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In this paper, results are presented fram a study of the hadronic final states in e+e annihilation

at 29 GeV. The data were obtained with the High Resolution Spectrometer (HRS) at the SLAC
PEP e+e colliding-beam facility. The results are based on 6342 selected events corresponding to
an integrated luminosity of 19.6 pb . The distributions of the events in sphericity (S), thrust {T),
and aplanarity ( A) are given and compared to other e+e data in the same energy range. We mea-
sure (S)=0, 130+0.003+0.010 and (1—T)i=0. 100+0.002. The sphericity distribution is com-
pared to sphericity measurements made for beam jets in hadronic collisions as well as jets studied in
neutrino scattering. The data sample is further reduced to 4371 events with the two-jet selections,
S (0.25 and A (0.1. The single-particle distributions in the longitudinal and transverse directions
are given. For low values of the momentum fraction (z =2p/'fV), the invariant distribution shows a
maximum at z-0.06, consistent with a QCD expectation. The data at high Feynman x (xF) show
a distribution consistent with being dominated by a (1—xf) variation for the leading quark-meson
transition. The rapidity distribution shows a shallow central minimum with a height
(1/N, „dN"/d Y

~
r 0——2.3+0.02+0.07. The mean charged multiplicity is measured to be

(n, h ) =13.1+0.05+0.6. The mean transverse momentum relative to the thrust axis (pr ) rises as a
function of z to a value of 0.70+0.02 CxeV/c for z &0.3. The distributions are compared to those
measured in other reactions.

INTRODUCTION

The study of multiparticle final states in high-energy
reactions has a long history. In hadronic interactions the
limited transverse momentum characteristic of the soft
collisions that make up most of the cross section means
that the particles are emitted in jets along the beam direc-
tions. Although there is no quantitative theory of the
processes responsible, detailed phenomenological studies
have been made with data from Fermilab' and CERN.

Hadronic jets have also been found to dominate all
short-distance interactions, such as e+e annihilation,
deep-inelastic lepton-nucleon scattering, and high-

transverse-energy hadron collisions both at the highest
CERN ISR energy and at the CERN SPS collider energy.
In these hard processes, jet production is generally regard-
ed as a manifestation of pointlike constituents or partons,
and the dynamics of the fundamental processes can be
described by quantum chromodynamics (QCD). In terms
of partons the jets observed in e+e annihilation, in
deep-inelastic scattering, and in pp collisions at the ISR
are expected to result from quark fragmentation, whereas
the jets seen at the CERN pp collider at high transverse
energy are expected to be mostly from gluon fragmenta-
tion.

The observation of three-jet events in high-energy
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e+e annihilations is clear qualitative evidence for the
correctness of the QCD framework. The dominant pro-
cesses leading to the hadronic final states are

e+e —+qq —+ hadrons,

e+e —+qqg —+ hadrons . (2)

L
Pm~+ f;JJz.'~} "---=--==-= ~Outer

Drift
Chamber

At low center-of-mass energy ( W & 10 GeV), the contribu-
tion of gluon bremsstrahlung is expected to be negligible.
With increasing energy, however, reaction (2) becomes
more and more important, leading to an increase in the
transverse momentum and finally to an explicit three-jet
structure. Although detailed analyses of such reactions
have provided much supporting evidence for QCD, the
dominance of nonperturbative effects has not yet allowed
an unambiguous, single, quantitative test of the theory.

The theoretical situation in low-pT hadron physics is
much less clear. There have been some attempts to extend
the QCD ideas into this kinematic regime, in which the
final states are thought to result from a superposition of
several contributions arising from the multiquark nature
of the interaction. Nevertheless, there are some experi-
mental similarities between the properties of low-pT had-
ron jets and those seen in hard processes.

One essential difficulty of such comparisons is the pres-
ence in hadronic reactions of sizable elastic and diffractive
components and so-called leading-particle effects, absent
in e+e annihilation into hadrons. The separation of dif-
fractive and nondiffractive components cannot be done
uniquely and, in addition, even the appropriate compar-
ison energy scale is not unambiguously defined. Since the
available center-of-momentum (c.m. ) energy ( 8') is dom-
inant in determining the overall character of the events, '
an appropriate energy definition is essential if quantitative
comparisons are to be made between data sets from dif-
ferent reactions. A second difference is that in e+e
data, almost half of the cross section leads to final states
resulting from the fragmentation of the heavy quarks
(c,b), in contrast to hadronic interactions, where such
production is at the fraction of a percent level.

In this paper we present our results on the global jet
measures and the single-particle distributions in e+e an-
nihilation into hadrons at 8'= 29 GeV. ' Although
three-jet events are important' in the PEP energy range,
in this initial report we confine our attention to an en-
riched two-jet sample, which we use to measure properties
of quark fragmentation. We make a number of empirical
comparisons with data from other reactions in order to
show which features are universal and which are intrinsic
to simple quark fragmentation. It is necessary to under-
stand the fragmentation process before definitive con-
clusions can be made about the parton-level processes, and
so we consider studies such as are reported in this paper to
be an essential preliminary to the next stage of compar-
isons with QCD.

APPARATUS

The results are based on the hadronic annihilation
events collected by the High Resolution Spectrometer
(HRS) at the SLAC e+e storage ring PEP. The events
were collected at c.m. energy 8'=29 CieV, and the data
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FIG. 1. Cross-section view of the HRS as used in the present
experiment.

