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ABSTRACT

Results are presented from a study of deep inelastic 280 GeV muon—
nucleon interactions on the transverse momenta and jet properties of the
final state hadrons. The results are analysed in a way which attempts to
separate the contributions of hard and soft QCD effects from those that
arise from the fragmentation process. The fragmentation models with
which the data are compared are the Lund string model, the independent
jet model, the QCD parton shower model including soft gluon interference
effects, and the firestring model. The discrimination between these
models is discussed, Various methods of analysis of the data in terms
of hard QCD processes are presented, From a study of the properties of
the jet profiles a value of ag, to leading order, is determined using
the Lund string model, namely ag=0.29+0.01 {stat.) #0.02 (syst.)},
for Q2~20 GeVZ2.

For footnotes see next page
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1. INTRODUCTION

The study of hadronic jets in both deep inelastic lepton-nucleon
scattering and e+e_ annihilation, has been a test bed for models of
hadronic structure (principally the quark-parton model, QPM, with
modifications from quantum chromodynamics, QCD) and for models describing
the fragmentation of excited parton systems into final state hadrons.

The discovery of the two-jet dominance in hadron production followed, at
higher energies, by clearly discernable three-jet structures in e+eF
interactions [1}, led to the more detailed study of jet production in
both e+e_ and 2-N scattering. In this paper we describe the analysis
of hadronic jet production and fragmentation in a high precision uy-N

scattering experiment.

The u-N interaction (fig. 1a) is described in terms of the Bjorken
gcaling variables xBj=Q2/(2p.q)=Q2/(2Mv) and y=u/Ep, where q2=-—Q2 is
the four-momentum transfer squared, v is the exchanged virtual photon
energy in the target nucleon rest system, E is the incident muon
energy and M the nucleon mass. The propert;es of the final state

hadrons depend, in general, on y, X and Qz. The energy (W} of the

Bj
outgoing hadrons in their centre-of-mass system (ems), is given by
W2=H2+Q2(1/xBj—1). Hadron properties are measured by the longitudinal

variables XF=ZPIIW {(where P, is the cms momentum component along

the virtual phoLon, that is the current direction) or cms rapidity

y* (defined as y*=0.5 ln((E+p“)/(E—p“)), where E is the cms energy of
the hadron), and by the momentum component transverse to the current
direction, P Although the basic interaction is between the exchanged
highly space-like virtual photon and cne of the nucleon's parton
constituents, experimentally only the hadron fragments of the excited
parton state are observed. The consequence is a considerable complic-

ation in discerning between the scattering and fragmentation processes

when analysing the final state hadrons.



The QPM, with the addition of processes involving gluons in
QCD (fig. 1b), is a well defined prescription for calculating cross
sections of high momentum transfer interactions. The processes

shown in fig. 1b will, at high enough energy, lead to final states

containing three distinct jets, associated with the q,g (or q,a)
and with the remnant target system. The low energy (long distance)
development of quark and gluons into hadrons is, however, beyond
reliable calculation at present. The hadronisation of the initial
partons must thus be simulated with phenomenclogical models. This
method gives information on both the parton interactions and the
fragmentation process in a somewhat coupled manner. The main
emphasis in the analysis is to search for effects that are more
strongly dependent on one or the other. Consistency over a variety

of such effects can then be imposed to decouple the two processes.

The hadronisation models used in the analysis of the present
data fall into several categories. The independent-jet (IJ) models
of Hoyer et al. [2] and Ali et al. [3] are based on the earlier
work of Field and Feynman [4]. These prescriptions were developed
mainly for experiments at electron-positron colliders and describe
the development of the individual quark-antiquark pairs produced in
e+e_ interactions into final state hadrons. They both include the
effects of heavy quark production as well as QCD matrix elements
and gluon jets. The differences between the two models lie in the
techniques used to conserve momentum, a problem due to the assumption
of the independence of the jets, and the treatment of the gluon jet

fragmentation. (See {2], [3] and [5] for more details).

The so called "string models™ follow a different approach.
Primarily developed by the Lund group [6], the string model
assumes that the fragmentation occurs along the colour flux tubes

which connect the coloured partons. QCD effects are included with



gluons corresponding to energy and momentum carrying "kinks"” on the
strings. The main differences between the IJ models and the string
models are manifest, for example, in events with gluon bremsstrahlung.
Here the fragmentation occurs preferentially along the strings
stretched between the gluon and the other partons. This string effect
is evidently not present in the IJ models. Also the string provides a
natural mechanism for 'eross-talk’ between the fragmentation in the

forward and backward hemispheres.

Models based upon “parton showers" calculated according to leading
logarithm approximations have been pursued by Fox and Wolfram (7}, Field
and Wolfram [8]} and Gottschalk {9]. They have been primarily developed
for e+e— annihilation. The initial gquark and antiquark are assumed
to be far off the mass shell and evolve by successive branching into
cascades of partons close to the mass shell (extending down to the
cut-off, Q_). These cascades are finally combined into colour singlet
clusters of quark-antiquark pairs which decay into final state hadrons.
If the cluster mass is higher than a cut-off value, Qh' it is split
into smaller clusters before decay. Thus there are essentially three
free parameters in this model, namely the running coupling constant of
QCD, @ and Q_, and Qh. This process is shown schematically in fig. 2.
More recently, Webber [10] has introduced interference effects between
the showering partons. At present the application of these models to
deep inelastic p-N scattering meets with several theoretical problems
and only the aspect of the interference effects of the Webber model

will be addressed here. The model is discussed further in section 4.5.

