0.071
1.5920.065
1.18+0.049
0.87+0.037
0.67+0.029

0.477+0.022
0.365+0.020
0.284+0.018
0.221 +0.017
0. 186+0.016
0. 129+0.013
0. 113+0.012
0.081+0.009
0.072+0.008
0.054+0.007
0.041+0.005
0.201+0.020

0.302+0.008

PEP 5 detector

36.0%0.56
27.5+0.47
19.2+0.35
13.3+0.25
9.27+0.18
6.47+0.13
4.42+0.10
3.21+0.10
2.27+0.073
1.61+0.068
1.23+0.053

0.905+0.041
0.673+0.032
0.460+0.023
0.375+0.023
0.290+0.021
0.217+0.018
0. 183+0.017
0. 136+0.015
0. 115+0.014
0.079+0.010
0.068+0.009
0.058+0.008
0.044+0.006
0.210+0.023

0.304+0.008

Upgraded detector

35.7+0.67
27.5+0.55
19.8+0.41
13.5+0.29
9.57+0.22
6.60+0.16
4.43+0.12
3.2720.12
2.27+0.086
1.57+0.076
1.13+0.058

0.823+0.046
0.665+0.040
0.512+0.033
0.351+0.028
0.276+0.025
0.228+0.024
0. 190+0.022
0. 120+0.017
0. 110+0.016
0.086+0.014
0.082+0.013
0.049+0.010
0.037+0.008
0. 191+0.024

0.299+0.008
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TABLE XIX. The scaled momentum distribution, (1/o.
$ t)do'/dxp with x, =2p/&s.

0.00—0.05
0.05—0.10
0.10-0.15
0.15—0.20
0.20—0.25
0.25 —0.30
0.30—0.35
0.35—0.40
0.40—0.45
0.45 —0.50
0.50—0.55
0.55—0.60
0.60—0.65
0.65 —0.70
0.70—0.75
0.75-0.80
0.80—0.85
0.85 —0.90
0.90-0.95
0.95—1.00

Data averaged

115.4+ 1.84
65. 1+1.16
31.6+0.58
17.5+0.34
10.4+0.21
6.29+0.13
4.07+0.093
2.76+0.068
1.80+0.063
1.18+0.044

0.810+0.039
0.515+0.031
0.347+0.023
0.227+0.020
0. 167+0.020
0. 104+0.016
0.062+0.013
0.025+0.007
0.013+0.005
0.012+0.006

0.092+0.004

PEP 5 detector

116.2+ 1.87
64.9+1.17
31.2+0.59
17.3+0.34
10.3+0.21
6.20+0.14
4.04+0.097
2.71+0.072
1.79+0.066
1.16+0.047

0.782+0.040
0.535+0.034
0.348+0.025
0.244+0.022
0. 161+0.021
0.096+0.016
0.074+0.016
0.027+0.009
0.019+0.009
0.028+0.014

0.092+0.004

Upgraded detector

114.4+2.08
65.4+ 1.31
32.0+0.68
17.7+0.41
10.6+0.27
6.47+0.19
4. 14+0.14
2.86+0.11
1.82+0.089
1.22+0.068

0.872+0.060
0.484+0.044
0.345+0.035
0.201+0.027
0. 179+0.028
0. 120+0.024
0.052+0.014
0.023+0.009
0.010+0.006
0.010+0.006

0.093+0.004

p~"' distributions (Fig. 21). These indicate that the num-

ber of four and higher parton events is not well account-
ed for. The inclusive particle distribution in x (Fig. 23)
is slightly overestimated in the region 0.3 &x &0.7. The
thrust distribution (Fig. 13), which is often difficult to
describe, is well described by this model. The study
showed that the (M b„—M „)/s distribution (Fig. 18) is

quite sensitive to the value of the scale parameter A and
relatively insensitive to other parameters, including
whether string or independent fragmentation is used.
All the other distributions are fairly well described. For
50000 simulated events the sum of 7 of all distributions
is 1230 using 450 data points.

