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Abstract

A comparison is made between the properties of the final state hadrons
produced in 280 GeV pp interactions and in e+e— annihilation. The Lund
model of hadroproduction is used as an aid in understanding the differences
observed. The hadron distributions from up and e+e- interactions are
consistent with the quark parton model assumption of environmental independ-
ence, provided that the differences in heavy quark production and hard QCD
effects in the two processes are taken into account. A comparison with a
K+p experiment is also made. Values are also determined for the Lund model
parameters oq=0.41010.00210.020 GeV and o'=0.29t:gg tg:}; GeV, controlling
the transverse momenta in fragmentation and intrinsic transverse momenta of

the struck quark respectively.

For footnotes see next page
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1. Introduction

It is widely believed that the fundamental interactions of nature are de-
scribable by local gauge theories. Strong interactions can be described in terms
of a local SU(3) colour gauge theory, Quantum Chromodynamics (QCD). Elec-
troweak phenomena are described by the standard Glashow-Salam-Weinberg
model. Of these theories, QCD is the least well understood and tested. The
main difficulty in testing QCD is that the field quanta, the quarks, antiquarks
and gluons, are not directly observed experimentally, so their properties must
be inferred indirectly from those of the final state hadrons.

Two of the reactions in which the study of quarks and gluons is cleanest are
eTe™ annihilation to hadrons and deep inelastic lepton-nucleon scattering. In
the former, the simplest parton final state is a quark-antiquark pair, whereas in
the latter an energetic quark or antiquark is knocked out of the nucleon leaving a
spectator diquark or more complex target remnant system. The understanding
of the underlying parton dynamics is difficult, however, because it appears that
effects at the quark level are considerably diluted at the hadron level. This
dilution stems from a variety of sources:

a) A given quark or gluon fragments into several hadrons. For example, a
quark with an energy in the hadronic centre of mass system (cms) of 10
GeV has a mean hadronic multiplicity of about six.

b) There are considerable event to event fluctuations, both in the number of
hadrons produced and in their momentum distribution with respect to the
underlying parton axes in both the transverse and longitudinal directions.

c) A large fraction of the observed hadrons arise from the decays of short
lived primary hadrons.

d) Although clear jet structures with limited transverse momenta (< pr >~
0.35 GeV) with respect to the jet axis are observed, it is difficult to assign
particles which are slow in the cms to a particular jet with any degree of
confidence. In order to minimise this uncertainty a cms energy (W) greater
than 10 GeV is desirable for the study of 2-jet final states.

e) Many experiments have good detection efficiences only for charged hadrons.

Nonetheless the underlying quark properties are reflected in those of the
hadrons into which they fragment. For example, in ref.[1] it was shown that the
charge of the leading hadron in the fragmentation process is strongly correlated
to the charge of the fragmenting quark. It is therefore of importance to ascertain
to what extent the properties of the final state hadrons differ in these different
reactions and to try to understand both the differences and the similarities in
terms of QCD and the Quark Parton Model (QPM).

In this paper the properties of final state hadrons in 280 GeV u*p interac-
tions are compared to those from other reactions, in particular ete~ annihila-
tion. The requirement that W > 10 GeV, which is in order to achieve reasonable
separation of the jet fragments, limits the amount of available data to which the
utp results can be compared. The upper limit in the comparison, which arises
from kinematic and acceptance considerations for the up data, is that W < 20
GeV.



The data from ete~ annihilation are selected to correspond to the single
photon intermediate state (fig. 1a). In the energy region 10 < W < 20 GeV
the contribution from the Z° boson is negligible. The energetic quark-antiquark
pair is produced from a time-like virtual photon. The quarks are produced with
a cross section which depends on the square of the quark charge, hence u,d, s, c,
and b quarks are produced in approximately the ratio 4:1:1:4:1. Thus about
73% of the final states arise from quarks and antiquarks of charge +2/3. Fig. 1a
represents the leading-order QCD process. The O(a,) diagrams are shown in
figs. 1b and c.

The deep inelastic utp scattering process takes place predominantly via
the one photon exchange diagram shown in fig. 2a. The scattering takes place on
either a quark or an antiquark and the relative probability is again proportional
to the square of the quark charge. Since the quark composition of a proton
is uud, the scattering from the constituent valence quarks is mainly from u-
quarks. The flavour of the struck quark depends on the value of the Bjorken
scaling variable zps. In terms of the four-momenta shown in fig. 2a, zpy =
Q@%/(2p.q), where Q% = —¢2. In the QPM, zp is the fraction of the protons four-
momentum carried by the struck quark. At high values of zg; the scattering is
mainly off valence quarks (mostly u), whereas at low zg; ( < 0.1) there is a large
contribution from sea-quarks (mostly from u and #). The scattering process in
the QPM involves the absorption of the virtual photon, which is space-like,
by a quark or antiquark, after which the struck quark has a large momentum
with respect to the remaining partons in the proton. The remnant partons are
assumed to act as spectators in the collision. In the case of scattering off one
of the valence quarks in the proton the remnant system is a diquark. The term
diquark does not imply that the remnant quarks are bound together, although
such a possibility is not excluded.