Finally the "firestring" model of Preparata et al., [(11] offers
an alternative approach to the QPM-QCD methods above. Here hadrons
are made of a small number of quarks and antiquarks confined within
space-time domains of dimensions which depend upon the mass of the

state. No dynamical gluons are invoked in this model. The basic



interaction mechanism for &-N scattering is shown in fig. 3; the
current is absorbed by an excited quark-antiquark pair which then
fragments to hadrons, leaving an excited baryon state. There is
an additional 2-firestring diagram which contributes at low xBj'
This leading backward baryon mechanism explains the approximately

50% missing momentum observed in the F2 structure function

measurements.

This paper is organised as follows: Section 2 gives a
description of the experimental set-up and of the procedures
used to obtain the final event sample. 1In section 3 the track
selection criteria and the acceptance corrections applied to
the data are discussed. The presentation of the results in
section 4 will start with a study of the pT distributions and
of the balance of pT amongst the hadrons (section 4.1). The
development with W is compared with the predictions of various
versions of the Lund model as defined in table 1. These different
parameter combinations are chosen to pinpoint the contributions
of the various processes in the model and to see whether some
aspects of QCD can be equally well replaced by increasing either
the primordial transverse momentum, kT, or the fragmentation
transverse momentum scale, aq. Comparison is also made with the

IJ model predictions.

The Qz dependence of the Py distributions is investigated
in section 4.2. In section 4.3, the evidence for QCD effects
in the shape of the energy flow distributions and in the jet
profiles is discussed. A comparison of the string and IJ models
is also made using the jet profiles. With evidence for hard QCh
processes firmly established in the earlier sections, attempts at
separating three-jet from two-jet events, as well as some properties

of the enriched three-jet sample, are discussed in section 4.4.
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The effects of soft gluon interference in the fragmentation
process are analysed in section 4.5, along with a comparison of
+ -
the present data with the results of a similar analysis of e e

annihilation measurements in the TASSO detector at PETRA [12].

Finally, in section 4.6 the firestring model predictions for pT
distributions are compared with the data. Section 5 gives the summary
and conclusions. Previous work on the analysis of transverse momenta
and jet properties can be found in reference 13. These come from an
earlier phase of the EMC programme, in which only hadrons which were
forward going in the cms system were detected, and also from an

analysis based on only part of the sample discussed here.

Table 1

The parameter settings used in the various versions of the

Lund model used for comparison with the data

Hard QCD Soft Gluons <k;> (Gev)? o, (GeV)
A on on (0.44)% 0.44
B of £ on 0.44)° 0.44
c on of £ (0.44)° 0.44
D on of £ (0.88)° 0.44
E off on (0.44)° 0.88
F of f on (0.44)° 0.50




2. DESCRIPTION OF THE EXPERIMENT AND DATA

The data presented here were recorded by the EMC (NA9) experiment,
in the M2 muon beam at the SPS at CERN. This experiment consisted
of a vertex magnet containing a streamer chamber and a 1 metre long
liquid hydrogen or deuterium target, large angle track chambers and
a forward spectrometer, which was used to detect and measure the
scattered muon and fast charged hadrons. The complete system detected
tracks from energies of 280 GeV down to less than 200 MeV and gave
almost 4w coverage in the hadronic cms. In addition, time-of-flight
hodoscopes plus four threshold Cerenkov counters gave good particle
identification over a wide range of momenta. More details of the

experimental set-up and analysis procedures can be found in

references [14,15]).

The streamer chamber pictures were measured for all events
where the reconstructed scattered p satisfied the trigger conditions
(the main requirement being that the scattering angle of the muon
was greater than 0.5°) and these measurements were then passed
through the geometrical reconstruction programs. The streamer chamber
tracks (SC) covered the low momentum or large emission angle part of
the particle spectrum which represented on average 70% of all tracks.
The high momentum, small angle tracks were generally not measurable in
the streamer chamber as they were obscured by extra beam tracks
occurring within the live time of the chamber. These hadron tracks
were detected in the forward spectrometer (FS) and reconstructed
starting from the most downstream drift chambers placed after the
FS-magnet. The large angle part of the spectrometer fulfilled two
functions: firstly to improve the parameters of the SC-tracks and
FS-tracks and secondly to reconstruct those tracks which were not
measured in either the streamer chamber or the forward spectrometer.
The primary vertex position was used as an extra constraint in the
reconstruction of these large angle spectrometer tracks (called
vertex-system (VS) tracks), which contributed mainly to the

intermediate region of the particle momentum spectrum.



As the primary vertex was not visible in the streamer chamber,
the main vertex position was obtained by fitting the incident and
scattered muons and the reconstructed SC and FS tracks to a common
interaction point. A search for V° decays and y conversions, as
well as for secondary interaction vertices, was also made amongst
the charged hadron tracks detected in the FS and SC. Only such
tracks assigned to the primary vertex were used for the analysis
presented here. The large angle spectrometer tracks were required
to be observed in at least two detectors. Additional checks were
made to eliminate tracks being counted in more than one class (FS,

SC or VS) and to remove tracks with poor momentum measurements.