The CALTECH II model describes the data less well. It
has a sum of 7 of 6830 for the same comparison. The
number of events with high aplanarity is overestimated.
For the sphericity, thrust, minor value, Mb„/s, and

M, ~
/s distributions (Figs. 12—14, 16, and 17) it produces

too many events with very low values, too few with
medium values around the peak of the distributions, and
again too many with very high values. A change in the
A value does not result in better overall agreement. It
might be that the two fragmentation schemes, string
breaking and cluster decays, used successively in this
model lead to a higher probability of extreme event
shapes. The particle and energy flow (Figs. 25 and 26)
are more populated around 20' and less in the region
perpendicular to the sphericity axis.

For the rapidity (Fig. 24) the model predicts rather a
deeper dip at y=0 and a higher peak at y =1.5. It is in-
teresting that the rapidity distributions for the four mod-
els look quite different close to zero. Although all three
parton-shower models take the interference effects into
account, they give different predictions for the form of
the dip. Problems similar to those described here have
also been found in comparisons with other published
data by the authors of the model.
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FIG. 23. The charged-particle x distribution in comparison

with the models.
FIG. 24. The rapidity distribution of charged particles with

respect to the thrust axis in comparison with the models.
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Trying to understand the problems of the CALTECH II
model, we implemented the Lund parton shower or the
Lund fragmentation in the CALTECH II model. The com-
bination of the CALTECH II parton shower with the Lund
string fragmentation improved the agreement with the
data, but, for example, the higher rates with very low
and high thrust still remain, indicating that some of the
problems, in particular the overestimation of the number
of nearly spherical events, originate in the CALTECH II
parton-shower model. One surprising feature of the
model is that the average number of final quarks of 2.73
is roughly as large as the number of gluons with 2.69 per
event in the parton shower.

The use of the Lund parton shower with the
CALTECH II hadronization results in better agreements
than the previous combination. For this combination
the resulting distribution at low thrust describes the data
reasonably well, but the peak at high thrust is still shift-
ed to higher values than measured. Other distributions
also indicate that the hadronization of the partons does
not seem to be broad enough for pencil-like jets.

The new version of the Webber model gives a good
reproduction of the data in Q2 —Q, (Fig. 11) which are
quite sensitive to hard-gluon radiation. The older ver-
sion 2.0 substantially underestimated the high Q2 —Q~
tail. The new version still overestimates the number of
events with high thrust, low minor value, low Mb, /s,
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((Mb, —M„)/s) as a function or E, in comparison with
PLUTO and JADE results and the model predictions.
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TABLE XX. The rapidity distribution, (1/cr„, )der/dy (folded around y =0).

Rapidity

0.00-0.25
0.25-0.50
0.50-0.75
0.75-1.00
1.00-1.25
1.25-1.50
1.50-1.75
1.75-2.00
2.00-2.25
2.25-2.50
2.50-2.75
2.75-3.00
3.00-3.25
3.25-3.50
3.50-3.75
3.75-4.00
4.00-4.25
4.25-4.50
4.50-4.75
4.75-5.00

Data averaged

4.35%0.058
4.86+0.071
4.96+0.080
5. 14+0.092
5. 16+0.097
5. 12+0.097
4.88+0.093
4.42+0.086
3.86+0.075
3.03+0.061
2.2420.067
1.48+0.046

0.930+0.031
0.530+0.019
0.279%0.014
0. 13820.010
0.05720.006
0.023+0.003
0.010+0.002
0.004+0.001

PEP 5 detector

4.42+0.062
4.87+0.074
4.99+0.082
5. 1020.092
5. 16+0.098
5. 14+0.099
4.93+0.096
4.3620.086
3.87+0.077
2.96+0.061
2.20%0.067
1.47+0.046

0.917+0.031
0.535+0.020
0.279+0.014
0. 134+0.010
0.059%0.007
0.023+0.003
0.011+0.002
0.004+0.001

Upgraded detector

4.23+0.081
4.85+0.093
4.92+0.10
5. 18+0.11
5. 15+0.11
5. 10+0.11
4.8320.11
4.50+0.10
3.84+0.092
3.13+0.078
2.31+0.084
1.49+0.059