Deep inelastic scattering and et e~ annihilation may be described in terms
of QCD as follows. The energetic ¢ and q formed in ete~ annihilation have a
large momentum with respect to one another. A strong colour field between
the quark (colour triplet) and the antiquark (colour antitriplet) will be formed.
In utp scattering a colour field will be formed between the struck quark (3 or
3 in colour) and the remaining system which is also ‘coloured’. What happens
next can, at present, only be approximated by models. It is assumed that the
confining forces will result in the production of hadrons from the colour field and
that this fragmentation process will take place over a distance of the order of
fermis. Measurements of forward hadron production in pp scattering on heavy
nuclear targets [2] have shown that this fragmentation distance could be in excess
of 10 fermis. Similarities in the properties of hadrons formed from such a colour
field in ete™ and up interactions are expected.

There are, however, differences between the two reactions which make a
direct comparison more difficult to interpret. A significant fraction (~40%) of
the ete™ final states with W > 10 GeV consist of a heavy (c, ) ¢@ pair, whereas
heavy quark production is rather small (< 1%) in up interactions. Conservation
of baryon number in up scattering requires that there is at least one final state
baryon. This baryon is preferentially produced from the target remnant system
[3] as expected in the QPM. For this reason the ete~ /up comparison is more
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meaningful if restricted to those hadrons in up collisions which are produced in
the quark fragmentation region. This region is chosen (somewhat arbitrarily) to
be the forward hemisphere in the cms. '

In up collisions the virtual photon direction, which is well measured ex-
perimentally, gives a natural axis with which to analyse final state hadrons. No
such axis exists for the hadrons produced in et e~ interactions and the event axis
must be inferred from the hadrons themselves. The methods commonly used
are to determine the sphericity (S) [4] or thrust (T) [5] axes. These methods do
not, however, identify which of the jets arises from the quark rather than the
antiquark, hence hadron distributions are usually folded into one hemisphere.

Another difference to be expected in an ete™ /up comparison is from hard
QCD. The O(a;) diagrams in ete™ and u*p interactions involving an exter-
nal gluon are shown in figs. 1b and 1c and in figs. 2b and 2c respectively. In
"addition to the diagrams shown there are also O(a;) contributions to the total
cross-section from diagrams containing gluon loops. For ete~, both the quark
and antiquark can radiate a gluon whereas radiation only occurs from the scat-
tered quark for up interactions. The diagrams with gluon emission are also
expected to influence the final state hadron production in the limit of soft mul-
tiple gluon radiation. Some evidence supporting these ideas in up scattering has
been given in ref.[6]. At low values of zp; there is a contribution to up from the
photon-gluon fusion diagrams (figs. 2d and 2e) which has no analogue in ete™
annihilation. A further difference is that in up scattering the struck quark or
antiquark has a certain intrinsic or primordial transverse momentum, kr. This
can be considered to arise from the forces confining the quark inside the proton
and is thus presumably related to higher order QCD processes.

In addition to a direct comparison of the et e~ and up data the Lund string
model (7] is used to try to understand the underlying physical processes. This
model contains the QPM and QCD ideas outlined above and gives a reasonable
description of the main features of both sets of data. It is useful in that partic-
ular features (heavy quark production, hard QCD effects, vector meson decays
etc) can be switched off in the generation of the Monte Carlo events. Hence an
estimate of the expected magnitude of a particular effect can be made. There
are, however, a considerable number of parameters in the Lund model and, in
section 3, the values used to simulate the up events are discussed. In section 4
an estimate is made of the parameters ¢’ and o, used to specify the widths of
the intrinsic transverse momentum (kr) and fragmentation transverse momen-
tum distributions respectively. Section 2 contains the event and track selection
procedures for up events and a discussion of possible systematic effects. The
comparison with et e~ annihilation is described in section 5, which also contains
a discussion of the possible interpretation of the observed differences. In section
6 a comparison with some results from the scattering of K-mesons off protons
is made. The conclusions are summarised in section 7.

2. Event selection and correction procedure

A detailed description of the detector and subsequent analysis procedures
can be found in ref.[8]. A 280 GeV beam of positive muons is incident on
a 1m long liquid hydrogen target, which is surrounded by a streamer chamber,
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which in turn is positioned inside a superconducting vertex spectrometer magnet
(VSM). The scattered muon and hadrons with momentum greater than about 5
GeV pass through a second magnet, the forward spectrometer magnet (FSM).
The bending power of the FSM is roughly equal and opposite to that of the VSM.
The two magnets are instrumented with proportional and drift chambers. The
apparatus is triggered by fast scintillator hodoscopes when a muon is scattered
through more than 1/2°.