The kinematic cuts defined in terms of the deep inelastic

scattering variables were as follows:

Q° > 4 cev®,

4 <« W <« 20 GeV,
20 < v < 260 GeV,
Ep' > 20 GeV,

y < 0.9,

o, > 0.75°,

where E ' is the energy of the scattered muon in the laboratory system
and © Ehe scattering angle. These cuts were applied in order to
avoiduregions where corrections for the acceptance, radiative effects
or smearing are large. The number of events remaining after these cuts
was about 23,000 in hydrogen. The corresponding sample in deuterium
contained 18,000 events, but unless stated to the contrary the analysis

refers to the hydrogen data alone.
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3.  ACCEPTANCES AND TRACK SELECTION

The distributions presented below were corrected for acceptance
losses, detector inefficiencies, incorrect vertex assignments and
radiative effects. A detailed Monte Carlo simulation of the experi-
ment was performed in which events were generated using the Lund
string model [6], imposing the kinematic cuts described above. A
simulation of the raw data was made, including simulation of the
film measurements, as well as the effects of chamber and hodoscope
inefficiences. The tracks produced by y conversions, K*, A and

A decays and secondary interactions of hadrons in the target were

also added to the simulated events.

The reliability of the Monte Carlo simulation was checked in
two ways: firstly, the distributions of all kinematie quantities
such as Qz, wz, and the momentum and angular distributions
of hadrons in the laboratory were compared to those measured.
Secondly, comparisons were made between the predicted and observed

distributions of hits in the reference planes of the detectors.

Apart from enabling the study of distributions of different
particle types [16], particle identification also ensures the
proper assignment of mass, which is needed for the transformation
from the laboratory to the cms system. This boost can only be
carried out if the particle mass is known. Particles having
ambiguous mass assignments or no particle identification infor-
mation are treated as follows: all non-identified negative
particles are assumed to be pions; positive non-identified
particles with x;>~0.2 are assumed pions as are those with
x;<—0.2 if x§<—0.9. (x; is the value of Xg calculated assuming

a pion mass, xﬁ is calculated assuming a proton mass); finally,
positive non-identified particles with x;<—0.2 and x§>—0.9 are
assigned the proton mass. These criteria were developed in order
to reduce to a minimum the final correction for misidentified

particles, and were derived using Monte Carlo calculations [17].



- 11 -

The Monte Carlo, in general, reproduced the data reasonably
well. However, the exact partition into the various track types
was not well reproduced and this may lead to a residual uncertainty
in the method of acceptance correction. These uncertainties have
been extensively studied by altering the various selection criteria
and comparing the results obtained after the acceptance correction.
The systematic errors on any distribution are estimated to be
smaller than or comparable with the statistical errors. Where
included, the estimated systematic errors are shown if they are
larger than the statistical error. A detailed account of the
study of possible systematic effects in the data can be found in

references [5,17,18],

4. IHE RESULTS

The distribution of the selected events in the Qz—v rlane,
within the kinematic limits and cuts applied to the measured events,
is shown in fig. 4. The distribution of muon energies in the beam
was centered on 280 GeV and had a width of + 5%. Lines of constant
xBj and W are included in the plot. The data are seen to be strongly
peaked at low Qz and xBj and rather evenly distributed over the
available range of v and w2, Finally, a contour is overlaid
indicating the region where the cross-section for QCD three jet
events (as defined in the Lund model) is calculated to be more

than 20% of the two jet cross-section.

4.1 p_ Distributions
p—2istributions

In fig. 5 differential distributions of a) p; and b) p; for
forward (xF>0) and backward (xF<O) particles are shown separately,

That the forward and backward jets may be meaningfully separated by

this selection was shown in [19]. The transverse momentum distribution
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is much narrower than that of the longitudinal momentum, as expected
in the parton model. The forward hadrons are observed to have higher

transverse momenta than the backward hadrons.

In fig. 6 the mean p; as a function of W is plotted for forward
and backward particles separately, with the central region (IxF|<0.2)
excluded. The mean p; for forward hadrons is seen to increase strongly
with W, whilst for the backward hadrons neo such W dependence is seen.
This effect remains with the central region included, albeit somewhat
weaker. The curves in these figures are from the standard Lund model
(A in table 1), which as can be seen reproduces the Py distributions
reasonably well. In the forward direction however, the predicted

longitudinal momentum distribution is somewhat harder than that

ocbserved.

The comparison of forward and backward transverse momenta can
be investigated further in the "seagull plot™ of <p;> against Xp
shown in fig. 7, which clearly demonstrates the asymmetry between

the two hemispheres.

There are several sources of P, which may give rise to this
asymmetry. Forward hadrons have high laboratory momenta and hence
may be more susceptible to measurement error. Studies of this
effect [17]) indicate a very small contribution to the asymmetry.

The estimated systematic uncertainty on <p;> is less than or

equal to the statistical error. The effect of the backward jet,
which results from the target remnants, was investigated by replacing
the target remnant system by an antiquark in the Lund Monte Carlo
program. This was found to give a negligible <p;> asymmetry. Gluon
radiation is however, expected to increase the struck quark trans-
verse momentum, whilst having a negligible effect on the target jet.
In fig. 7 several curves are drawn indicating the relative contri-

bution to the seagull plot within the Lund model. The dominant
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contribution to the asymmetry is found to be the soft gluon component,
to which hard QCD processes contribute in some measure at medium values
of positive xF. Using a large value of the transverse Fermi momentum,
<k;>=(0.88 GeV)z, but without using soft gluons, the <p;> in the

forward direction are reproduced. However, this increases the <p;>

in the backward direction in a symmetric way and is incompatible with
the data. It should be noted that the specific method used to implement
the soft gluon effects in the LUND model is not uniquely defined in QCD

but relies on some particular prescriptions.

For the independent jet models considered, only the hard QCD
processes can give rise to the forward/backward asymmetry of the
<p;>. However, increasing the contribution of these processes
causes a distortion in the region of small positive xF, in

disagreement with the data as seen in fig. 8.