The global properties of the events were studied in
terms of the jet variables sphericity (S), aplanarity (A),
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FIG. 2. Angle between the calculated thrust and sphericity

axes for the selected events.

sample corresponds to an integrated luminosity of 19.6
b —1

The HRS, shown in Fig. 1, has been described in detail
elsewhere. ' We list here only the points relevant to this
analysis. The detector measures charged secondaries over
a solid angle of approximately 90% of 4ir. The momen-
tum resolution of high-momentum tracks is
oz ——1X10 p (p and oz in GeV/c) for -60% of 4m.

and o~ &5&&10 p for the remaining 30% of the track-
ing solid angle. The tracking system is surrounded by
calorimetric shower counters consisting of lead/scintil-
lator sandwiches, which also give time-of-flight informa-
tion. The positions of showers are measured by a set of
proportional tubes. The detector was triggered by requir-
ing at least one of the following conditions to be satisfied:
(a) three or more charged tracks, (b) two charged tracks
plus an in-time requirement with the beam crossing, (c)
one charged track plus & 2.4 GeV of neutral energy depo-
sited in the calorimeters, or (d) more than 4.8 GeV of neu-
tral energy deposited in the calorimeters.

Both the vacuum pipe of PEP and the inner cylinder of
the drift chamber are made of beryllium in order to mini-
mize photon conversions and reduce the multiple scatter-
ing of the charged tracks. The total detector thickness
from the annihilation point to the outer tracking layer
was 0.02XO.

DEFINITION OF VARIABLES
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FIG. 3. Net change (At9) in (a) the S axis, and (b) the T axis
after passing MC-generated events through the detector sirnula-

tion.

and thrust ( T). ' The quantities (pT ) and (pz. , ), are,

respectively, the square of the momentum normal to and
in the event plane, but normal to the S axis.

The jet axes, as measured by sphericity and thrust, do
not correlate exactly with the parton direction. As a mea-
sure of this uncertainty, we show in Fig. 2 the experimen-
tal distribution in the angle between the T and S axes.
The distribution is centered at 3' with a width of 2', al-
though there are some events in a long tail extending as
far as 20'. This difference does not result from the recon-
struction errors on the tracks. The axis uncertainty com-
ing from track errors has been estimated by using the
Monte Carlo (MC) simulation of the experiment discussed
in the next section. The results are shown in Figs. 3(a)
and 3(b) for sphericity and thrust, respectively. The
change of the axes coming from the track errors is typi-
cally less than 10 mr although with some events at much
higher values.

Since the sphericity is more sensitive to background, the
thrust axis is used to define the jet axis: positive thrust is
chosen along the positive Z direction which is the direc-
tion of the incident positron beam. The quarks produced
in the primary reaction e+e —+qq fragment into had-
rons, each of which takes a fraction of the quark energy.
As a measure of this fraction, we use the variable
z =2p/W, where p is the particle momentum, since it can
be measured without knowing the particle species. Other
measures of the longitudinal distribution of the hadrons
are Feynman x (xz), where x~ ——2pL /8' and rapidity
( Y),

where pl is the component of momentum parallel to the
thrust axis. In measuring these variables, we use a c.m. -

energy value of 29 GeV.
The fragmentation function for a quark of type q to

produce a hadron of type h is defined as the hadron densi-

DATA SELECTION

One-photon-annihilation sample

To select the hadronic data sample and to discriminate
against backgrounds, several cuts were applied.

To remove ~+& pair events and to minimize beam-gas
interactions as well as backgrounds from two-photon
scattering, we required the events to have (a) five or more
charged tracks, (b) a vertex constrained to the interaction
point to within 2 cm in X, Y radius and 8 cm in Z along
the beam direction, (c) a visible charged momentum of

g l p ~

)5.8 GeV/c, and (d) more than 1.5 GeV of ener-

gy deposited in the central electromagnetic calorimeter.
Minimum and maximum momentum values for any ac-
cepted track were 0.1 and 15 GeV/c, respectively.

Although some particle identification was available
from time of flight, we assigned all particles the pion
mass for this study.

To minimize geometrical losses of tracks at small an-

gles to the beam, a fiducial cut was applied requiring that
the thrust axis of the event have an angle greater than 45'
with respect to the beam axis. These cuts yield a sample
of 6342 events that we consider to be due to one-photon
annihilation.

Two-jet events

In order to choose an enriched sample of qq fragmenta-
tion events, we selected events in a specified region of the
sphericity-aplanarity space. The distribution of hadronic
events in these variables is shown in Fig. 4. The defini-

Two- Jet
Region

0.80 0 4 0.6 I.O
SPHER I CITY

FIG. 4. Event distribution in the sphericity: aplanarity
space. The region used to select a two-jet sample is indicated.

for large xF.
In e+e experiments, the different quark species are

produced with relative weights given simply by the square
6f their charges. The fragmentation function we report is
therefore such an average over the u, d, c, s, and b
quark s.
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tion of a two-jet event is arbitrary because gluon emission
is a radiative process, but we define a collimated
(S(0.25) and planar (A (0.10) sample as two-jet events.
The distributions in azimuthal Pz and polar angle HT of
the T axis for the two-jet events shown in Fig. 5 are in
good agreement with the expected underlying qq behavior;
isotropic and (1+ cos 0), respectively. The lines on Fig. 5
show the predicted T-axis distribution from the MC
simulation.

Since only the charged particles are used for the present
study, we further require that both jets have more than 2
GeV/c of momentum in charged particles. With these
selections, the data set consists of 4371 events.

If we further define the "three-jet" events as those with
S &0.25 and A (0.1, our data, corrected for efficiencies,
measure a ratio for the three-jet events to the total one-
photon-annihilation events of about 0.13.