The data reduction, streamer chamber film measurement and off—hne anal-
ysis (see ref.[8]) result in three classes of tracks, namely

i) Forward Spectrometer (FS) tracks. This class consists of the scattered
muon and those fast (p 2 5 GeV) hadron tracks which traverse the FS

magnet.

ii) Streamer Chamber (SC) tracks. These tracks are measured in the streamer
chamber. In general SC tracks cover the low momentum part of the spec-
trum.

iii) Vertex System (VS) tracks. VS tracks are those found only in the detectors
between the vertex and the forward spectrometer. These tracks (and also
the FS tracks) are in the very forward direction and are generally not
measurable in the streamer chamber as they are obscured by out of time
beam tracks.

For tracks in categories i) and ii) the VS detectors are used, where possible,
to improve the precision of track measurement. The fractions of F'S, SC and VS
tracks in the sample used are about 15%, 74% and 11%, respectively. Together,
the track types cover a wide range of momentum from 280 GeV down to 200
MeV.

As the primary vertex is not visible in the streamer chamber it is deter-
mined by fitting the incident and scattered muons and any compatible charged
hadron tracks. A search is also made amongst the charged hadron tracks (FS
and SC) for any vertices consistent with arising from strange particle decays
or «y conversion, or from the secondary interaction of a hadron in the target or
other material in the apparatus. In the present analysis, except where specifi-
cally indicated to the contrary, only hadrons from the primary vertex are taken
into account. Thus hadrons arising from K¢, A and A decays are not included.

The experiment contains an extensive particle identification system, con-
sisting of a set of gas Cerenkov counters filled with neopentane and nitrogen for
low and intermediate momenta hadron identification, aerogel Cerenkov coun-
ters and a time of flight hodoscope system for low momenta and a neon filled
Cerenkov counter for fast forward particles. This system allows identification of
roughly 50% of all charged hadrons. Further details and results on the zz dis-
tributions of identified charged particles can be found in refs. [3,8]. The particle
identification is not used directly in this analysis.

Events are selected for further analysis if the following selection criteria
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are satisfied:
Q% > 4 GeV?

W2 > 20 GeV?

zpg > 0.01, yps < 0.90
20 < v < 260 GeV

E}, > 20 GeV

6, > 0.75°

where v = E, — E},,ypy = v/E,. E, is the lab energy of the incident muon and
E[IL is the lab energy of the scattered muon, which subtends an angle 6, with
respect to the beam. The quantity W is the centre of mass energy of the virtual
photon-proton system and hence that of the outgoing hadrons. The quantities
are based on the one photon exchange diagram shown in fig. 2a. The values of
the cuts are chosen so as to eliminate kinematic regions where the correction
factors for acceptance or radiative effects are large or rapidly varying.

The properties of the final state hadrons can be conveniently described in
terms of the longitudinal (pr) and transverse (pr) components of the particle’s
momentum in the hadronic cms with respect to the virtual photon axis or some
other estimator of the jet axis, e.g. sphericity. The following cms longitudinal
variables are used

.'Z:F=3p—L
w

y* = 1ln <E+pL>
2 E—pL )

All the distributions presented below have been corrected for the effects of
acceptance, smearing introduced by the resolution of the apparatus, radiative
effects and the efficiency of the various off-line pattern recognition, track fitting
and vertex finding algorithms. These corrections are determined using a de-
tailed Monte Carlo simulation of the experiment in which events were generated
using the Lund string model [7] and imposing the kinematic selection criteria
given above. A simulation of the raw data was made including the effects of
film measurement and chamber inefficiencies, and the production of tracks by
~ conversions in all the material of the apparatus and secondary interactions of
hadrons in the target. These simulated events were passed through the same
analysis chain as the real events. For a particular distribution the correction
function is then computed as the ratio of the original generated Monte Carlo
distribution and that obtained after the experimental simulation. The errors
arising from the finite statistics in the Monte Carlo are added to the statistical
errors on the data.

The results presented below are given for charged particles in terms of the
hadronic cms variables. The transformation from the laboratory system to the
cms system requires knowledge of the particle’s mass. The mass assignment for
this transformation is as follows. All negative particles are assigned the pion
mass. Positive particles with zp(7) > —0.2 (zp(7) is the value of zr computed
using the pion mass) are also assigned the pion mass. Positive particles with
zr(m) < —0.2 are assigned the proton mass unless zp(p) < —0.9 in which case
the pion mass is used. Based on studies using identified particles [3] and also
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Monte Carlo simulated events, it is estimated that, throughout the whole zx
range, = 75% of the hadrons are correctly classified in this way. The same
procedure is used in the Monte Carlo simulation of the experiment. Thus the
correction function takes into account not only the effects of acceptance losses
and smearing, but also the influence of residual wrong-mass assignments.