In order to study correlations in transverse momenta, a
measure of the manner in which the leading forward and backward
hadron transverse momentum is balanced has been obtained. We define
a leading forward trigger particle as one with xF>O.5 and a leading
backward particle as having —O.5<xF<—0.2 (a very backward trigger,
having xF<~0.5 was not used to avoid any problems of low acceptance
in this region). The component of the momentum balancing that of the

trigger for all other hadrons i, is

(-
PT. =P
1

T cosq;i

where ¢ is the azimuthal angle in the cms system around the virtual
photon direction with ¢ (trigger)=0. Hence the balancing momentum

flow is
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bal
de 1 [ o d2Nbal aor
k- * dyx
dy Nev T dedy T

and is plotted in fig. 9. The rapidity range where the trigger
particle is found is indicated. Besides the standard LUND model
(model A) curves, which reproduce the data well, curves obtained
from this model without soft gluon emission (model ¢) and with

2 2
increased <kT>=(0.88 GeV) (model D) are included to show the
different contributions.

The primordial kT’ being equivalent to a rotation of the
event axis away from the current direction leads to a balancing of
the forward trigger particle pT in the backward region and vice
versa. The forward trigger particle will predominantly contain the
struck quark, thus the soft gluon radiation, as implemented in the
LUND model, will balance PT over the available rapidity range.
The data rule out large values of kT and are better fitted with

the soft gluon component included. '

Figure 10 shows the pT balance plot, with the predictions of
the two independent jet models overlaid. The pronounced dip in
the central rapidity region for these models is indicative of
the independence of the jets, however, it is seen that the momentum
conservation scheme employed in the different models has an important
effect. In neither case can the data be adequately reproduced by

the model curves, especially for the pT balance of the backward

trigger particle. !

Hard QCD processes, resulting in a tendency towards 3-jet S
events are expected to be manifest in the form of planar event
shapes. In order to study this effect we define an event plane

from the measured hadrons. The event plane is constrained to
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contain the virtual photon vector. The orientation of the plane
about this axis is then obtained by minimising the hadron momentum
component transverse to the plane (p;ut). This prescription is
equivalent to maximising the transverse momentum component within

in
the plane (pT ).

Figures lla and b, display the differential distribu?ions,
for events containing two or more charged hadrons, of Z(p;n)2
and Z(pEUt)z respectively. The distribution in the plane is
much harder than that out of plane. Some component of this effect
is an artefact of the procedure for defining the event plane,
coupled with the limited multiplicity of the data. However, the
failure of the 2-jet model to reproduce the data indicates the
underlying planar nature of the events. Evident from this plot
is the small effect of soft gluon radiation on the tail of the
p; distribution within the event plane (the dotted curves is
the Lund model without soft gluon emigsion). The dashed curve
is the Lund model without hard QCD and with the fragmentation P.
parameter oq increased 10%. The dot-dashed curve is again for no
hard QCD but with o =0.88 GeV/c. In conclusion it is not possible
to account for the Eail of this distribution by increasing the

fragmentation transverse momentum only.

2
4.2 Q Dependence of Transverse Momentum Distributions

In the above section it has been shown that <p;> depends on
the cms energy W. In this section the possible dependence on Q2
is investigated. For each interwval of Q2 there is a different range
of W values and the mean W falls with increasing Q2. Hence there
is an inherent Q2 dependence due to the W dependence. In order to
minimise this, the data was divided into four ranges of W and each
of these W intervals was subdivided into two intervals of Qz.
corresponding to low and high Qz for that W interval. Table 2

shows the intervals of W and Qz used.



— 16 -

Table 2

Values of low and high Q2 used for the various W intervals

W range low Q2 range High Q2 range
W< 8 Gev Q2 < 30 GeV2 Q2 > 30 GeV2
8 < W< 12 GeV Q” < 20 gev’ Q° > 20 gev’
12 < W < 16 GeV Q° < 20 Gev’ Qo > 20 Gev®
16 < W < 20 GeV o < 10 cev® Q® > 10 Gev?

The method used to search for any Q2 dependence was, for a given
W range, to divide the <p;> found at high Q2 by that found at low
Qz, in intervals of A The data in the backward hemisphere show no
significant Qz dependence. The data in the forward hemisphere are
shown in fig. 12. From QCD it is expected that <p;> is proportional
to ms(Qz) and hence should decrease with increasing Q2 at fixed W.
An estimate of the expected magnitude of the effect is also shown
in fig. 12. The lines shown are computed using the Lund model.
The dashed line corresponds to a version of the model with no hard
QCD (model B) and it can be seen that this predicts an increase of
the ratio with increasing xF. The size of this increase diminishes
as W increases. When hard QCD effects are included (solid line),
using a value of A=300 MeV {(model A), the prediction is that the
ratio decreases with increasing X, as expected. The errors on
the data are, however, too large to distinguish between these

versions of the model.
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Figure 13 shows the ratio of the differential p; distri-
butions for high and low Qz. The data is divided into two regions
of W, namely W¢l2 GeV and W»12 GeV and each W region is subdivided
into two regions of xF. In all cases the division between high
and low Q2 is 20 GeV®., The data are reasonably well reproduced
by the Lund model which includes hard QCD effects (solid line,
model A}, but rather less well by a version of the model without
hard QCD effects (dashed line, model B). The systematic error on
the ratio due to the change in the smearing of the current direction

as a function of W is estimated to be about 15%.

In summary no significant variation of the pT distributions with
Q2 at fixed W is observed. Such a variation would be expected from QCD
due to the change of o, with Qz. The size of the expected change with
Q2 depends on the value of A and for values of A<0.5 GeV the data is
not precise enough for this effect to be observed. However, large

values of A (31 Gevz) can be ruled out.