CORRECTION FACTORS

In order to measure the effects on the data of the selec-
tion criteria, quantify the smearing introduced by measur-
ing errors, and determine the efficiency of the track recog-
nitiop and reconstruction, the experiment has been simu-
lated in a Monte Carlo program. ' The results of this
simulation give a good representation of the data and so
the correction factors are based on a realistic model. We
do not, in this paper, use our data to discriminate amongst
the several MC simulations of the e+e annihilation pro-
cess that have been discussed in the literature. '

From our MC study we found that the overall single

FIG. 6. Correction factors to the different variables as es-
timated using the MC simulation. (a) Thrust, (b) sphericity, (c)
pT, and (d) x~.

track-finding efficiency was 90% and the fraction of
one-photon-annihilation events in the fiducial volume that
satisfied the selection criteria was 94%. The more
stringent criteria applied to select the two-jet events re-
duced the detection efficiency for that sample to 82%.
The track definitions applied accepted most of the
charged hadrons from Ez and A decay, as well as a small
contamination from y conversion and Dalitz-pair produc-
tion. Appropriate corrections are made for the additional
tracks that come from these sources.

All of the measurements presented are corrected for ef-
ficiencies and resolution effects. The correction factors in
the different kinematic variables are measured by the ratio
of the MC-generated distribution to the same distribution
after the MC data have passed through the detector simu-
lation and event reconstruction programs. The correction
includes the effects of initial-state electromagnetic radia-
tion. The principal effect of this radiation is a small
reduction in 8'to -27.3 GeV.

The correction factors depend strongly on the kinemat-
ic variable. As shown in Fig. 6, the corrections to the
thrust and sphericity variables, for example, can be as
high as 1.5—2 in some regions, since the correction de-
pends on the combined effect of the smearing of the axes
as well as on the particular values of the variable. A simi-
lar effect is present in the pT variable. The longitudinal
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variables, one the other hand, are quite insensitive except
for the lowest and highest values.

The systematic error on the correction factors and thus
on our measurements is dependent on how well the data
are represented by the MC-generated events. The magni-
tude of the systematic error is estimated using an iterative
procedure, assuming that each variable factorizes. The
systematic error is quoted whenever it is significant with
respect to the statistical error, but is not shown in the fig-
ures.

RESULTS

General properties of the events

Using the MC simulation, including initial-state radia-
tion, we have estimated the correction factors coming
from the above-mentioned cuts on our sample of hadronic
events. Detailed comparisons have been made between
the MC simulation and many aspects of the data.

The two-dimensional distribution in total charged
momentum g ~p ~

and the total z component gp, for
the 6342 events in the one-photon-annihilation sample is

shown in Fig. 7. Two photon interactions populate the re-
gion at low g ~ p ~

and high gp„our cuts, especially the
T-axis selection, are effective in reducing this background.
The vertex cut reduces the beam-gas background. We ex-
pect the remaining background to be flat in gp„con-
sistent with the agreement between the MC simulation
and the data in this variable. By restricting the data sam-
ple to very high quality tracks and correcting the distribu-
tion in g ~ p ~

using the MC simulation, we conclude that
some background exists for low values of this variable.
The shape of this background, which is shown by the dot-
ted line in the gp projection on Fig. 7, is obtained from

~

~

~his study. The full line on the gp projection shows our
best estimate of the true shape of this distribution. From
these studies, we measure a residual contamination in the
data sample of (12+4)%.

We have studied the effect of this background on the
kinematic variables presented in this paper by selecting a
subsample of events with thrust axis & 70' with respect to
the e+e beam directions. These events, which have
lower background, give the same results within errors. A
data sample selected with g ~ p ~

) 15 GeV is free of
background, but the MC corrections are large. The errors

Zp, (GBVtc)
FIG. 7. Distribution in total charged momentum g ~ p ~

and z component ~, for the one-photon-annihilation events. The full

curves on the projections show the MC predictions. The dashed curve shows our estimate of the background as reflected in the

g (p ~
projection.
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~ HRS (PEP}
+ JADE (PETRA}

selects only those events with two leading protons and
then analyze the hadrons remaining after removing the
leading protons. Both groups adjusted the hadronic-
energy values to compensate for these selections.

The BCF data (open triangles) lie systematically below
those of the ACDHW group (open circles). This variation
among data taken at the same energy, at the same ac-
celerator, with almost the same apparatus and analyzed in
similar ways, points up the experimental difficulties in es-
tablishing an hadronic-data sample and provides a mea-
sure of the precision with which we can expect to com-
pare hadronic results from colliding-beam machines with
e+e data.

IO

& BCF ( ISR)
o ACD H W (I SR)
~ HRS (PEP)

I I

20 50
W (GeV}

FIG. 8. Fractional charged energy as a function of c.m. ener-

gy W, compared to (a) the JADE e+e measurements and (b)
two experiments measuring pp beam jets at the ISR.

Global jet measures

In Fig. 9(a), we show the sphericity distribution of the
one-photon-annihilation sample compared with data taken
at DESY PETRA at W 30 GeV. The agreement be-
tween our data and that of the TASSO collaboration is
good.

Our results are also compared with the pp data of the
ACDHW collaboration' in a similar interval of hadronic

quoted on the different variables include the uncertainties
coming from the background.