The Monte Carlo simulation does not fully account for all aspects of the
data. Hence there exist some potential systematic effects. The inadequacies
in the Monte Carlo are the lack of background hits in the tracking chambers,
in particular in the ‘noisy’ region near the beam, and residual distortions in
the streamer chamber optical parameterisation. Detailed studies have been car-
ried out in order to estimate the possible systematic errors in the distributions
presented below. These are described in ref.[9]. In the distributions presented
below the statistical errors are shown by solid lines and the estimated total er-
rors (statistical and systematic errors added in quadrature) are displayed, where
shown, as extensions to the statistical errors.

3. Discussion of the values of the parameters in the Lund model

To facilitate the comparison of the data in up and ete™ interactions it is
useful also to compare the data to a model which contains the theoretical ingre-
dients outlined in section 1. In this way the model can also be used as an aid in
the interpretation of the data. The model which has been used for these purposes
is the Lund string model [7]. This model contains several parameters which are
not predicted directly by the model and which must be determined from the
data. The values of the parameters used to generate events are discussed in this
section.

In the case of up scattering the ratio of the production of primary vec-
tor and pseudoscalar mesons was set to V/PS = 1; this value is compatible
with a measurement of the p°/7° ratio in this reaction [10], namely V/PS =
0.90 £ 0.35(stat.) T3] (syst.). The relative production of s3 to u@ (or dd) pairs
was set to 75/vu = 0.3; this value gives a reasonable description of the produc-
tion spectra of K° [11] and K* [3] mesons. The production spectra of p, p, A
and A are adequately described using a value of P,q/Py = 0.075 for the parame-
ter dictating the relative production of diquark-antidiquark to quark-antiquark
pairs, together with the specific mechanism used to describe the target jet frag-
mentation to baryons[3]. The model also allows the inclusion of O(a,) QCD
corrections to the matrix elements. The transverse momentum distributions in
and out of the event plane in a selected sample of 3-jet events are reasonably
well described using a value for a,; ~ 0.3 [12]. The soft gluon limit of the O(a,)
matrix element is also included. A study of the distribution in rapidity of the
transverse momentum balancing that of the leading hadrons is well reproduced
by this simulation of soft gluon effects [3,13]. Estimates of the values of the
parameters o4, which parameterises the transverse momentum of quarks and
antiquarks produced in the fragmentation of the string, and of ¢/, the aver-
age intrinsic transverse momentum of the struck quark inside the proton, are
discussed below.

In the case of the ete~ annihilation there has been some effort in deter-
mining the values of the parameters in the Lund model. The JADE collabora-
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tion [14] finds the values V/PS = 1.04 + 0.18 and ~,/v, = 0.27 & 0.06. The
TPC collaboration [15] finds V/PS = 0.89 &+ 0.50 and ~,/v, = 0.32 £ 0.10.
The TASSO collaboration [16] use second order QCD corrections together with
o4 = 0.453 + 0.014 GeV, V/PS’ = 1.38 + 0.96 and '78/'7,, = 0.35 £ 0.05 to fit
various aspect of their data. For baryon production the model of Meyer [17] is
used with a value of Pgq/P,; = 0.11.

Despite the uncertainties in the values of the parameters discussed above
the Lund model gives, for a fixed set of parameters, a reasonable description of a
wide class of data. Differences in the values of the parameters in different exper-
iments or different reactions can stem from either possible correlations amongst
the parameters or the sensitivity of an experiment to particular ingredients of
the model, as well as possible inadequacies of the model. It should be stressed
that attempts to understand the fragmentation process, when the properties of
the underlying partons can only be indirectly inferred from the hadron prop-
erties, are necessarily difficult. Although the Lund model may not correspond
to physical reality, many of its postulates are supported by the data. Thus the
model provides a framework for the comparison of different reactions and it is
in this context that it will be used below.

4. Determination of o, and o’

The transverse momentum distribution of the quarks and antiquarks pro-
duced by the fragmentation of the colour field of the string is given in the Lund
model by

where p, is measured with respect to the string axis. The intrinsic transverse
momentum kg of the struck quark leads essentially to a rotation of the event
axis of the final state system with the current and target fragments having
contributions in opposite directions for a particular event. The form used to
parameterise the distribution of kp is*

In order to estimate the parameters o4 and o’ it is desirable to find measur-
able quantities which are sensitive to these parameters whilst being relatively
insensitive to the other parameters of the model. The quantity used in this
analysis which is sensitive to o4 is

bq = l(ﬂr)l - (ET>2~

where (;_)T) and (BT) ) are the transverse momenta of two hadrons of opposite

charge and which satisfy |y; — y5| < 1. These requirements are chosen to enrich

* The parameters o, and ¢’ are the actual Lund model parameters. oy is a
factor of 1/2 larger than the quantity used in ref.[12].
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the sample with pairs of particles which are adjacent in rank [18]. The quantity
used to estimate oy is the mean of the ¢ distribution which is found to be