4.3 Energy Flow

Within the event plane, a study of the hadronic energy flow can
be made to search for evidence of 3-jet structures. The normalised cms

planar energy flow is defined as

o) G N
de T W dEide

where i runs over all charged particles in the event. ei is the angle
between the current (y*) direction and the direction of the ith hadron
projected into the event plane, with 6=0° corresponding to the current
direction. The sense of &, is defined for each track such that the

track with the largest pT has 6<0°. This analysis only includes events
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with at least four forward going (xF>0) charged hadrons. 9093 events

passed this cut. Figure 14 shows the planar energy flow for these

events. A simple requirement expected to enhance the fraction of

hard QCD events is to consider only events containing a hadron with

p; greater than some minimum value. For a minimum p; cut of 1.5
and 2.5 (GeV/c)z, the remaining sample contain 357 and 105 events
respectively. The energy flow for these samples is shown in figs.

and 16.

The curves for model E (no hard QCD, o =0.88 GeV) compare
reasonably with the data in fig. 15, becoming more disfavoured in
fig. 16. The data without any p; cut (fig. 14) is also poorly
reproduced by these conditions. The curves shown in figs. 14, 15
and 16 are all normalised so that their integrals are the same as
that of the data. However, the model without hard QCD predicts an
absolute fraction of events passing the above criteria which

is much smaller than that in the data.

Taken together with the p;(in) and p;(out) distributions,
these plots show that simple 2-jet models, containing no hard QCD

and with a gaussian fragmentation Py distribution, are unable to

reproduce the data,

In order to separate QCD effects in jets from purely kinematic

effects, we have studied the scaled energy flow [20,21] defined by

Ae
de 1 _A
an - PN =y T
ev
charg i ch
where Ejet =z Ei N = Ei /Ej L
X

and A= £ = cotf

15
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The quantity @ is the angle between the hadron and the virtual
photon and 1:“..1 is the cms energy of the ith charged hadron. This
jet profile was found to scale (i.e. be independent of jet energy)
in low energy pp reactions [20], in neutrino-proton [22] and K+
proton [23) scattering. Such scaling is expected in cascade
models of fragmentation. We have analysed the data in four W
intervals (W1:4—8 GeV, W2:8—12 GevV, W3:12~16 GeV and W4:16—20 GeV)
and compared the results to model predictions. In this analysis
events are included only if they have at least one forward and

one backward going hadron.

Figure 17 shows the distributions in four intervals of W
for both the forward and backward jets. Except for the first bin,
the data in the backward hemisphere is roughly independent of W,
whereas in the forward hemisphere there is a marked W dependence,

the distribution becoming more peaked toward A=0 as W increases.

To illustrate the W dependence we take the ratio

{de/dn),
i

Rij = (de/ah)

of the distribution in the first W interval to those in each of the

higher W intervals, and these are plotted in fig. 18. Also shown in

fig. 18 are the expected distributions from the independent jet model.

Without QCD this model gives reasonably good scaling in W, for both
the backward and forward jets. Including QCD effects in the model
gives rise to scaling deviations, but still fails to describe the
data for higher values of W. Increasing the value of A improves
agreement in the forward direction, but at the expense of worse

agreement in the backward direction.
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The same ratios of energy profiles are compared to the Lund
model predictions in fig. 19. While the backward jet ratios
essentially remain flat, with and without hard QCD included, the
forward jets show sizeable deviations increasing with W. These
deviations in the model are due to hard QCD as well as to multiple
soft gluon emission, these effects being almost equally large. In
contrast to the IJ model, there are scaling deviations present
already in the Lund model without QCD. In fact this behaviour is
expected as a "string-effect” due to a "crosstalk" between the
backward and the forward jet. The Xe distribution of the forward
going particles depends on the transverse mass of the backward
going particles (baryons from the target remnant) and explains part
of the scaling deviations associated with the lowest W interval in
the string model [24]. By definition, there is no "crosstalk" in
independent jet fragmentation. Reasonable agreement between the
data and Monte Carlo can only be obtained using the Lund string

fragmentation, including the effects of QCD.

For a quantitative analysis we have fitted the suggested

radiation profile function [20]

M

plk) =
(l+(RH)2)3/2

to the data in fig. 17. It has been shown that this distribution
roughly fits the low energy data and has the correct behaviour for
A30 and s (p(0)=M; p(=)=0). It can be seen from fig. 17 that

p(A) gives a reasonable description for the forward region. Due

to crossover between forward and backward hemisphere the fit has
been made for A>0.2 only. The backward jet, however, shows sizeable
deviations, due to the much more complicated target remnant system

fragmenting.
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The variation of the transverse mass parameter M can be used
as a measure of the observed scaling deviations. In fig. 20, the
values of M found are plotted against W and compared to various Monte
Carlo predictions, computed with different values of the QCD scale
parameter A and of the fragmentation transverse momentum parameter
o .
q

If the Lund fragmentation scheme is used to model non-perturb-
ative effects, a value for A can be determined from fig. 20 and
from the ratios of fig. 19. This value can be expressed in terms

of o using the leading order QCD formula

12+
(33—2nf)log(Q2/A2)

2
as(Q ) =

giving

as(Q2=20 Gev®, n, = 4) = 0.29 £ 0.01_ + 0.02

£ tat. syst.

where the systematic error does not include the uncertainty from the

fragmentation model.