The MC simulation measures the overall acceptance for
the one-photon-annihilation sample within our cuts to be
55%. Using this acceptance, the integrated luminosity of
19.6 pb ' measured from the large-angle Bhabha scatter-
ing, ' and the radiatively corrected point cross section of
o&&——0. 122 nb, we can measure the ratio R of the hadron-
ic annihilation cross section to the point cross section.
%'e find an hadronic cross section of 0.518 nb and so an
R value of 4.2. Although the statistical error is small, a
systematic error of 7% is estimated from uncertainties in
the acceptance calculation and in the background evalua-
tion. This value is in agreement with QCD expectation
and with the precise measurement of 3.89+0.04+0. 1

made by the MAC collaboration at the same 29-GeV
c.m. energy.

The mean visible energy defined assuming all of the
charged particles are pions is (E,h) =16.5+0.07 GeV,
giving a ratio (E,„)/W=0. 570+0.003. This value be-
comes 0.620+0.004+0.020 after corrections are made for
initial-state radiation, for photon conversions, for geome-
trical losses, and for the masses of the heavier particles
that are produced in the annihilation process.

The value for the fractional charged momentum' is in
agreement with the measurements of the JADE group '

who measured both the charged particles and the photon
energies as seen in Fig. 8(a).

In Fig. 8(b) we show the results of two groups that have
reported low-pT proton-proton scattering data at 8'=63
GeV. ' Different techniques were used to remove the
leading-particle effects. The Bologna-CERN-Frascati
(BCF) collaboration removes one leading prong, retaining

10% of the unbiased inelastic triggers, ,and they then
analyze the remaining hadrons which are in the same
hemisphere as the leading proton. The Ames-CERN-
Dortmund-Heidelberg-Warsaw (ACDHW) collaboration'

Io i

HRS W= 29 GeV
x TA,SSO W= 50 GeV

IO 0

IO I

~ HRS e+e—ACDHW pp

(b)

IO' =

I

0.2 0.8
IO I

0 0.4
S

FICx. 9. (a) Sphericity distribution compared to the TASSO
measurements. (b) Comparison of our sphericity distribution
with that of the ACDHW collaboration.
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energy (26—30 GeV) in Fig. 9(b). These pp data clearly
show a narrower sphericity distribution.

Our mean value, (S)=0.130+0.003+0.010, is shown
in Fig. 10, and compared to several other e+e data.
Below about 5 GeV, the (S) values observed are close to
those predicted by phase space ((S) -D.4). As the energy
is increased, however, (S) decreases rapidly as the parti-
cles produced become more and more collimated. A
power law (S) =A W, with A = 1.07+0.03 and
B= 06 45+ 00 09 represents the e+e data for W&5
GeV reasonably well, as shown by the line in Fig. 10.

Hadron-hadron measurements of (S) as a function of
energy for beam jets, also shown in Fig. 1D, have a trend
similar to the e+e data. The ADCH%' data' lie sys-
tematically below the e+e results as expected from the
compar'ison of Fig. 9(b).

Several bubble-chamber experiments " at lower ener-

gy have also reported sphericity values for beam-jet data.
It is not clear how to represent these results on Fig. 10
since the effective c.m. energy is not known for these data
samples. %'e show them as a horizontal band ranging
from W/2 to W. The latter would be the appropriate en-

ergy scale if the leading particles took half of the c.m. en-

ergy, which is the case on average. Within this uncertain-
ty, these data also lie below the trend of the e+e re-
sults.

Heavy-quark production occurs in about 45% of e+e
annihilation events, but is negligible in low™p~ hadronic
reactions. To check whether the production of heavy
quarks is responsible for this difference in S, we have
separated the light-quark (u, d, s) events in our MC pro-
gram and find only a 10% difference in (S) for this set
as compared to all the data. Thus, it appears that the
heavy-quark production accounts for only a part of the
difference between the e+e and pp data.

Some measurements have also been reported from an-
tineutrino interactions. These data, which are at low
c.rn. energy, agree quite well with the e+e results, as

shown by the typical points plotted in Fig. 10.
Although the e+e data are well reproduced by the

various MC programs' that simulate the elemental QCD
parton processes and parametrize the fragmentation pro-
cess, the similarity of the data from these different reac-
tions means that the global jet measures are not a strong
discriminator of the different processes. The event shapes
seem to be dominated by longitudinal phase space.

Other measures of the shape of the events are given by
the distributions in the thrust and aplanarity variables. In
Fig. 11 are shown our measurements of thrust for the
one-photon-annihilation sample as well, as the two-jet

0.5 I 1 r I

~ HRS
~ PLUTO

TASSO

lo 20 40
(GeV)

FIG. 12. Energy dependence of (1—T) for e+e annihila-
tion.

T

FIG. 11. Thrust distribution for the one-photon-annihilation
sample, for both all hadrons (open points) and for the two-jet
sample (closed points). The shoulder at T-0.75 results from
the phase-space cutoff of the radiative tail coming from gluon
emission.
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FEG. 14. Fragmentation function, D(z ) =(1/N„)dN" /dz,
both for the one-photon-annihilation sample (all hadrons, open
points) and the two-jet sample (closed points).

4
FIG. 13. Aplanarity distribution compared to the TASSO

measurements.

sample. The mean value of (1—T) of 0. 100+0.002 for
the total sample agrees well with other e+e measure-
ments as seen in the energy dependence of (1—T)
shown in Fig. 12.

The aplanarity distribution, shown in Fig. 13, is in good
agreement with the TASSO e+e data at 30 GeV.

