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I. INTRODUCTION

In this paper we present measurements, obtained by
experiment E665 at Fermilab, of the transverse momenta,
energy flow, and azimuthal asymmetry of charged had-
rons produced in 490 GeV up and ud interactions. The
data are discussed within the context of the quark parton
model and quantum chromodynamics. Specific compar-
isons are made between data and the predictions of the
Lund Monte Carlo models. Only hadrons which are for-
ward in the hadronic center-of-mass system are included.

Within the quark parton model, deep-inelastic scatter-
ing is described as lepton-parton elastic scattering. The
process can be formulated in terms of the one-photon ex-
change diagram shown in Fig. 1(a). The momentum of
the scattered parton is the vector sum of the intrinsic
transverse momentum of the parton and the longitudinal
momenta of the incoming parton and virtual photon.
The average intrinsic transverse momentum is several
hundred MeV/c and thus for large momentum transfers,
the scattered parton is very nearly aligned with the pho-
ton current direction. The transverse momentum which
hadrons acquire in the fragmentation process is also on
the average a few hundred MeV/c and is assumed to fol-
low a steeply falling distribution. Thus, in the absence of
perturbative QCD effects, forward final state hadrons will
be collimated in a narrow jet with respect to the current
or virtual photon direction.

The strong interactions between quarks and gluons
lead to QCD corrections to the basic scattering picture.
The first order in a; corrections to the one-photon ex-
change process, gluon bremsstrahlung, and photon-gluon
fusion result in two partons, each of which has transverse
momentum with respect to the virtual photon [Figs. 1(b)
and 1(c)]. The subsequent fragmentation of these partons
into hadrons can lead to distinguishable hadronic jets [1]
which contain particles with high transverse momentum
relative to the virtual photon direction. Calculations of
the first-order QCD corrections show that the average
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hadronic transverse momentum squared increases with
W? [2]. We have observed this effect in our data and
have compared it to previous muon and neutrino deep-
inelastic scattering experiments [3]. We will use the term
“hard QCD” to refer to the lowest-order ¢, contribu-
tions.

Explicit calculations of the cross sections for the first-
order QCD processes have also shown that the azimuthal
distribution (¢) of hadrons about the virtual phonon
direction should be asymmetric with {cos¢) negative.
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FIG. 1. Deep-inelastic muon scattering, (a) quark scattering,
(b) gluon bremsstrahlung, (c) photon-gluon fusion.
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The azimuthal angle ¢ =0 is defined by the projection of
the muon scattering plane onto the plane perpendicular
to the virtual photon direction (see Fig. 2). Gluon brems-
strahlung produces hadrons which prefer to populate the
azimuthal range 7/2<¢ <37/2 [4,5]. As was pointed
out by Cahn, lowest-order QCD calculations show that
the intrinsic transverse momenta of quarks within the nu-
cleon also leads to negative {cos¢) [6]. In the kinematic
range accessible to E665, hard gluon bremsstrahlung and
the intrinsic transverse momenta of quarks are both ex-
pected to contribute to the azimuthal asymmetry. Re-
cently, Chay, Ellis, and Stirling, studying precisely this
kinematic range, concluded that the p; dependence of
the azimuthal asymmetry is characteristic of the nature
of QCD and the structure of the target hadrons [5]. For
hadrons with p;>2 GeV/c the contribution to {cos¢)
from the intrinsic transverse momentum is small.

The usual Lorentz invariant variables are used in this
paper to describe the muon-nucleon scattering process:
the energy transferred in the laboratory frame
(v=E —E') where E and E’ are the energies of the in-
cident and scattered muons, respectively; the fraction of
the muon laboratory energy transferred (yg;=v/E); the
negative square of the four-momentum of the exchanged
virtual photon (Q?); the Bjorken scaling variable
(xpy=¢q?/2Mv); and the virtual photon-nucleon invari-
ant mass squared (W2=M?+2Mv—Q?) where M is the
proton mass.

The following variables are used to describe the ha-
dronic system. The transverse momentum p, which is
the component of a hadron’s momentum Py perpendicu-
lar to the momentum of the virtual photon q, where
g*=K#{ —K4=(v,q). We also use the Feynman variable
xp==2p[ /W which is the scaled longitudinal momentum
of a hadron in the virtual photon-nucleon center-of-mass
system. When calculating the energy of a hadron Ey, a
pion mass is assumed. We further make use of 1=~ 3 |p|
and planarity variables, discussed in Sec. IV, first em-
ployed by Ballagh et al., which characterize the trans-
verse momentum of an event [7].