< 6¢g >=0.539 £ 0.001 + 0.020 GeV

where the first error is statistical and the second systematic[9].
In order to study the effect of k7 on the event axis, a four vector P was
formed from summing the energy and momenta of all charged hadrons having

zp < 0, thus
P=(E,_13)=( Y B, > p, )
i i

The direction of P is taken as an estimate of the event axis. A plot of < Pr >
against f is constructed, where Pr is the component of P transverse to the
virtual photon axis and f = 2E/W is the fraction of the available centre of
mass energy observed as charged particles. This is shown in fig.3. The value of
< Pr > at f =1 is taken as an estimate of the value which would be obtained
if no energy were lost in the form of undetected neutral particles. A linear fit
to the points shown in fig.3 gives

< Pp(f =1) >=0.643 £ 0.009 + 0.014 GeV

The measured values of < g > and < Pr(f = 1) > are shown in fig. 4,
together with the values expected from the Lund model for different values of o,
and o’. The error bars for the data include both statistical and systematic errors
(added in quadrature) and the Lund model values are drawn as contours for
constant values of o4 and o’. Using a linear interpolation between the contours
drawn on fig. 4, the following values are obtained

04 = 0.410 £ 0.002 £ 0.020 GeV

o' =0.2010077515 GeV
where the first error is statistical and the second systematic.

5. Comparison of up and ete~ final states.

5.1 Scope of the comparison

One of the basic assumptions of the standard quark parton model is that
the fragmentation of a given quark does not depend on the process by which the
quark was excited. In this case the spectrum of hadrons is determined solely by
the energy and flavour of the fragmenting quark. In this section the properties
of the final state hadrons in up and ete~ are compared in order to investigate
whether this assumption is valid.

In the comparison of hadron production from deep inelastic up scattering
and ete~ annihilation, the e"'e_\ results were taken from the TASSO experiment
[19]. In order that this comparison is meaningful the distributions presented
have been corrected to correspond to distributions in which the hadrons from
the decays of K3, A and A particles are included as primary hadrons, as is the
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case for eTe~ interactions. In addition to the cuts described in section 2, the
following cuts are made in order to ensure that the selection for the up event
sample is as close as possible to that for ete~. It is required that each event
has a charged multiplicity of at least four. This selection is made so that the
sphericity and thrust axes can be determined meaningfully. For the comparison
of hadron properties as a function of W, up data upto W = 20 GeV are used.
For the comparison of the ete~ data at W = 14 GeV, it is demanded for the up
data that 10 < W < 18 GeV, which gives events with a mean W value of 14.2
GeV.

For the analysis described in ref.[19] the data were corrected so that the
distributions obtained correspond to those that would have been obtained if all
charged and neutral particles were used to determine the event axis. The up
results presented in section 5.2 have been obtained using charged particles only.
When the comparison with the data for ete~ annihilation is made (in section
5.3), the up data are corrected to correspond to distributions in which charged
and neutral (7°, K}, n and 7n) particles have been used to determine the jet
axis.

Before comparing the properties of the hadronic final states of ete™ and
up scattering, it is instructive to compare hadronic distributions referred to the
different event axes (virtual photon, sphericity, and thrust). This study gives
a quantitative assessment of the effect that the choice of event axis has on the
hadronic distributions.

5.2 Comparison of event axes in up interactions

The p2 distributions of hadrons with respect to the sphericity and thrust
axes are compared to that with respect to the virtual photon (yv) axis in fig.5a
and 5b respectively. The sphericity and thrust axes are calculated using all
charged hadrons in the event. The distributions shown in fig.5 are different in
shape. Since the sphericity axis is the axis for which Y pZ is a minimum, the
corresponding p2. distribution is shifted to smaller values of p%. As a result, the
p% distribution with respect to the sphericity axis is larger in the first bin and
thereafter steeper than that with respect to the virtual photon axis. The thrust
axis is the axis for which Y |p.| is a maximum, so the pZ with respect to the
thrust axis must be smaller than that with respect to the vy axis. The result
is that the pZ distribution with respect to the thrust axis is shifted to smaller
p%, in a way similar to that for the sphericity axis. The effect is, however, less
pronounced than for the sphericity axis.

The longitudinal zr and y* distributions of hadrons with respect to the
various axes are shown in fig.6. The distributions are rather similar, however
some points are worthy of comment. The zr distribution with respect to the
sphericity axis appears to be similar to that with respect to the ~y axis for
all zr. However, when plotted as a function of the cms rapidity y* (fig. 6c)
some differences between the ~, and sphericity axes become apparent. The y*
distribution with respect to the sphericity axis is smaller in the central bins, but
extends to larger values of | y* |. Furthermore, it is slightly skewed to positive
y*. These graphs show how the minimisation of ) p% tends to increase the
component of a hadron’s momentum parallel to the event axis. The effect is to
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populate the wings of the zz or y* distribution at the expense of the central
bins. The skewed sphericity distribution is a reflection of the fact that there
is more transverse momentum in the forward hemisphere of the centre of mass
system than in the backward hemisphere.