However, the Independent Jet Model fails to describe the data even

with a value of A larger than 1 GeV,
4,4 Search for Three-Jet Events
With evidence for hard QCD processes in the data, several different

attempts were made to separate these 3-jet events from the 2-jet events

and then to reconstruct the jet momentum vectors.
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The subset of events having at least one hadron with p; larger
than 2.5 (GeV/c)® as used in fig. 16, for example, contains 105
events ocut of the total sample of about 23,000. Figure 21 shows
some calculations made using the Lund model on the fraction of qg
and qa 3-jet events as a function of the p;(max) cut on the forward
hadron used to select the sample. It can also be seen that a
reasonably clean sample of 3-jet events can be selected, however,
only at the expense of severely restricting the sample size. It
can also be seen that the two hard QCD processes make comparable
contributions to the total number of 3-jet events. Imposing a cut
¥ .>0.06, in order to enrich the fraction of qg events, gives a

BJ
factor of qg to qq events of about two to one for p;(max)>1.5 Gevz,

again at the expense of reducing the total sample by a further

factor of two,.

A cluster algorithm was developed as an alternative approach
to the method of applying a cut on (pT)max. A search was made for
events which had three separated clusters, each cluster having tracks
with small angles between their momentum vectors in the CMS. The
cluster algorithm applied here [25]1 is similar to the procedure
described in [26]. Since, as discussed above, the backward jet is
rather narrow, all backward going hadrons were assumed to form one
cluster. The algorithm was then only applied in the forward hemi-
sphere. It was tuned on the basis of the results from the Monte
Carlo simulations in order to reach the optimum between high
efficiency for finding 3-jet events and low contamination from
2-jet events. With the final set of parameters, the contamination
from 2-jet events is reduced to 24% in the selected sample, which

contains 2.5% of the original 3-jet events.

The data sample used in this analysis comprises events from

both the H2 and D2 targets. In addition to the cuts on the
event variables given in section 2, the sample was further

restricted to the W range between 10 and 20 GeV. It was also
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required that there was at least one charged hadron in the backward
cms hemisphere and more than three charged hadrons going forward.

In total 12,400 events fulfil these criteria. From the Monte Carlo
studies discussed above one expects to obtain about 110 3-jet events,
with an estimated contamination of about 25 2-jet events. Application
of the cluster algorithm to the data yields 118 events, a number which

is in agreement with the expectation.

In fig. 22 the p; distribution of forward going charged hadrons
from the 3-jet events is shown, normalised to the number of events in
this sample. For comparison the distribution is also included for the
2-jet events (containing 12% contamination from 3-jet events) found by
the same cluster algorithm. The p; distribution for 3-jet events is
clearly broader than the one for 2-jet events. The values of <p;>
are (0.5610.01)Gev> and (1.72+0.17)GeV> for 2 and 3-jet events respect-
ively. When interpreting this big difference one has to keep in mind
that the cluster algorithm imposes a strong bias on the 3-jet sample.
It was found by Monte Carlo studies that the cluster algorithm increased
<p;> of 3-jet events by 0.38 Gev>. This bias is not sufficient to
explain the entire difference between the <p;> values of the 2 and
3-jet samples. So one can conclude that the 3—jet events exhibit a

-4
significantly higher value of <Pp> than the 2-jet events.

The yields of forward going protons and antiprotons have been
determined for the 2 and 3-jet samples. The fractions of p+§ among all
charged hadrons in the forward hemisphere are found to be (8.3%0.2)%
and (12.7%+2.5)% for the 2 and 3 jet events respectively. This indicates
a more copious p+5 production in 3-jet events. As these events show
significantly higher p; values, this finding is at least qualitatively
in good agreement with the observation [27] that (NP+NP)/(Nh++Nh_)

. s . 2
increases with increasing Pp-
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4.5 Soft Gluon Interference

The cascade model of Webber includes the effects of inter-
ference between parton showers. Interference effects of a similar
nature are known to occur in QED. For example, a long wavelength
bremsstrahlung photon emitted at large angles in e+eu pair production
cannhot resolve the e+ and e . The photon is therefore emitted
coherently by the e+e_ pair. Since the electron pair has an effective
total charge of zero the rate of emission is suppressed. Calcul-
ations show that there is an ordering of the angles of emission
which has the effect of strongly reducing the number of such soft

photons emitted at small angles [28,29]).

The case of QCD is complicated by the fact that gluons carry
colour charge. However, recent caleculations {30] in the domain
of semi-~hard QCD have shown that an effect similar to that in QED
does exist. A soft gluon emitted at large angle cannot resolve
individual colour charges within a jet as it is sensitive only to
the total colour charge. A similar ordering condition on the
angles of the emitted gluons leads to a reduction in the number
of emitted soft gluons, as in the QED case for the emitted soft
photons. The calculations also include further destructive
interference between different multigluon graphs which have no
QED analogue, hence the name of the soft gluon interference

effect.

QCD calculations of e+e— annihilation into partons through
the mediation of a virtual photon of four-momentum squared Q2 give
clear predictions [30,311 for the distribution of the emitted
sluons. The number of soft gluons is strongly reduced and the
shape of the distribution xda/dx plotted as a function of 1n(1/x)
is asymptotically gaussian for large Qz with a maximum at

(llé)ln(QZIQf). The quantity Q, is an infrared cut—off and
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% is the momentum fraction (of Q/2) carried by the parton. QCD
calculations are only reliable if the masses of the final state
gluons are larger than Q,, typically 0.7 GeV¥. Hence a linear
variation of the position of the maximum of the distribution
xdo/dx with 1nQ2 is predicted, with a slope of 0.25 [31]. Without
the soft gluon interference effect, and as Q » =, this slope

would be expected to be 0.5.

