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Abstract

A study of the distribution of the azimuthal angle ¢ of charged hadrons
in deep inelastic p-p scattering is presented. The dependence of the moments
of this distribution on the Feynman x variable and the momentum transverse
to the virtual photon indicates that non-zero moments arise mainly from the
effects of the intrinsic KT of the struck quark with <K;> > (0.44 GeV)z,
and to a lesser extent from QCD processes. No significant variation with

2 2,
Q or W 1is observed.

For footnotes see next page.
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Introduction

It was suggested several years ago by Georgi and Politzer [1] that
hadron asymmetries around the current axis in deep inelastic scattering
could provide a test of perturbative QCD predictions. In contrast Cahn
[2] showed that non-perturbative properties such as KT, the intrinsic
transverse momentum of the struck quark inside the nucleon can also induce
such asymmetries. In addition recent work by Berger [3] has shown that
higher twist effects should alsc be considered. Unfortunately, the
fundamental parton processes described by these models are obscured by
the fragmentation of partons into hadrons. Fragmentation was taken into
account in the model of Kénig and Kroll [4] in which the effects of KT
and lowest order QCD were studied. Comparing the results of Kénig
and Kroll to an earlier EMC measurement [5] it was concluded that the
most important factor was KT which effectively masked the QCD effects.
However, to fit the data a value of KT~0.7 GeV was required which seems
unphysically large given the effective radius of the proton. These
results [5] were however limited to the forward CMS hemisphere and need
to be completed by a measurement that includes the backward hemisphere.
Such a measurement is presented here for the first time in deep inelastic
muon scattering and shows that the asymmetries have a very different
character in the backward region. These results are again compared to

the model of Kbénig and Kroll.

Notation

The standard kinematic¢ variables of deep inelastic scattering, Qz, v,
Wz and y have been used in the analysis. Here Q2 is the four momentum
transfer squared and v the energy transfer to the virtual photon in the
laboratory frame. W is the total energy in the centre of mass system (CMS)
between the incoming proton and the virtual photon and hence of the final

state hadrons and y=v/E where Eu is the energy of the incident muon.
¥

The kinematics of the interaction are illustrated in fig. 1. The
incoming muon emits a virtual photon which interacts with one of the partons

in the proton. The incoming and outgoing muon lines, along with the virtual



photon direction define the lepton scattering plane. After the parton
interacts with the virtual photon, it fragments forming the forward or
current jet. The target remnants also fragment forming the backward or
target jet. The incoming proton, the target and current jets and the
intrinsic transverse momentum of the struck quark KT all lie within the
parton plane. The kinematics of the produced hadrons are measured in the
CMS in which the x direction is along the virtual photon direction, the v
axis is perpendicular to the x direction in the lepton scattering plane
and towards the scattered muon and z is perpendicular to both to form a
right handed system. The CMS transverse and longitudinal momenta of a
hadron relative to the virtual photon are designated by pT and pL,

respectively. The Feynman x variable is defined as xF=2pLIW.

The angle ¢ is the azimuthal angle of a hadron around the virtual
photon direction with ¢ = 0 in the positive y direction. The moments of
interest [5] namely <cos¢>, <cos2¢> and <sing> were determined by fitting

the observed normalised distribution to a function of the form

+
Nh_
$

[=1

NL = g{¢) = A + Bcos¢ + Ccos2¢ + Dsing . (1)
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The moment of a circular function m(¢) is defined as

I2"g(eIme) do
<m(p)> = . (2)

[27(4) 4o

Thus the moments are <cos¢>=B/2A, <cos2¢>=C/2A, <sin¢>=D/2A. Note that
with this definition the maximum physical value for the magnitude of these
moments is 0.5. Each moment has a calculable kinematic dependence on y

[1,21. These are given by:
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for <cos¢>, <cos2¢> and <sing> respectively. To remove this dependence
each moment is divided by the mean of the appropriate function for the

kinematic range selected.

Theoretical Considerations

A non-zero <cosé> can arise simply from the intrinsic KT of the
struck quark (fig. 1). As the struck quark has a finite KT it is possible
to define a parton plane. It has been shown from the kinematics of the
reaction [2] that the interaction probabilities between the quark and
lepton are dependent on the relative orientation of the lepton and quark
rlanes. This results in more hadrons being produced on the side opposite
the scattered muon in the current jet, giving a negative <cos¢> in the
forward direction. As the target remnants must balance pT there will be
a positive <cos¢> in the backward direction. Note that the relative
magnitude of <cos¢> in the forward and backward directions will depend

on the details of the quark and di-quark fragmentation functions.