In figs. 6b and d the longitudinal distributions with respect to the thrust
and vy axes are compared. The central bins of the zr distribution are lower
with respect to the thrust axis than with respect to the 4y axis. The effect is
more pronounced than for the sphericity axis, as indicated by the large dip in
the central region in the rapidity distribution (see fig. 6d). The thrust axis is the
axis for which ) |pr| is a maximum. Thus, when particle momenta are referred
to the thrust axis the wings of the distributions of zr and y* are populated at
the expense of the central bins. The close agreement of the y* distributions for
y* < —1.5 in fig. 6d, indicates that the thrust axis is largely determined by the
more pencil-like jet in the target fragmentation region and that the thrust axis
is close to vy .

In fig. 7a a comparison of the average transverse momentum < p% > of
hadrons versus zp (the seagull plot), with respect to the sphericity and «y axes
is shown. Although the differential distributions presented in fig.6 are rather
similar, the seagull plot with respect to the sphericity axis is very different to
that relative to the vy axis. The values of < pZ > are symmetric around zr =0
for the sphericity axis, but asymmetric for the 4y axis. Further, the values of
< p2% > with respect to the sphericity axis are always lower than the values
relative to the 4y axis. This is expected from the definition of the sphericity
axis.

The seagull plot with respect to the thrust and 4y axes are compared in
fig. 7b and it can be seen that for the thrust axis the values are symmetric. The
two distributions are compatible for zr < 0 but the < p2. > values are larger
for the v, axis than for the thrust axis for zr > 0. The thrust axis is closer to
the 4, axis than is the sphericity axis.

Thus the major difference observed in the properties of final state hadrons
when referred to hadronic event axes rather than the vy axis is the loss of
the asymmetry in the seagull plot. In terms of the phenomenology of the Lund
model a large contribution to the asymmetry has been shown [6] to be caused by
soft gluon radiation. One may conclude that the reconstruction of the hadronic
event axis effectively averages out the effects of soft gluon radiation. Hence the
transverse momentum distributions with respect to the axes determined using
the hadrons themselves are less sensitive to the underlying physical effects.

5.3 Comparison of up with ete™

In this section a comparison is made between the hadrons produced in
deep inelastic up scattering and those produced in ete™ annihilation [19]. The
inclusive differential distributions are compared at a centre of mass energy of
14 GeV for the ete~ data and 14.2 GeV for the up data. In making such a
comparison it should be borne in mind that the average multiplicity in ete~
annihilation at 14 GeV is ~ 9, while for the deep inelastic up scattering data
presented here it is ~ 7.

The comparison is made only for hadrons produced in the fragmentation
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region of the struck quark, i.e. for hadrons with zy > 0 but the sphericity
and thrust axes are determined using hadrons in both hemispheres. In order
that a direct comparison may be made, the differential cross-sections for hadron
production in ete~ annihilation have been divided by two so that the latter
refer to a single jet. The comparison is made for distributions with respect to
the sphericity axis unless stated to the contrary. All differential distributions
are normalised to the total number of events satisfying the cuts described above.

The pZ distributions of the final state hadrons transverse to the event axis
are compared in fig.8a. The agreement between the two data sets is, in general,
good. For very small values of p% (p% < 0.1 GeV?2) the p% distribution for et e~
is, in fact, larger than that for up scattering. The two distributions are very
similar for p2 in the range 0.1 < p% < 0.4 GeVZ. For pZ > 0.4 GeV? the ete~
data lie above those from up scattering. The p2. spectrum of hadrons produced
in etTe~ annihilation tends to be somewhat harder than that for up scattering
as can be seen from fig. 8b which shows < p% > as a function of WZ2. However,
these differences are only of about the same size as the possible systematic errors
on the data sets.

The longitudinal distributions for zz are compared in fig. 9a. The ete™
data lie somewhat above the up data in the first two or three bins, and the dis-
tribution for hadrons produced in et e~ annihilation is slightly steeper than that
for up scattering. The same effects are observed when the y* distributions are
compared (fig.9b). There is a marked difference between the two distributions
in the central bins. Care must be taken when considering the points at large
values of |y*|. It is important to remember that the ete~ data shown in this
figure were collected at a fixed value of W (= 14 GeV), whereas the value of W
for the up data lies in the range 10 < W < 18 GeV. The longitudinal momentum
distributions are softer in et e~ annihilation than in up scattering as a function
of W2 as can be seen from the plot of < pr > versus W2 in fig.9c (pr is the
momentum component parallel to the event axis).

The seagull plots, with respect to the sphericity and thrust axes, are shown
in fig.10. The seagull plot with respect to the sphericity axis (fig.10a) shows that
the hadrons from ete~ annihilation have a somewhat harder p% distribution
(i.e. a larger value of < p2 >) for zp in the range 0.05 < zp < 0.3. A
similar trend is observed in fig.10b where the seagull plots with respect to the
thrust axis are compared. Here the ete~ data have a harder pZ distribution for
0.05 < zp < 0.6.