0.953+0.041
0.521+0.025
0.279+0.019
0. 148+0.015
0.055+0.008
0.024+0.005
0.009+0.002
0.003+0.001

tion (Fig. 23) lies above the data for large x. The sum of
is 2870, which is half way between the Lund model

and the CALTECH II model.
To see whether these problems come more from the

parton-shower scheme of the model or the hadroniza-
tion, we used only the parton shower of the Webber
model. Instead of breaking each gluon into a qq pair,
the Lund string was stretched from a quark via the
gluons to the antiquark and this string then fragmented
according to the Lund model. With this scheme we
achieved much better agreement with the data (roughly
as well as with the Lund shower model) than with the
original version. But the cutoff for further parton evolu-
tion (ms ) has then to be reduced to 0.6 GeV, the lowest
possible value for the generator. These factors indicate
that the problems in the Webber model may be due
more to the hadronization side.

The Lund shower model gives one of the best descrip-
tions of the data, indicated by the sum of 7 of 960

which is the lowest value of the models used. There are
still some slight deviations in a few distributions, but
they are usually on the order of the differences between
our data and the results from other experiments. There
are some slight underestimations in the g„ thrust, and

Mb, /s distributions (Figs. 10, 13, and 16) close to the
peak values, and the x distribution (Fig. 23) is somewhat
higher around x =0.5.

The branching ratios of the decaying D and D+
reflect visibly on the observed distributions. We used
slightly different decay modes and branching ratios than
were originally in the version JETSET 6.3, taking into ac-
count some of the later Mark III measurements. ' With
the original version, a change of the parameters A from
0.45 to 0.5 and cr from 230 to 250 MeV is necessary to
get similar agreement with the data using the different D
decay probabilities.

An interesting point is that a low cutoff mass in the
parton shower (Qo —1.0 GeV) is needed to describe the
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data around the peaks in the global shape distributions.
It indicates that multiple-gluon radiation within an event
is important even in connection with string fragrnenta-
tion, to get a good transition between the perturbative
and nonperturbative part. An average of 4.8 gluons
and 2. 1 quarks are produced in the parton shower with
the given parameters and only 3% (3%) of the events
have no (one) gluon radiated.

IX. COMPARISON OF ENERGY BEHAVIOR
OF OBSERVABLES

The description of the data by the models at a given
c.m. energy is only one check of the underlying assump-
tions. Another check is whether the models can give the
right prediction of the energy behavior of the data
without changing the parameters. In relation to the up-
coming Z physics, it is interest to look at the extrapola-
tion of the models to the 90-GeV region. As a first step

we will look at the behavior of the average values of the
observables. To increase the sensitivity, we also include
published results of the PLUTO, TASSO, ' CELLO,
JADE, ' ' and HRS Collaborations. The average
values for some of the observables from the previous sec-
tion are given in Figs. 27 —32 as a function of E, . The
reader should keep in mind that the models are opti-
mized to the Mark II points such that deviations be-
tween other measurements and the models may occur.

For the average aplanarity, in Figs. 27(a), the results
from HRS and our measurement differ slightly. The
four models all agree at very low E, , but at high E,
the Lund MA model predicts a factor of 2 lower value
than the parton-shower models, again because of the in-
complete simulation of multiple-gluon emission. Howev-
er, the shower-model predictions also differ substantially.
The average sphericity IFig. 27(b)] of HRS and Mark II
agree well, whereas TASSO measures lower values
around 30 GeV. All models follow the trend of the data,

TABLE XXI. The charged-particle Bow with respect to the sphericity axis, (1/N)dn /d8.

8 (deg)

0.0- 5.0
5.0—10.0

10.0-15.0
15.0-20.0
20.0-25.0
25.0—30.0
30.0—35.0
35.0—40.0
40.0—45.0
45.0—50.0
50.0—55.0
55.0—60.0
60.0—65.0
65.0—70.0
70.0—75.0
75.0—80.0
80.0—85.0
85.0—90.0

(0) (deg)

Data averaged

0.213+0.002
0.326+0.003
0.305+0.003
0.254+0.005
0.210+0.004
0. 172+0.003
0. 147+0.003
0. 126+0.002
0. 114+0.002
0.099+0.002
0.090+0.002
0.084+0.002
0.079+0.001
0.076+0.002
0.072+0.002
0.069+0.002
0.069+0.002
0.067+0.002