FIG. 2. Definition of azimuthal angles for produced hadrons
(see text).
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II. DESCRIPTION OF EXPERIMENT

The data presented here come from the sample of ud
and up interactions obtained by E665 during the
1987-1988 fixed target run. The E665 open-geometry
spectrometer and triggers are discussed in Ref. [8]. Here,
we restrict ourselves to charged particles detected in the
forward spectrometer with xp >0, which excludes most
of the hadrons originating from the target remnant. The
trigger used to obtain these data is our large angle trigger
(LAT) which requires a muon outside the beam region
downstream of the iron hadron absorber. The beam
spectrometer determines the incident muon momentum
to 0.5%, while the scattered muon momentum is mea-
sured in the forward spectrometer to 2.5% at 490 GeV/c.
The momentum of charged hadrons is measured in the
forward spectrometer to a few percent.

The primary vertex is determined by fitting the in-
cident muon, the scattered muon, and produced hadrons
to a common interaction point. Events with reconstruct-
ed multiple muons in the spectrometers we discarded.
Events with a reconstructed interaction vertex outside
the target were also discarded.

The kinematic cuts applied to the data sample are

60 <v<500GeV ,

0%>3.0GeV2/c?,

0.1<yg;<0.85,

100 < W?<900GeV?/c*,

xp;>0.003 .
These cuts include the kinematic regions where the detec-
tor has good acceptance, good resolution, and where the
backgrounds due to other processes, such as bremsstrah-
lung or pe scattering, are small.

Figure 3 shows the W? distribution for the accepted

events after the kinematic and quality cuts described
above. E665 nearly doubles the W2 range that has been
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FIG. 3. The uncorrected W? distribution for the data sample
after the kinematic cuts but before multiplicity cuts.
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accessible to previous muon-nucleon
scattering experiments.

The events analyzed in this paper were subjected to
further selection criteria. Charged hadrons used in these
analyses are required to have momentum Py > 8 GeV/c,
and hadrons which also fit to a secondary vertex are re-
moved. In addition, the distance between the primary
vertex and the position of closest approach for hadronic
tracks is required to be less than 1.5 cm. The mean dis-
tance of closest approach is 1.55 mm for hadrons retained
in the event sample. Requirements on track quality, such
as x? probability and the relative error on the hadron
momentum (APy /Py <5%), are also imposed. With
these selection criteria, the data sample consisted of ap-
proximately 49 000 u-deuterium and 12000 p-hydrogen
events. In order to investigate event topologies, a more
restrictive W2 cut, 300 < W2 <900 GeV?/c* and a multi-
plicity cut are used to select a subsample of the data. The
selection of events with four or more charged hadrons
left 4262 deuterium and 932 hydrogen events. Within
statistical errors the data from the two samples are con-
sistent. Further details of this analysis can be found in
Ref. [9]. The W? distribution for this event sample is
shown in Fig. 4.

To correct for acceptance and radiative effects, we use
a Monte Carlo program and GEANT 3.12. We use an ear-
ly version of the Lund program (LEPTO 4.3 and JETSET
4.3). This version of Lund, which was initially tuned us-
ing European Muon Collaboration (EMC) data, provides
a good description of particle distributions and it is ade-
quate for acceptance corrections [10]. The Monte Carlo
program simulated the apparatus taking into account
chamber efficiencies, secondary interactions, and particle
decays. It also takes into account the emission of a pho-
ton from either the incident or the scattered muon (radia-
tive corrections) which can alter the event kinematics
[11]. These radiative corrections are based on calcula-
tions by Mo and Tsai [12]. In general, these corrections
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FIG. 4. The uncorrected W? distribution for the data sample
used in this paper, after the 300 < W? <900 GeV2/c* and n, = 4
cuts.
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increase with p2 and are well understood. For each bin
in an uncorrected distribution, the ratio of reconstructed
Monte Carlo particles and input Monte Carlo particles
has been used as an acceptance factor to correct the data.
Correct meson and baryon masses were used as input.
All reconstructed charged tracks were assigned pion
masses in calculating acceptance corrections. Further de-
tails of the Monte Carlo program can be found in Ref.
[13].