The distributions of sphericity S and thrust T are compared in fig. 11.
For the up events all the charged hadrons in the event are used in computing
the values of S and T. The up events are less spherical (fig. 1la) and more
thrusting (fig. 11b) than the e*e~ events. The average values of the sphericity
(< S >) and thrust (< T >) as a function of W2 are shown in fig. 12.

In conclusion, these studies indicate that hadrons produced in ete~ an-
nihilation have a softer longitudinal momentum spectrum, and a harder trans-
verse momentum spectrum than the hadrons produced in the current jet of deep
inelastic up scattering; et e~ events are more spherical (less thrusting) than lep-
toproduction events. In general these differences are fairly small, and one may
conclude that the parton model assumption of environmental independence is
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reasonably well satisfied.

It is interesting to enquire into the origin of the differences observed. There
are two main differences between the jets produced in et e~ annihilation and the
current jet in up scattering. Firstly, as discussed in section 1, the proportion of
primary heavy quarks is larger in eTe™ annihilation than in up scattering, where
the current jet is most likely to have been initiated by a u quark. The second
difference arises from the fact that in eTe~ annihilation there is a higher chance
per event that a hard gluon will have been radiated since it can be produced
from either the quark or antiquark, whereas in up scattering the diquark is
assumed to act as a spectator. Both these effects may contribute to the observed
differences. In addition, there is no analogue of the photon-gluon fusion process
in ete~ annihilation.

In order to separate these contributions Monte Carlo events were generated
using the Lund model for e*e™ annihilations [20]. The solid curves in figs. 10
and 11 represent the predictions of the standard Lund model. The dashed lines
are the result obtained from the model if only u quark jets are generated. The
dot-dashed lines represent the predictions of the Lund model where the effect of
(hard) QCD corrections to the process ete~ — ¢§ have been neglected. Note
that soft gluon emission, as parametrised in the Lund model, is included and
that all quarks (i.e. u, d, s, ¢, b) are considered. The dotted curves represent
the predictions of the Lund model where only u quark jets are generated and
the effects of hard QCD are excluded.

The seagull plot, obtained from ete~ annihilation at 14 GeV, is well re-
produced by the standard Lund model (see fig.10). The contribution from the
decays of hadrons containing heavy quarks to the seagull plot is shown by the
difference between the solid and dashed lines in figs. 10a and b. A reduction
in < p2 > is seen for values of zr < 0.4. The < p% > is also reduced when
hard QCD is ignored. This is shown by the difference between the dash-dotted
and solid lines in figs. 10a and b. The seagull plot obtained from the model
where only u quark jets are generated and the hard QCD processes are ignored
(dotted lines) lies close to the points obtained from this experiment. The dif-
ferential sphericity and thrust distributions (fig. 11) show a similar behaviour.
The curves from the Monte Carlo with no hard QCD and only u quark jets
lie closer to the up data than either of the other ete~ models. Note that, in
general, the standard Lund model for ete~ annihilation reproduces the ete~
data reasonably well. A similar conclusion holds for the up data, as discussed
in ref. [6].

A large fraction of the energy of the target jet in up scattering is taken by
the recoiling baryon, mostly a proton or a neutron with roughly equal probabil-
ity. This particle is most likely to be found at large negative zp. One way to
investigate the effect that this particle has on the determination of the jet axis
is to remove protons and neutrons for which zy < 0 from the particle sample.
When this is done (using the Monte Carlo) it is found that the average value of
the sphericity increases (from < S >= 0.11 to < S >= 0.17), and the average
value of the thrust decreases (from < T' >~ 0.89 to < T >~ 0.86). In ete~
annihilation at 14 GeV, the average values of sphericity and thrust are found to
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be [19]:
< § > =0.213 £ 0.004,
< T > = 0.855 £ 0.002.

Thus, when the recoiling baryon is removed from the particle sample the dis-
tributions of S and T become more similar to their ete~ counterparts. There
is little change in the seagull plot referred to the sphericity axis, whereas the
seagull plot referred to the thrust axis changes significantly. Nonetheless the ob-
served differences between the properties of hadrons produced in deep inelastic
up scattering and those obtained from e*e™ annihilations can not be attributed
solely to the presence of a baryon in the target jet in deep inelastic scattering.
To conclude, it has been shown that:

i) The parton model assumption of environmental independence is reasonably
well satisfied.

ii) The differences between the properties of hadrons produced in deep inelas-
tic up scattering and et e~ annihilation have been shown to be attributable,
at least in part, to:

a. The production of heavy quarks in ete~ annihilation.

b. The fact that the QCD corrections to the parton model predictions
are different for e e~ annihilation and up scattering.

c. The fact that the thrust axis in up scattering is affected by a fast
particle (the recoiling baryon) from the target remnant.