The Webber Monte Carlo model was developed to study e+e_
annihilation. For comparison with deep inelastic muon-proton
scattering it was modified to simulate the flavour ratio of the
forward scattered quarks. Only forward hadrons are studied to
avoid contamination from the remnant diquark fragmentation, which
is not included in the model. In these calculations the momentum
fraction of the parton, x, has been replaced by xp:Zp/W, the
momentum fraction of the hadron. Investigation with the model
indicated that while the slope of the variation of the maximum
of the distribution xdeo/dx with an2 is strongly changed for pions
by a large contamination of higher mass resonance decay products,
this is not so for kaons and protons in the centre of mass energy
range of this experiment (4<W<20 GeV). Thus the slope obtained
for these particles serves as a more reliable test of the soft

gluon interference mechanism.

The identified forward charged pions, kaons and protons were
were divided into different bins of W, and for each W bin the distri-
bution xpdo/dxp was plotted against 105(1/xp), where xp=2P/w and P
is the hadron momentum in the centre of mass frame. As an example,
some distributions are shown in fig. 23. More details of this analysis
can be found in ref. [32]. The position in 1n(1/xp) of the maximum
of each distribution was determined for each W bin by fitting a gaussian
to the distribution. Figure 24 shows the variation of the position of

this maximum with W* from the data, compared with the predictions
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of the Lund [6] and Webber [10] Monte Carlo models and with the

results obtained by TASSO [12].
the EMC data for each particle type in fig. 24.

Table 3

Straight line fits were made to

gives the

results of the fits together with the predictions of the two models.

The slopes for the Webber model given in table 3 show that

for both kaons and protons the values are close to 0.25, the value

expected from the soft gluon interference effect.

This shows that

the hadronisation process, at least in this model, does not distort

this effect for heavy particles.

The Lund model, on the other hand,

which does not include this effect, predicts a somewhat larger slope

for kaons but a slope for protons which is similar to that of the

Webber mode

1.

For pions, the Webber model predicts a slope which is

different from 0.25, indicating that for such low mass particles the

hadronisation process distorts the effects of soft gluon interference.

Table 3

Slopes of the straight line fits to the position ln(llxp) of the

maximum of xpdd/dxp as a function of W? (fig. 24).

onte Carlo

+
Slopes Pions K K* Protons
EMC Data 0.421+0.01%0.02| 0.29+0.0620.09| 0.3630.12+0.10[0.21+0.05+0.06
Lund Monte 0.38 0.43 0.35 0.23
Carlo
Webber 0.32 0.26 0.24 0.25
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It can be seen from table 3 and fig. 24 that the data for pions
and protons are in reasonable agreement with both the Webber and Lund
models. For charged kaons the slope of the data agrees well with the
prediction of the Webber model but is somewhat smaller than that
predicted by the Lund model. However, the difference is mainly due
to the low W region where the corrections for experimental acceptance
are largest. The neutral kaons data have larger statistical errors

and are compatible with both models.

4.6 Comparison with Firestring Model

As discussed in the introduction an alternative to the QCD
based models is the Firestring model [11] in which the concept of
quarks and confinement is retained but the QCD idea of dynamical

gluons is rejected.

The model reproduces the measured F2 reasonably well and has
been compared with the forward and backward charged particle multi-
plicities (ni and nz) as well az to the identified hadron inclusive
x-Feynman distributions elsewhere [33]). There it was found that
the predictions agreed reasonably well with the data except for
ni at high W and nz at low W. Some problems were found in
reproducing the pion and kaon distributions in the negative xF
region as well as the proton distribution. This latter problem
appears to be a reflection of the leading baryon mechanism which
is central to the model and thus has potentially the most serious

consequences. Here we explore the model predictions for the jet

variables already discussed above.

i
Figure 25 shows the inclusive E(an)2 distribution for the
data along with the prediction of the firestring model. Reasonable
agreement between model and data is observed; however, the model

2 2
predicts a greater yield at Py >3 GeV than is observed. The plot
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of <p;> versus X in fig. 26 indicates that, while the model gives

some forward-backward asymmetry in the pT distributions, the magnitude
of the effect is significantly greater in the data than in the model.
The study of the balance of transverse momentum as described above

has also been applied to the firestring model. It can be seen that
with both forward and backward trigger particles the transverse
momentum is balanced centrally around y*=0 (fig. 27). This provides
an adequate description of the balancing of the forward trigger
particles; but the balancing of backward going trigger particles

is markedly different from the data.

5. SUMMARY

A detailed study of hadronic jet production in deep inelastic
muon-nucleon scattering has been performed with emphasis on
distinguishing between various fragmentation models. 1In particular
high statistics data on inclusive Py distributions, transverse
momentum balance and hadronic angular energy flow have been presented.
Within the models analysed, an investigation was made of the relative
importance of the initial scattering process and the hadronisation in
several different aspects of the data. In this way strong limitations

have been placed on the available models.

Data presented on the average p; as a function of Xe (the
"seagull plot") have shown the inability of the independent jet
models to reproduce the observed forward backward asymmetry.
Within the Lund string fragmentation model, it has been Found
that the soft gluon component of the transverse momentum is
primarily responsible for the observed asymmetry. The Lund

model satisfactorily reproduces the measured seagull plot.

- — -
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The data presented on the manner in which the transverse
momentum of a trigger particle is balanced by the remaining
particles in any given interaction, limit the magnitude of the
primordial quark transverse momentum. The Lund model is also
much favoured over independent jet models in this analysis, with
the leading forward and backward trigger particle transverse

momentum being balanced centrally.

The inclusive p; distribution both within and perpendicular

to the event hadronic plane are essentially unaffected by the inclusion
of soft gluon effects and thus constitute evidence that the planar
structure observed in the data is due to hard QCD processes. The data

also impose limits on the magnitude of the fragmentation induced pT.