Single-particle momentum distributions

Figure 14 shows the fragmentation function distribu-
tion D(z) measured both for all events and for the two-jet
sample. These distributions are quite similar in overall
shape, although the two-jet data lies above the overall
sample at high z. This is the expected behavior because of
the gluon emission in the total data sample. The data for
z &0.05 can be represented by the sum of, two exponen-
tials:

D(z) =A exp( Bz)+C exp( Dz—) . —
The results of the fits are given in Table I.

The scaling of this distribution is illustrated in Fig. 15
where we compare the W do/dz values measured by the
TASSO group at 14 and 34 GeV (Ref. 27) with our results
for the total data sample. The agreement is excellent in
the overlap region. Our data extend to higher z values.

Another measure of the longitudinal evolution of the
jets is given by the distribution of the single hadrons
within a given jet ordered by their z values. Figure 16
shows the distribution of the highest-, second-highest-,
and third-highest-momentum particle within one jet, for
our two-jet data sample. The mean values are highest
momentum (z) =0.270+0.003, second highest momen-
tum (z ) =0.100+0.001, third highest momentum
(z ) =0.050+0.001.

The invariant distribution, relative to the thrust axis
F(xF), is shown in Fig. 17, both for all events and for the
two-jet sample.

Since the fragmentation function is dominated by
single-quark-to-meson transitions for large xz, it should
vary as (1—xF)", based on dimensional-counting argu-
ments. Including spin, the theoretical expectation is
that the distribution for the favored transitions (u~m. +,
d~m, etc.) should go as (1—x~) +p /Q, where p is

TABLE E. Fits to the fragmentation function D(z) =A exp( —Bz)+C exp( —Dz).

Data sample

All events
Two-jet events

z range

0.04—0.8
0.04—0.8

195.1+10.2
216.7+ 11.4

24.6+ 1.1

28.4+ 1.2
27.3+2.8
58.4+2.5

8.08+0. 14
7.91+0.12

X /DF

1.91
1.41
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FIG. 15. Comparison of the scaling cross sections 8' do. /dz,
for our data at 8'=29 GeV and TASSO measurements at 8
values of 14 GeV and 34 GeV.

(e)

a constant. Subsequent quark-meson transitions will
modify this simple behavior. The unfavored transitions
(u~n, d~m+, etc.) are expected to be much more
heavily suppressed with n-4 —6 since additional specta-
tor quarks are present in these cases. The lower xz region
is also strongly populated by hadrons coming from the de-
cay of heavy particles containing the c and b quarks. Our
studies of D-meson production, for example, show that
the final rr and IC mesons from the D decay are largely
confined to the low-xF region. We expect that the high-
xz region measures the behavior of light-quark (u, d, s)
fragmentation.

We show in Fig. 18 the F(x~) distribution for the two-
jet sample with logarithmic scales to display better the
high-xF variation of the data The fu. ll line on Fig. 18,
which represents the data well, is the result of a simple
model. The line is the convolution of a series of quark-
meson transitions, each with a (1—xF) variation but with
the quark energy appropriately reduced at each stage,
This distribution approaches a (1 xF) variation at high—
xF (which is shown by the dashed line in Fig. 18). The
data is consistent with the expected (1—xz) variation.
The data point at (1—xz)=2X10 contains four events
and so, although it lies above the extrapolation of a
(1—x~) term, we conclude that there is no convincing
evidence for the p /Q term at the present statistical level
of the data.

It has been known for some time that the fragmentation
functions measured in deep-inelastic lepton scattering, in
e+e annihilation, and in high-transverse-energy hadron

IO
0

t

0.2
I

0.5
I

0.6
IO

0.8

collisions show the universal feature of a steeply falling
function. More refined measurements show that the slope
for each of these hard processes increases logarithmically
with increasing jet energy as the gluon emission causes a
softening of the jet. '

Fits to vp and vp data in the range 0.2~x~ & 1.0 al-
low separated measurements of the u- and d-quark frag-
mentation to m+ and m . The favored processes give n
values of —1.S as compared to -2.S for the unfavored
processes. These results, although spanning a wide x~
range, are in qualitative agreement with our high-x~ data
of Fig. 18, since we cannot separate, for example, the
d~a (favored) from the u ~m (unfavored) fragmen-
tations, but measure the sum of the two.

Extensive studies have been made of hadronic fragmen-
tation for many different beam particles leading to vari-
ous secondary particles. For example, measurements
made at Fermilab give n values of 3.43+0.11 for
p~m. + and 4.53+0.16 for p~~ . These results show a
clearly different behavior from our data, even taking into
account the increase in slope of our data at lower xF.

FIG. 16. Momentum fraction z of (a) highest-momentum
charged particle (left scale), (b) second-highest-momentum
charged particle (right scale), and (c) third-highest-momentum
charged particle (left scale) in any one jet for our two-jet data
sample.
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FIG. 19. Fragmentation functions measured for (a) negative
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ments at the ISR, and (c) high-pT measurements at the CERN
pp collider. The lines show the fits to our fragmentation func-
tions in z or xF as appropriate.
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FICz. 17. Invariant Feynman-x distribution, F(xF )
= (1/m )(1/N, „)(2E/8')dN" /dxF, for the one-photon-
annihilation sample (all hadrons, open points) and the two-jet
sample (closed points).