III. MONTE CARLO MODELS

The Monte Carlo models which we use to compare
with data after corrections for acceptance and radiative
effects have been developed by the Lund group [14,15].
Perturbative QCD effects are simulated by LEPTO 5.2 us-
ing matrix elements or parton showers. The matrix ele-
ments are exact to first order in a; whereas the parton
shower option, calculated in the leading-log approxima-
tion, simulates a part of the higher-order effects relevant
to the collinear regime. For comparison, ARIADNE 3.0
also is used to simulate color dipole radiation in which an
emitted gluon, described in terms of the e "e ~ — ggg ma-
trix element, originates from a color dipole consisting of
a quark-antiquark (or diquark) pair [16,17]. This formal-
ism is different from the Altarelli-Parisi equations which
describe gluon radiation as an independent emission from
a single parton. The fragmentation process is simulated
by JETSET 6.3. The Lund parameters have not been
changed from their default values, and no relative nor-
malization has been applied. The Lund distributions
shown are as obtained from the generated events, with
selection criteria identical to those applied to the data.

The parton distributions used in the Monte Carlo cal-
culation are from Morfin and Tung (fit SL, leading order)
[18]. The leading-order fit is the proper choice to use in
the Lund Monte Carlo model has matrix elements calcu-
lated to leading order. However, the model predictions
presented here are found to be insensitive to the particu-
lar choice of parton distribution used.

A summary of the versions of the Lund Monte Carlo
to which we compare the data is presented in Table I.
The no-hard-QCD predictions are obtained by ‘“‘turning
off”” the QCD matrix elements in LEPTO 5.2.

IV. RESULTS

The underlying partonic substructure of a hard QCD
even naturally defines a hadronic event plane which con-
tains the virtual photon and the gg or gg pair. In this

TABLE I. Lund Monte Carlo models used for physics com-
parisons.

Interaction Fragmentation
Matrix elements, LEPTO 5.2 JETSET 6.3
Parton showers, LEPTO 5.2 JETSET 6.3
Color dipole radiation, ARIADNE 3.0 JETSET 6.3
No hard QCD, LEpPTO 5.2 JETSET 6.3
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plane, the net hadronic transverse momentum squared
(relative to the virtual photon direction) is maximal. For
the first-order QCD diagrams, this is the plane which
contains the two final-state partons and is distinct from
the plane defined by the muon scatter. Empirically, we
approximate the hadronic event plane with the plane
defined by the virtual photon three-momentum q and the
vector N, (perpendicular to q) which is determined by
maximizing

Ep%',in: E(PH'I/\\II)2 . (1)

The quantity pr;, is the component of the hadron’s trans-
verse momentum lying in the hadronic event plane and
the sum is over all hadrons in the event which meet the
acceptance criteria.

Every hadron has a pr;, which lies in the event plane
and a pr,,, Which is perpendicular to the hadronic event
plane. Normalized Ep%,in and Ep%,out distributions are
shown in Figs. 5(a) and 5(b) along with predictions of the
Lund Monte Carlo models. As expected from hard
QCD, the Ep%,in distribution is considerably broader
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than the Ep% out distribution. The Lund model predic-
tions with hard QCD included are consistent within the
statistical significance of the data.

Gluon bremsstrahlung and photon-gluon fusion events
will have, on average, larger values of transverse energy
Er (or 3|prl) and 3 |prinl > 3 |prowl- Therefore we use
the combination of two event variables, first introduced
by Ballagh et al. [7], to select events expected to contain
an increased fraction of hard QCD events:

_ 4
= ‘/.’;1_1 2(|PT|_PT0) ’ ()

_ 2(p%‘,in _p72",out )
z(p%,in +p%‘,out )

The variable IT is an extension of the variable
M7=3 .onslPr| introduced by Georgi and Sheiman
[19]. The constant p,,=0.32 GeV/c used by Ballagh

et al. moves the most probable value of the distribution
to zero and_the square root of the number of charged
hadrons, V' n > reduces the dependence of the distribu-
tion on multiplicity. The planarity P is a measure of the
transverse shape of the event. The quantities II and P
have also been used in an analysis of data from a Big Eu-
ropean Bubble Chamber (BEBC) Collaboration neutrino-
nucleon scattering experiment [20].