The average p; is found to increase with the hadronic ecms
energy W, more rapidly than does the longitudinal momentum component.
At fixed W no significant Qz dependence of the average transverse
momentum is found, placing an upper limit on the first order QCD

parameter A<0.5 GeV.

The measured angular hadronic energy flow within the event
hadronic plane is consistent with the models investigated,
provided the "hard” QCD processes are included. A detailed study
of the jet profiles favour the string model over the independent
jet model. These studies were also used to extract, in leading
order, a value of as=0.29t0.01 (stat.) 10.02 (syst.), for a value
of Q*~20 Gev? and using the Lund string model. The systematic
error quoted does not include the uncertainties due to the choice

of this fragmentation model.

Enriching the three-jet sample of events via a cluster algorithm

2
leads to evidence for increased <Pp> in these events beyond that

imposed by the selection process. Proton and anti-proton multi-

plicities are also higher in this sample.
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Studies of the behaviour of the distributions xpdo/dxp as a
function of W show that the data are compatible with the QCD cascade
model of Webber, which includes soft gluon interference effects, but

also with the Lund string model which does not.

Beyond the problems described elsewhere [33] of the “firestring
model” in reproducing the proton XF distributions, this model does
reproduce many of the measured pT properties. The forward backward
asymmetry in <p;> predicted by this model is however smaller than
that observed. The balance of transverse momentum is also not well
reproduced for backward trigger particles. However, the version of
the model used is the first version of this model and has not been

tuned in any way to fit the data.

In summary, taken as a whole, the data presented are able to
exclude the independent jet fragmentation schemes. The Lund model,
with hard QCD processes and soft gluon effects included, satisfact-

orily reproduces all the measured distributions presented.
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The mechanism of deep inelastic %-N scattering.

(a) The basic QPM diagram and {(b) 0(33) QCD corrections.
The fragmentation process in the QCD parton shower model.
Deep inelastic scattering in the firestring model. FS
represents a firestring and B* an excited baryoen.
Distribution of DIS events in the Qz-u plane. The area
to the right of the solid line corresponds to the kinematic
region where the ratio of the QCD 3-jet to 2-jet cross
section is larger than 20%. Lines of constant x and W
are alsc shown.

Differential (a) p; and (h) p; distributions for forward
(xF>0) and backward (xF<0) hadrons.

Mean p; as a function of W- for forward and backward
hadrons. (The central region, IxFI<0.2, excluded).

<p;> versus X, compared with predictions of the Lund model

(see table 1 for meaning of curves A,B,C,D).
<p;> versus X, with the predictions of the independent jet

fragmentation model of Hoyer for A =0.3 GeV and A =1 GeV,
a1 QCD QCDb

Transverse momentum balance de /dy* for (a) forward

trigger (b) backward trigger particles. Curves represent

predictions from the Lund model (see table 1),

As in [9] with predictions from (a) independent jet model,

b) firestring model.

i ut
Differential (a) z(pi“)2 and (b) ch;“ )% distributions
in and out
T P

are transverse momentum within, and perpendicular to, the

compared with predictions of the Lund model. (p

hadronic event plane, respectively). The events are
required to have two or more charged hadrons.

2 2
Ratio of <Pp> for high and low Q versus x_, for four

F’
intervals of W (see table 2). The curves are computed
using the Lund model without hard QCD effects (dashed line)

and including hard QCD effects (solid line).
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[131 Ratios of the differential p; distributions for different
intervals of W and xF. The curves are the same as for
fig. 12.

[14] Angular hadronic ems energy flow within the hadronic event
plane. The curves are the predictions of the Lund model
(see table 1).

[15]  As with fig. 14, but excluding events with p;max<1.5 (Gev/e)>.
The curves are the predictions of the Lund model (see
table 1).

[16]  As with fig. 14, but excluding events with pa  <2.5 (Gev/e)®.
The curves are the predictions of the Lund model (see
table 1).

[171] Differential energy flow de/dA for (a) forward and
(b) backward hadrons in four ranges of hadronic cms
energy, W. The curves show the fits to the distribution
pNyams (a2,

[18] Ratio of differential energy flows from different
regions of W, in comparison with independent jet
model predictions. The indices i,j=1,4 which label the
W ranges are the same as for fig. 17.

[19] Ratio of differential energy flows from differeht
regions of W, in comparison with Lund fragmentation
model predictions.

{20} Fitted values of parameter M defined in the text for
different ranges of W. The curves show predictions
for both the Lund and independent jet models.

[21] Calculation of enrichment of QCD 3-jet events along with
the reduction in total sample size as a function of the
maximum p; cut. Only forward jets are considered,
in each case there is a jet corresponding to the target
remnant in the backward direction.

[221 Differential p; distribution for 3-jet and 2-jet events
as selected via the cluster approach.

[23] Examples of the scaled differential cross sections xpdc/dx
as a funection of ln(lep) for «* K& and p/p and for various
intervals of W. The smooth curves show fits of Gaussian

distributions.
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[24] The values of 1n(1/xp) at ﬁhe maximum of’xpda/dx as a

function of W- for pioﬁs. kaons and protons. The curves

show the predictions of the Lund (dashed line) and Webber

(fu}l line) models. The full squares are the data of TASSO [le].
[25] Z(p;n)2 distribution coypared with the prediction of

the firestring model (p;n is the transverse momentum within

the event plane).

[26] <p;> versus xF compared with the predictions of the
firestring model.

£27] Transverse momentum balancg dp:alldy* for (a) forward
{(b) backward trigger particles. Predictions are from the

firestring medel.
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