6. Comparison of the pr distributions in up and K*p interactions

In this section a comparison of the p2 distribution measured in K*p in-
teractions at W = 11.5 GeV [21] with that in up interactions is made. Inelastic
hadronic interactions are envisaged to be mainly the result of soft and possibly
multiple collisions at the parton level. Hence the p3 distributions are expected
to arise primarily from the fragmentation process. A small fraction of the colli-
sions may involve a relatively hard parton-parton collision giving a high p2. tail
to the p2. distribution, measured relative to the beam axis However, this tail is
expected to arise from a smaller fraction of events than that in deep inelastic
up collisions, where the interaction is primarily that of a single hard ~y-quark
interaction. It is of interest therefore, where data is available, to compare the
p% distributions in these interactions.

In the analysis of the 70 GeV K *p data [21], diffractive events are removed.
A diffractive event is defined as one with at least one track satisfying |z| > 0.8,
and these events constitute about 18% of the sample. For the remaining non-
diffractive events it is required that n., > 4. It was required that the up events
for this comparison had n., > 4 and 90 < W2 < 170 GeV?2, to be compared
with W2 = 132 GeV? for the K*p sample. Fig.13 shows a comparison of the
average transverse momentum < p% > as a function of zp, where pr is defined
with respect to the thrust axis. It can be seen that the distributions are rather
similar in shape with the K*p interactions having a somewhat larger value of
< p% > in the range 0.1 < |zp| < 0.5, both forwards and backwards. At large
|zr|( 2 0.5) the up errors become rather large but the results are compatible.
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7. Summary and Conclusions

Many features of the hadron final states in deep inelastic up scattering can
be well reproduced by the Lund model. Estimates of two parameters in this
model which influence the transverse momentum distributions of the final state
hadrons have yielded the values

04 = 0.410 £ 0.002 £ 0.020 GeV

o' =0.20%507%0:15 GeV
where o, and o' describe the fragmentation transverse momentum and intrin-
sic transverse momentum of the struck quark respectively. The first error is
statistical, the second systematic.

A comparison has been made of the longitudinal and transverse momentum
distributions of hadrons in up interactions with respect to the virtual photon,
sphericity and thrust axes. The longitudinal distributions of zr and y* are
rather similar with respect to the three axes, but the values in the central zp
(or y*) bins with respect to the sphericity and thrust axes are somewhat lower
than those with respect to v, whereas the opposite is true at large |zx|. The
< p% > values with respect to the sphericity and thrust axes are lower in the
forward hemisphere than those with respect to yy. The values of < p2 > in
the forward hemisphere are much larger than those in the backward hemisphere
when measured with respect to the vy axis. This effect, which may be due
to soft gluon radiation, is largely washed out when the hadrons are used to
determine the jet axes. The data on < p2 > versus zp, with respect to the
sphericity and thrust axes, are symmetric.

The comparison of the up data with ete~ data at a similar centre of mass
energy shows that, whereas the trends with W in both cases are the same, there
are small but significant differences in both the longitudinal and transverse mo-
mentum properties. The hadrons in ete™ have a softer longitudinal momentum
spectrum, and a harder transverse momentum spectrum than the hadrons pro-
duced in the current jet of up scattering. These differences, at least in part,
are attributable to the higher production of heavy quarks and the larger QCD
corrections to the parton model in et e~ annihilation, and to the influence of the
more pencil like target remnant jet in up scattering, which significantly effects
the determination of the thrust axis. These differences are, however, relatively
small and the parton model assumption of environmental independence is rea-
sonably well satisfied.

The similarity of the p2 distributions in K*p and up interactions at a
value of W ~ 10 GeV shows that non-perturbative fragmentation effects are
probably dominant. However at the highest accessible values of W (~ 20 GeV)
in up interactions there is a significant growth in the high p2 tail, consistent
with hard QCD effects [22].
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Figure Captions

The simplest parton final states describing the reaction ete~ — hadrons.
The leading order QCD process is shown in a), whereas the 0(c,) correc-
tions involving external gluon lines are shown in b) and c).

The simplest parton final states describing the reaction pu*p — ut+
hadrons. The leading order QCD process is shown in a) for the case
of scattering off a u valence quark. The O(c,) diagrams leading to the
emission of a hard gluon are shown in b) and c). The diagrams for the
photon-gluon fusion process are shown in d) and e).

Average value of Pr as a function of f (see text), together with a linear
fit and the result of extrapolating to f = 1. The inner error bars show the
statistical errors.

Plot of < 6q > versus < Pr(f = 1) >. The Lund model predictions for
contours of constant values of o4 and ¢’ (in GeV) are shown together with
the experimentally measured values. The errors include both statistical
and systematic effects.

Distributions of pZ of hadrons in up scattering with respect to a) virtual
photon and sphericity axes and b) virtual photon and thrust axes.

Longitudinal distributions of zy with respect to a) vy and sphericity, b) vy
and thrust, and of y* with respect to c) vy and sphericity, d) 4y and thrust.
The distributions are for hadrons in up scattering.
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