The emission of a hard gluon by the quark before or after the inter-
action can also give rise to a ¢ asymmetry [1l]. This arises because of
asymmetries in the orientation of the hard gluon and scattered quark
and differences in their fragmentation functions. Calculations by Kénig
and Kroll [4] indicate that this effect is sizeable above an X of about
0.2 but goes to zero as xF approaches 1 as the quark and gluon become
collinear. The effect is also strongly dependent on the P of the

hadrons.

The <cos¢> arising from higher twist effects [3] has been calculated

and is expected to dominate at large positive x Higher twist effects

-
should contribute a large positive <cos¢> in the Xy region from 0.5 to 1.0
with a magnitude similar to that produced by KT. This contribution is

assumed to add incoherently (7] to those of KT and QCD discussed above.



Data Analysis

The data were obtained using the M2 muon beam at the CERN SPS. Muons
of energy 280 GeV were incident on a 1 m long liquid hydrogen target
situated inside a streamer chamber which was itself located in a large
vertex spectrometer magnet. The streamer chamber together with a system of
drift and proportional chambers placed at wide angles were used to detect
and measure the low and intermediate momentum hadrons produced in deep
inelastic scattering. The scattered muons and fast forward hadrons were
detected and measured in a forward spectrometer. The total system served
to measure charged particles of momenta > 0.2 GeV with high efficiency,
giving essentially 4w coverage in the CMS. The details of both the

vertex and forward spectrometers together with the analysis procedures
are published elsewhere [8].

Events were selected by making kinematic cuts to avoid regions where
the corrections for acceptance and radiative effects were large and rapidly
varying. These cuts were Q2 > 4 Gevz, 40 < Wz < 450 Gevz, v > 20 GeV
and y < 0.8. The y cut was particularly important in removing events with
large radiative effects. The radiation of real photons produces a substant-
ial non-zero <cos¢>, To further reduce such effects events were excluded
if the sum of the energies of all observed hadrons was less than 10% of the

energy of the virtual photon, v. The number of events remaining after
these cuts was 27,000,

About 50% of the hadrons in these events were identified by the
apparatus. All other hadrons were assigned a pion mass except for
positive hadrons having xF(mﬁ) <-0.2 and xF(mP) >-0.9 which were assigned
the proton mass. This assignment was based on a study using both the data
and the Lund model which showed that > 90% of all positive tracks in this
region were protons [9]. For studies of <cosé> as a function of x
an additional cut on all hadrons with pT<0.2 GeV was applied to remove

low pT tracks in which ¢ was poorly measured.



Acceptance corrections including radiative corrections were determined
from a complete Monte Carlo simulation of the experiment. Deep inelastic
scattering events were generated using the Lund String Model [10]. Second-
ary interactions of these hadrons and photon conversions in the target
material were also produced. Hits were generated in all the detectors in
such a way as to include the effects of the measured chamber and hodoscope
efficiencies. Finally the simulated chamber and hodoscope data were passed
through the analysis programme chain. The acceptance was then obtained
from the ratio of the accepted hadrons to generated hadrons falling in any
given bin. In this way corrections due to the apparatus and the analysis

programmes were taken into account.

Results

The ¢ distributions of charged hadrons for several regions of xF
are shown in fig. 2 together with the results of fits of equation (1).
The major effect observed was the variation of <cos¢>/f1(y) as a function
of xF as shown in fig. 3. Here one sees that at negative X <cos¢>/f1(y)
is positive. The moment becomes negative at xF~0 and falls below a
value of -0.1 for an szo.S. The data were checked for systematic effects
by measuring <cos¢> as a function of xF in different spatial regions of
the spectrometer. Variations in <cos¢> induced in this manner were always
found to be less than the statistical errors. The results of an earlier

EMC measurement [5] in the positive x_ region are also given in fig. 3.

F
These were obtained using a single magnet spectrometer system which had

a substantially different acceptance from the apparatus used for the new
data. The agreement between the two measurements is reasonable, supporting

the above conclusion that systematic effects do not appear to be important.