This conclusion may be contrasted to the observation of
the BCF collaboration who note that in high-energy pp
collisions, if the leading protons are removed and the c.m.
energy appropriately reduced, then the remaining particles
in the event sarriple give the same z distribution as is ob-
served in e+e annihilation when the comparison is
made at the same effective c.m. energy. We show in Fig.
19(a) such a comparison of the published BCF data for
negative-particle production, with our two-jet fragmenta-
tion function. The two data sets are in quite good agree-
ment up to z=0.6, where the pp data ends. A quantita-
tive comparison at high z could be more revealing of any
underlying physics similarities since this is the region that
may be amenable to simple interpretation. Of course,

100 =

I
I

I
I

I
I

AI I Hadrons
~0 yg l g~Op ~y

4

{a)

zl&-
I
O-l, , I I I I I I I

reducing the c.m. energy by the amount carried by the
leading protons automatically raises the apparent cross
section at the higher-z values. This high-z region is also
populated with pions from the decay of diffractively ex-
cited subsystems such as p~+~, which is clearly not
relevant to any comparison with e+e annihilation.

Fragmentation functions of high-pT jets, measured in
the Axial Field Spectrometer at the ISR and by the UA1
collaboration at the SPS collider, are shown in Figs.
19(b) and 19(c), respectively. The fit to our measured
fragmentation function in z or xF as appropriate are
shown as the lines on these figures. The normalization is
uncertain since the absolute jet multiplicity is difficult to
measure in the high-pT hadronic experiments. The jet en-
ergies are also different in the two cases: —16 GeV for
the ISR experiment and -32 GeV for the collider experi-
ment. Both experiments, however, show fragmentation
functions in quite good agreement with our data.
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FICi. 18. Invariant Feynman-x distribution F(xF ). The full
line shows the result of the simple model discussed in the text.
The dashed line shows a

I
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variation.
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FIG. 20. Rapidity distribution (1/N, v)dN /dY for (a) the
one-photon-annihilation sample (all hadrons) with all particles
assigned the pion mass, and (b) the two-jet data after mass
corrections. The dashed and dashed-dotted curves on (b) show
the measured rapidity distributions for pp beam jets at 8'=27. 5
CieV and 8'=52 CzeV, respectively.
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Rapidity distributions

The corrected rapidity distribution for the one-photon-
annihilation sample, shown in Fig. 20(a), has a relatively
flat plateau in the central region. This region is populated
by the low-momentum tracks that the HRS, with its high
magnetic field, detects with lower efficiency. The correc-
tion factor at Y=O is about 30%. The full width of the
distribution at half height is 5.3 units, and the height of
the central region,

=2.30+0.02+0.07,d+"
CV

averaged over the Y range, 0.2 & I
Y

I
& 1.0.

Since we assigned all particles the pion mass in plotting
this rapidity distribution and since this causes heavier par-
ticles to move to higher

I
Y

I
values, we have calculated a

correction factor based on the MC simulation. The two-
jet rapidity distribution corrected for this effect is shown
in Fig. 20(b). This corrected data still shows the
minimum at F=0 and the broad maximum near

I
Y

I
=1.8.

The dashed curve in Fig 20(b. ) shows the rapidity dis-
tributions for 405 GeV ( W=27. 5 GeV) pp interactions
measured by Bromberg et al. in the Fermilab bubble
chamber and the dashed-dotted curve shows the distribu-
tion measured at 52 GeV at the ISR.

The pp data has a different shape from that measured
in e+e, annihilations. This difference would be
enhanced if the pp diffractive events that populate the
lower multiplicities and have a wider F distribution were
removed. We note that the leading protons have been re-
moved in the 405 GeV data, which accounts for the lack
of a high- Y tail as compared to the ISR measurements.

Hydrodynamic models give a flat rapidity distribution
which is in reasonable agreement with our measurement.

We now compare the energy variation of the height of
the rapidity distribution at 7=0 in e+e annihilation
and pp beam jets. Measurements of the Mark I ' and the
TASSO groups are shown together with data from this
experiment in Fig. 21. All the e+e data are averaged
over the region 0.2&

I
Y

I
&1.0. The TASSO inclusive

I 0 I I II
I

l I I 1 I l llI l l I l II —'

H

rapidity distributions at high energy also decrease slightly
in the central rapidity region and the plateau height is in
good agreement with our measurement.

The lower data set of Fig. 21 connected by the line
show the energy variation of similar measurements from
pp interactions. This data extends from c.m. -energy
values of a few GeV up to 52 GeV. The recent ISR mea-
surements at 8'=52 GeV seem to be higher than the
trend of the bubble-chamber data, although the errors are
large. The pp collider results at 8 =540 GeV are also
shown. The pp collider measurements are made using
the pseudorapidity variable (q = —ln tan8/2). In the cen-
tral region do/dY typically exceeds der/dg by 10 to
20 %.

Both sets of data show a rapidity distribution with a
height of the central region that increases with energy as
ln8' although the e+e data lie systematically above the
hadron results. This difference is somewhat more than
can be adjusted by a simple reduction of the available en-

ergy to IV/2 for the hadronic data T.his is illustrated by
the dashed-dotted line where we plot the fit to the hadron-
ic data displaced by a factor of 2 in W.

The difference in the plateau heights may reflect an in-
creased multiplicity of soft hadrons from gluon radiation
in the e+e events as compared to pp interactions. It
may also be connected with the multiplicity of soft had-
rons coming from, for example, D and B--meson decay.
This difference is shown in more detail in the comparison
of the shapes of the full rapidity distributions discussed
earlier.

An alternative way of studying the central region is to
look at the very-small-z region, since low-z particles are
genuinely soft whereas particles at low F can have a high
momentum if the transverse momentum is large.