31.7+0.6

PEP 5 detector

0.210+0.002
0.322+0.003
0.302+0.003
0.252+0.005
0.208+0.004
0. 172+0.003
0. 148+0.003
0. 129+0.002
0. 115+0.002
0. 101+0.002
0.091+0.002
0.083+0.002
0.080+0.002
0.076+0.002
0.073+0.002
0.069+0.002
0.070+0.002
0.068+0.002

31.9+0.6

Upgraded detector

0.21720.003
0.333+0.004
0.309+0.004
0.258+0.006
0.213+0.005
0. 172+0.004
0. 146+0.003
0. 122+0.003
0. 112+0.003
0.097+0.002
0.089+0.002
0.085+0.002
0.078+0.002
0.076+0.002
0.072+0.002
0.069+0.002
0.067+0.002
0.064+0.002

31.4+0.6
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TABLE XXII. The energy flow with respect to the sphericity axis, (1/N)E dn /d8.

0 (deg)

0.0- 5.0
5.0—10.0

10.0—15.0
15.0-20.0
20.0—25.0
25.0—30.0
30.0-35.0
35.0—40.0
40.0-45.0
45.0-50.0
50.0-55.0
55.0-60.0
60.0-65.0
65.0—70.0
70.0-75.0
75.0—80.0
80.0-85.0
85.0-90.0

Data averaged

1.17+0.018
1.25+0.018

0.867+0.013
0.580+0.009
0.400+0.006
0.285+0.005
0.21520.004
0. 171+0.003
0. 139+0.002
0. 114+0.002
0. 100+0.002
0.087+0.002
0.080+0.002
0.075+0.002
0.070+0.001
0.066+0.001
0.064+0.002
0.063+0.002

PEP 5 detector

1.16+0.018
1.23+0.018

0.866+0.013
0.580+0.009
0.404+0.007
0.287+0.005
0.217+0.004
0. 174+0.003
0. 140+0.002
0. 117+0.002
0. 103+0.002
0.088+0.002
0.081+0.002
0.075+0.002
0.072+0.002
0.066+0.001
0.066+0.002
0.066+0.002

Upgraded detector

1.18+0.020
1.27+0.021

0.869+0.015
0.578+0.010
0.394+0.007
0.282%0.005
0.213+0.004
0. 166+0.003
0. 137+0.003
0. 108+0.003
0.097+0.003
0.086+0.003
0.079+0.002
0.074+0.002
0.068+0.002
0.065+0.002
0.059+0.002
0.059%0.002

(8) (deg) 20. 120.6 20.220.6 19.8+0.6

although Lund MA gives a lower extrapolation to higher
E, m . The experimental (Mb, /s ) [Fig. 28(a)] agree rel-
atively well, and the models themselves follow the trend
of the data fairly well. The ((Mb, —M, ~

)/s ) value [Fig.
28(b)] of our measurement is substantially higher than
those of PLUTO which is due to the fact that they cal-
culate the two masses by a minimization process whereas
we use the sphericity axis to define the two masses for
both our data and the models. The models predict
different slopes at higher energies. The three shower
models give the same prediction around 70 GeV but
diverge at 90 GeV. The values of (1—T) (Fig. 29) of
the different measurements scatter substantially. The
models again predict quite different curvatures.

For Figs. 30(a) and 30(b), the energy-energy correla-
tions (EEC) and their asymmetry (EECA) have been
calculated. Figure 30(a) shows the integral of the EEC

I02

from 57.6' to 122.4'. The agreement of the data points is
fai.rly good. The CALTECH II model has lower values
over the whole energy range than the Lund shower and
the Webber model. Reference 7 claims this is because of
the neglect of nonleading higher-order corrections in the
leading-logarithmic shower formalism.