The smooth curves in fig. 3 are the results of calculations made using
the model of Koénig and Kroll [4]. This model contains the effects of O(cs)
corrections to the matrix element and of the intrinsic transverse momentum

of the struck quark, KT. The Lund string fragmentation model [10] is used



for the hadronisation of the partons. It can be seen that the predicted
asymmetry arising from QCD alone (dashed curve) does not reproduce the large
negative values of <cos¢> in the forward hemisphere. Including the effect
of KT (<K;>=(0.44 Gev)z) improves the agreement with the data including

the observed posgitive values in the backward hemisphere. However, the
absolute values in the forward direction are not well reproduced, nor is

the rapid change in <cosé¢> around szO. Increasing KT to <K;>=(0.88 GeV)2
produces an asymmetry in the forward hemisphere which is still less than
that observed. It should be noted that the possible effects of soft gluon
radiation, the inclusion of which reproduces the transverse momentum

properties of the hadrons in this experiment [11], are not included in the

model. The model curves were calculated to a statistical precision of 0.02.

As the model of K6nig and Kroll only includes corrections of O(as),
higher twist effects must be considered independently. The data
presented in fig. 3 show no indication that the <cos¢$> becomes more
positive in the region of X from 0.5 to 1.0, Thus as with the results
of earlier observations [12]}, there is no evidence for a higher twist

contribution; however such a contribution cannot be ruled out.

The variation of <cos¢>/f1(y) as a function of Py for different Xp
regions is shown in fig. 4a. At small PT' the values are consistent with
zero in all X regions. For xF>0.15 the absolute value of the moment
increases as pT increases. For xF < -0.15 the moment also increases in
magnitude with Py but this is of minimal statistical significance. A
strong increase in |<cos¢>| with P is expected if the moment arises
from hard QCD effects [3]. An additional feature of the results shown in
fig. 4a is that, at small values of positive X there is a significant
and slowly varying negative moment over a wide range of Py values.

It is possible to enhance the fraction of events involving hard QCD
processes by selecting events with a high P trigger particle [13]. If

hard QCD processes contribute to the <cos¢> or the <cos2¢>, one would



expect these moments to show a dependence on the pT of the trigger
particle. However, no such variation is seen for either moment as shown
in fig. 4b. This again indicates that hard QCD processes are not the
dominant source of the large negative <cos¢> observed at positive

xg (fig. 3).

Higher twist effects such as those calculated by Berger [3] have a
1/Q2 dependence and should be more significant at low Qz. Figure 5 shows
that there is very little Q2 or W dependence in <cos¢>. From fig. 5
it can also be seen that the asymmetry in <cos¢> between negative and

positive x_, is present in all intervals of Q2 and W-.

F
Figure 6 shows <c052¢>/f2(y) and <sin¢>/f3(y) as a function of xF.

It is clear that <sin¢> is zero within statistical errors for all xF.

The <cos2¢> seems to be small except for a small positive region around

an sz0.3 consistent with the data in [5].

Conclusions

A strong dependence of <cos¢> on X has been observed with a value
dropping below -0.1 in the forward direction and a small and positive value
in the backward direction. The general trends of the data are predicted
by the model of Kdnig and Kroll. However, the amplitude of <cos¢> at
positive Xe and its rapid change at X close to 0 are not reproduced
by the model. Variations of the parameters of the model indicate that
hard QCD processes contribute only a small amount to the non-zero <cosé>,
while a value of <K;>3(0.44 GeV)2 was indicated for the intrinsic KT
of the struck quark. The relatively minor contribution of hard QCD
processes to the non-zero <cos¢> was also suggested by studies of <cos¢>
as a function of Py The values of <cos2¢> and <sing> were found to be

close to zero although there is an indication that <cos2¢> becomes positive

at an xeO.3‘
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Figure Captions

Fig. 1
Fig. 2
Fig. 3
Fig. 4a
b
Fig. 5
Fig. 6

Definition of the kinematic variables KT' P and ¢.

Adapted from a figure of Mendez et al., [6].

¢ distributions of charged hadrons in four xF regions for

pT>0.2 GeV. The curves show the results of the fits.

<cos¢>/f1(y) as a function of x5 for charged hadrons with
pT>0.2 GeV. In addition points are shown from reference {5].

The curves show the predictions of the model of ref. [a]l.

<cos¢>/f1(y) for charged hadrons as a function of the cut
(lower bound) applied in pT. Four different xF regions are
shown.

<cos¢>/f1(y) and <c052¢>/f2(y) as a function of the Pr of

the trigger particle used to select the event.

<cos¢>/f1(y) of charged hadrons with pT>0.2 GeV as a function

of x for various regions of (a) Q° and (b) W® (in Gev®).

<c032¢>/f2(y) and <sin¢>/f3(y) as a function of xF for charged
hadrons with pT_> 0.2 GeV.
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