This region of the phase space is sensitive to the in-
frared structure of QCD. An explicit calculation shows
a maximum in zD(z) for the gluon at z-(Qo/~)'

I I t I I I I li
~ HRS

x TASSO
MARK I

O pp COII jder

pp ISR

v Bubble-Cham'ber Data

JOo =

loI—

I I I I I I III I I I I I Ill

10

0 I I I I I III

lO lo lo
(GeV)

FIG. 21. Energy variation of (1/N, „)dN" /dY
l r 0 for e+e

annihilation compared to pp data. The parallel lines show an
A +B ln W dependence to guide the eye. The dashed-dotted line
shows the fit to the pp data plotted at 8'/2.

i 0—P I I III

ia-I
I l l l l Ill

IOO

Z

FKJ. 22. Fragmentation function shown as (1/X„)zdN" /dz
for e+e annihilation at 29 GeV to illustrate the behavior of
the cross section at low z.
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FIG. 23. Mean-charged-multiphcity (n, h ) measurements in
e+e annihilation compared to pp data (sohd line). The dashed
line shows the fit to the pp data plotted at 8'/2.
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FIG. 24. (a) Distribution in pT for e+e annihilation at 29
GeV for the one-photon-annihilation sample (all hadrons, open
points) and for the two-jet events (closed points). (b) The curve
shows the fit to the pT distribution for all hadrons from e+e
annihilation at 29 GeV compared to vd measurements in the
range 9 GeV ~ 8'& 18 GeV.

where Q o is the cluster mass cutoff. For a typical value
of g p 0.4 GeV, this corresponds to the region z -0.1.
Hadrons that come from the cluster decays will reflect
this result but the exact shape of the hadron-z distribution
depends on the details of the gluon fragmentation. One
guess is that g o-m which corresponds to z-0.07.

Our corrected data shown in Fig. 22 agree with this
suggested peaking in the range z=0.04—0.06. Our low-
momentum cutoff of 0.1 GeV/c truncates the data well
below the region where the z fragmentation is maximal,
and so does not affect this conclusion.

Mean charged multiplicity

We now compare the energy variation of the mean
charged multiplicity (n,h) for e+e data and pp data.
Our observed multiplicity distribution was corrected by
comparing the detected multiplicities of the MC events
with the input multiplicities before the detector simula-
tion and track reconstruction was done. The result is
(n,h ) = 13.10+0.05+0.6 for the total data sample,
where the error is dominated by systematic uncertainties.

- Figure 23 shows-that our measurement is in good agree-
rnent with other e+e data. If the pp results
represented by the full line in Fig. 23 are plotted at W/2
to account for the energy taken in leading particles, then
the (n,h) values in pp and e+e reactions in the present
energy agree with each other (dashed line). This is also
the case if the reduced data set selected by removing the
highest-momentum particles is used. ' However, the
best fit to the e+e data shows a stronger W dependence

than does the pp data, so at much higher energies such a
simple scaling may not continue.

Transverse distributions

We have also studied the distributions in momentum
transverse to the jet axis. The overall distribution in
transverse momentum for the one-photon-annihilation
events is shown in the pT distribution of Fig. 24(a). Such
distributions have been fit by an exponential in the trans-
verse mass, mT ——(m +pr )' using the equation

1 dN"
2

——A exp( Bmz) . —
&eV dPT'

Our fits for different pT ranges, which give B values in
the range 6.2—6.6, do not have good confidence levels.
We have, therefore, fit the distribution with the sum of
two terms using a kaon and a pion transverse mass using
the equation:

1 dX" Ir=A exp( BmT)+Ce p(xDm—T)—
dpT

with obvious notation. We constrain this fit so that the
integrals of the two distributions are in the ratio 5:1,
which is approximately the ratio of pions to kaons in
e+e annihilation in our energy range. This combined
fit gives a satisfactory representation of the data with
slopes of 8=7.10+0.07 and D =3.03+0.07. The results
of all of the fits are summarized in Table II.

Qualitatively similar behavior in pT is seen in other re-

TABLE II. Fits to the pT distribution (see text).

Data sample

All events
All events
All events

pT range
[(GeV/c )']

0—0.5
0—1.0
0—2.5

329.4+9.9
292.8+7.6
361.5+10.7

6.57+0.08
6.24+0.06
7.10+0.07 14.9+0.9' 3.03+0.07

X'/DF

2.9
3.9
0.66

'Fixed by 5:1 ratio of m. to E mesons.
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actions. For example, we show in Fig. 24(b) the measure-
ments of u-quark fragmentation studied in vd interac-
tions. ' These results in the c.m. energy range 9 GeV
& W & 18 GeV, when fit with a single exponential in mz.
give 8=6.0+0.2 (GeV/c) ' and so agree reasonably well
with our measurements at low pT . As seen by the line in
Fig. 24(b), our higher-energy e+e measurements lie
above the neutrino data in the higher pT range. Such an
increase in the cross section at high pT is also observed in
the e+e data as the 8'value is increased.

The events are not symmetric around the jet axis, but
develop a definite plane, that is defined by the quarks and
hard gluon of reaction (2). Figures 25(a) and 25(b) show
the distributions in (pz ) and (pT ) normal to the S
axis but perpendicular to and parallel to the event plane,
respectively. The distribution in the plane is clearly much
broader than that out of the plane. Indications of similar
behavior have also been seen in pp scattering and in the
highest-energy vX interactions.

Our measured mean pT and pT values are shown as a
function of z in Fig. 26. We show the (pT ) values mea-
sured relative to the thrust axis in Fig. 26(b) and to the
sphericity axis in Fig. 26(c). Since the latter axis is chosen
by minimizing pT it is not surprising that the (pT)
values decrease in the higher z range when the jet axis is
defined by sphericity.