The energy behavior of the integrated EECA from
28.8' to 90' [Fig. 30(b)] is not very conclusive from the
experimental point of view. On the other hand, it is in-
teresting to see the different energy behavior of the mod-
els. The data look rather flat, but all four models de-
crease with energy until E, =20 GeV, due to a non-
vanishing contribution from the fragmentation of nearly
2-jet events. Above 20 GeV the Lund MA model pre-
dicts a continual increase up to 100 GeV. (A model
with the same matrix elements to second order in a, but
with independent fragmentation leads to a decrease of
the value over the whole region from 10 to 100 GeV,
which is naively expected from the running coupling be-
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FIG. 37. The predicted M~, /s distribution of the models at
E, =93 GeV.

FIG. 38. The predicted M, l/s distribution of the models at
E, =93 GeV.
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havior of QCD. ) The increase of Lund MA comes main-
ly from the decreasing power of the string effect with in-
creasing energy. Fewer particles are produced between
the quark and antiquark jets than between the quark and
gluon jets in 3-jet events. These events look more 2-jet-
like and hence have less asymmetry. With increasing jet
energies the string effect becomes less pronounced, lead-
ing to a larger asymmetry. So the energy dependence of
the EECA in the Lund MA model behaves oppositely to
what one expects naively from the running coupling con-
stant behavior in QCD. The asymmetries of the parton-
shower models also increase after a dip at 20 GeV, until
they reach a slight maximum between 60 and 80 GeV,
after which they decrease again. One reason for this
might be that events with multiple-gluon emission again
look more symmetric, decreasing the value of asym-
metry.

The average multiplicity in Fig. 31(a) shows good
agreement at the existing energies with all four models,
but the differences at high energies are such that their
predictions at 90 GeV vary between 18 and 23 charged
particles. The average number of reconstructed jets or
clusters, also shown in Fig. 31(a), has a nearly linear
increase with E, for the shower models. The Lund
MA model increases more slowly, predicting a value at
the Z which is 20% lower. As a direct correlation, the

same trend as in the multiplicity is visible in Fig. 31(b),
where the average particle x is plotted. The agreement
between the different data points is quite good.

The average p f in Fig. 32(a) shows fair agreement be-
tween the experiments. It is interesting to notice the
different p~ behavior of the models. All the models
show an increase in p~ with energy, but the increase is
less rapid for the Lund shower and CALTECH II than for
the Webber model and Lund MA. This is probably part-
ly due to the fact that the last two have a smaller multi-
plicity. The Lund MA prediction in Fig. 32(b) indicates
that the increase in p~ is not coming from (p~"') which
has the lowest increase with energy of all, but from

(p j" ) which is mainly due to hard-gluon radiation.
Overall, the comparison of the average values of ob-

servables between the different experiments is satisfying.
The largest deviations between experiments are in the
aplanarity, sphericity, and 1 —T distributions. The big-
gest difference in the energy behavior between the mod-
els is between the Lund MA model on the one hand and
the shower models on the other hand.

X. PREDICTION OF THE MODELS AT THE Z

The figures in the previous section have already
presented the average values of the observables at the Z
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FIG. 45. The predicted charged particle x distribution of
the models at E, =93 GeV.

energy. In Figs. 33-47 the distributions of the model
predictions themselves are given for E, =93 GeV in-

cluding the electroweak effects. Again, the same distri-
butions are chosen as in the comparison at E, =29
GeV. The usual trend is that the global shape distribu-
tions peak more at low values, indicating that the events
get narrower in width.

The aplanarity in Fig. 33 shows large differences be-
tween the models. This demonstrates that it might be
dangerous to use a cut in aplanarity when looking for
new particle production. For Q„, Q2 —Q„and spheri-
city the predictions differ only slightly: as an example,
the sphericity is shown in Fig. 34. The CALTECH II mod-
el at 93 GeV again indicates for these observables the be-
havior of larger populations at very low and high values,
and somewhat smaller in the medium range, in compar-
ison with the other two shower models. The same trend
is visible for thrust in Fig. 35. Events with low thrust
are much more suppressed in the Lund MA model. The
differences between the model predictions for the
minor-value distribution in Fig. 36 are also visible at 93
GeV. The lack of multiple-gluon events makes the Lund
MA curve much narrower than the other three. The
differences between the Lund shower and Webber model
are mainly due to differences in hadronization.

The Mb, /s distribution in Fig. 37 again indicates the
special form of the CALTECH II model which causes it to

be a bit higher on the tail than the other three models.
For M,~/s in Fig. 38, the Lund shower and the Webber
models give nearly the same prediction whereas the
CALTECH II model is far higher in the tail and the Lund
MA is visibly lower. All four models give similar predic-
tions for (Mb, —M„)/s as shown in Fig. 39. Above a
value of 0.12 the distributions at E, =29 GeV and 93
GeV nearly agree. This is expected if the tail is mainly
sensitive to hard-gluon radiation.

The number of reconstructed clusters or jets in Fig. 40
shows a clear distinction between the second-order ma-
trix element and the shower models. The shower models
will drastically increase the predicted background in the
top-quark search using jet reconstruction. For the
charged multiplicity in Fig. 41, CALTECH II indicates the
broadest distribution, probably due to using both string
breaking and cluster decay. This model says that events
even with more than 50 charged particles are occasional-
ly possible, in contrast with the other models which do
not have this high of a multiplicity.

The p~ distributions in Figs. 42-44 have similar
trends for all models except the p~"' of the Lund MA,
which is again lower. The particle x distributions in Fig.
45 reflect the difference in multiplicity. In comparison
with the prediction at E, =29 GeV, the Lund MA
with fixed y;„cutoff shows no scaling violation at high
x. A scale-breaking effect of the order of 25% is visible,
if the Lund MA is used with fixed invariant-mass cutoff
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M; . The shower models predict a scaling violation of
the order of 30%.

The different plateau heights in the rapidity distribu-
tions in Fig. 46 are due to the different multiplicities of
the models. In addition they show quite different behav-
ior in the plateau region and in their approach to the dip
at y=0. A dip is predicted by both coherence effects on
the parton level and by the string decay mechanism.

The energy flow in Fig. 47 emphasizes the difference
between Lund MA and the shower models. The compar-
isons of the energy flow at E, =29 and 93 GeV show
that for 8&15' the increase in energy is a factor of 2
over the whole region. The main increase in energy is in
a cone of 10' around the sphericity axis.

Overall it is interesting to see that the three parton-
shower models still give somewhat differing predictions
at energies around 90 GeV. The differences which ap-
pear are often already visible at 30 GeV. A second-
order matrix element model such as Lund MA is prob-
ably inadequate to describe data on the Z .

XI. SUMMARY

We have studied multihadronic events from e+e an-
nihilation at E, =29 GeV. The data were taken with

the PEP 5 Mark II detector and the upgraded version of
the detector. Event-shape distributions such as spherici-
ty, thrust, and aplanarity, and inclusive particle distribu-
tions of such variables as x, rapidity p~, and particle flow

have been measured. The data corrected for detector ac-
ceptance from the PEP 5 detector and from the upgrad-
ed version agree within the errors.

The data corrected for acceptance and initial-state
photon radiation are compared with different multihad-
ron models, which use either second-order matrix ele-
ment calculations or leading-logarithmic parton-shower
evolution on the parton level, and string or cluster decay
or a combination of both, for the hadronization. The
new parton-shower models of Lund, Webber, and
Gottschalk are improved compared to their older ver-
sions. They describe, for example, the aplanarity much
better than the matrix element models. The lack of hard
3-jet events in the previous generation of parton-shower
models has been eliminated in the new ones, which now
give good descriptions for the Qz —Q& distribution and
the asymmetry of the energy-energy correlation. The
Lund shower model gives the best description of the
data. The CALTECH II model of Gottschalk and Morris
still shows the largest deviations from the data.

The energy behavior of the shower models compared
to average values of the observables also look quite
reasonable. An extrapolation of the models to the 90-
GeV region is presented. A model based on second or-
der in a, matrix element calculation plus fragmentation
will probably be insufficient to describe the data in the
90-GeV region. The differences between the shower
models are for most of the distributions of the same or-
der of magnitude at 93 GeV as at 29 GeV. Those devia-
tions which show up at 93 GeV and are already visible
at 30 GeV might be eliminated by further improvement
and tuning of the models to existing data.
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