The (pT) values are small at low z as required by the
kinematics but grow to plateau values of (pr ) =0.70
+0.02 GeV/c and (pT ) =0.82+0.05 (GeV/c) for
z & 0.3 when measured relative to the T axis.

We compare these results in Fig. 27 with measurement
of (pT) and (pT ) in other reactions. . Our data are
represented by the lines on these plots. Our (pT) values
agree at low z, but are higher for z ~0. 1 than the 205-
GeV ( W = 19.6 GeV) beam-jet measurement of

0.6—
I—

CL

0
J ET AX t S= SPHER.

I l I )

0 0.4 0.8

pp~r/ +I made by Kafka et al. ' In contrast, the
(pz. ) values measured in deep-inelastic muon scattering
are in good agreement with our data although the mean
c.m. energy is much lower (( 8') —14.5 GeV). Measure-
ments of e+e annihilation at 14 GeV show (pT )
values for z&0.3 of -0.4 GeV/c much below the pp
data.

We note that our data fall below the pp measurements
at low z. This result may be partially instrumental, but
may also reflect the influence of the diquark target jet
that is present in the lepton-scattering experiment.

These comparisons can be qualitatively understood in
terms of the different effects that contribute to the three
reactions. The lepton-scattering data has three contribu-
tions: (i) a fragmentation pT, (ii) a QCD contribution
from gluon bremsstrahlung, and (iii) the intrinsic trans-
verse momentum KT of the struck quark in the nucleon
target. The latter includes initial-state-gluon effects and

Z

FIG. 26. (a) Distribution in mean of transverse momentum
squared (pr ), measured relative to the T axis, as a function of
z. (b) Distribution in mean transverse momentum (pT), mea-
sured relative to the T axis, as a function of z. (c} Distribution
in mean transverse momentum (pr ), measured relative to the S
axis, as a function of z.
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increases as z . The hadronic beam-jet data reflect only
the fragmentation pT plus the XT effect, whereas the
e+e data lack the E~ contribution.

In Fig. 27(c) we compare our measurements with high-

pT jet data from the SPS collider. These jets, which are
thought to result from gluon fragmentation, give (pT )
values at high z somewhat higher than we measure, con-
sistent with the higher jet energies involved. The collider
data lies much above our measurements at low z. This re-
gion for the collider experiment may not be free of parti-
cles in the beam jets that have been misassigned to the
high-pT jet.

Finally, we show in Fig. 28(a) our measurement of the
transverse distribution

1 1 d&"
+ev I T PT

as a function of pr. We compare this distribution with
the results of the study of high-pT jets at the SPS collider
in Fig. 28(b). The pp cross sections are given per jet, and
so have been increased by a factor of 2 in the figure. The
pp data are somewhat broader than our data as indicated
by the fit.
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FIG. 27. z variation of (a) (pT) for 205 GeV pp beam-jet
data, (b) (pT2) for pp scattering at ( W) =14.5 GeV, and (c)

(pr ) for high-pr hadron jets from the pp collider for E;„&30
GeV. The lines show the shape of the e+e measurements at
8'=29 GeV.

CONCLUSIONS

The mean values of various kinematic quantities that
we measure for e+e annihilation at 29 GeV are summa-
rized in Table III.

Our measured neutral energy fraction and R value, as
well as the thrust and aplanarity distributions for the total
annihilation sample, agree well with other data in this en-

ergy range. The shape of the jets, measured by the spheri-
city variable, are broader than beam jets measured in had-
ron collisions at similar available energies.

The single-particle fragmentation function has the same
overall shape as measurements made in high-pT hadron
collisions and in neutrino interactions, but exceeds that
for low-pT pp interactions for the higher z values. Our
fragmentation function at high xF shows an approximate-
ly ( I xF) dependen—ce, consistent with theoretical expec-
tations. The central region, as measured by the rapidity
distribution, is quite different in e+e annihilation as

compared to measurements of low-pT beam jets. We ob-
serve a small central dip, whereas the hadronic data peaks

TABLE III. Mean values of kinematic variables. The first
error gives the statistical uncertainty and the second error is our
estimate of -the systematic uncertainty.
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FIG. 28. (a) pT distribution for e e annihilation at 29 GeV
shown as {1/X,„)(1/pT)dX"/dp~. (b) pT distribution for high-

Pr jets at the PP collider [(2/X;„)(1/Pr)dN/dPr]. The curve
shows the fit to our e+e measurements in the range
0.25 &pT &2.5 GeV/c.

Variable

S
1 —T

Z

XF

p~ (GeV/c)
pr' [( Ge/Vc)']

(pr;„)' [(GeV/c )']
(pr t) [(GeV/c) ]

All hadrons

0.130+0.003+0.010
0.100+0.002
0.029+0.001+0.002
0.090+0.001
0.081+0.001
0.380+0.005
0.237+0.010
0.167+0.007
0.044+0.002+0.004

Two-jet events

0.944+0.001
0.087+0.001
0.361+0.006
0.206+0.008
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at Y=O. The cross section at Y=O is also higher in the
e+e data than is measured in hadronic interactions even
though the mean charged multiplicities in the two reac-
tions agree if they are compared at equivalent center-of-
mass energies.

The events exhibit a planar structure with a larger
transverse momentum in the plane of the event than out
of the plane. The distribution in pr is similar to lower-
energy vX data at low pz but our e+e data shows a
higher cross section at high pz- . The increase of (pr)
and (pz ) with z is similar in several reactions. The
values of (pz ) and (pr ) at high z are in qualitative

agreement when the different effects contributing to the
several reactions are considered.
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