.Figure 6 shows the normalized Il distribution for
events with W?2> 300 GeV2/c*. Predictions of the Monte
Carlo models are also shown. The Monte Carlo models
with hard QCD give a good description of the data
whereas the model without hard QCD processes fails to
reproduce the observed number of high II events. From
Fig. 6 it is apparent that selecting events with large

(a~]

(3)

I E 3
L W2> 300 Gev¥cd
- 24 Hadrons i
=i
10 —
= ]
o B
<X
H ]
=z =
© N 4
Z; L Matrix Elem. X 4
~ N
- . No hard QCD
10 | i ]
,,,,,,, Parton Shower _ . 7
— __ Ariadne : ]
=3 L
10 7L+ | 1 I PR T
-2 o 2 a 6 8
I

FIG. 6. Normalized II distribution for events with W?2> 300
GeV?/c* and >4 charged hadrons. Data, which are corrected
for acceptance, are compared to predictions of the LUND Monte
Carlo model.
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values of IT (ITI>3.0) should significantly enhance the
fraction of hard QCD events.

The scatter plot of II versus planarity for events with
W?2>300 GeV?/c* is shown in Fig. 7(a). The data show
that events with large Il also have a planar topology.
The Lund Monte Carlo prediction with no hard QCD,
shown in Fig. 7(b), has very few events with II> 3.0 and
no correlation between II and P. The Lund Monte Carlo
supports the interpretation that the events selected by
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GeV?/c* and >4 charged hadrons, (a) data and (b) Monte Carlo
model without hard QCD. The boxes denote the regions
I1>3.0and P >0.5.
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IT>3.0 and P > 0.5 originate from hard QCD processes.
The scatter plots shown in Figs. 7(a) and 7(b) both con-
tain the same number of entries.

In Fig. 8 we show the predictions of the Lund Monte
Carlo (matrix-elements option) for the IT dependence of
the relative contribution of quark scattering, gluon
bremsstrahlung, and photon-gluon fusion. In addition to
the general selection criteria, the requirements P >0.5
and W?>300 GeV?/c* are imposed. The fraction of
event types for I > 2.5 is not very sensitive to the invari-
ant mass (m;;) threshold of the parton pair used in the
Lund Monte Carlo model or the choice of parton distri-
bution functions (see Ref. [9]).

The data shown in Fig. 8 for the fraction of events
remaining in the event sample as one increases the II cut
in good agreement with the Lund Monte Carlo predic-
tion. The Monte Carlo calculation indicates that for
I1>3.0, approximately 55% of the events are due to
photon-gluon fusion and 40% of the events are due to
gluon bremsstrahlung.

The normalized p? distribution (average multiplicity
per unit p2) for events with W?2> 300 GeV?/c* is shown
in Fig. 9(a). There are a significant number of entries at
large p% which are consistent with the Lund hard QCD
prediction. We note that the Lund Monte Carlo model
with no hard QCD has a considerably softer p% distribu-
tion as expected. Figure 9(b) shows the effect of imposing
the II>3.0 and P >0.5 cuts. Again the agreement with
the Lund hard QCD prediction is good. The complemen-
tary cut I1 <3.0 or P <0.5 has a softer distribution and is
also well reproduced by the Lund prediction. The three
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FIG. 8. Fraction of Monte Carlo event type for IT>1II.,.
Also shown is the fraction of remaining events for Il > II,, for
data and Monte Carlo model. The Lund default value for the
gluon-quark threshold, m;; >2 GeV?/c* is used. The data are
corrected for acceptance.
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QCD Lund Monte Carlo models, summarized in Table I,
all give a good description of the data.

The scaled angular energy flow, projected onto the ha-
dronic event plane, is defined as

d(E/W> 1 Ney Ny EX*
P DI @
¢ ev d/ i=1j=1 i

in the virtual photon-nucleon center-of-mass system,
where N, is the number of hadrons in the ith event which
are in the interval Ay and N, is the number of events
surviving cuts. The double sum is over all hadrons con-
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FIG. 9. Normalized p? distributions for events with

W?2>300 GeV2/c* and =4 charge hadrons. In (a), all events
passing the event cuts are shown. In (b), the effect of imposing
IT and P, cuts is shown. The data are corrected for acceptance.
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hadronic event

FIG. 10. Definition of the angle 1 (see text).
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tained in the accepted events and in these distributions

1 <0 is specified by the projection of the muon onto the
hadronic event plane. The angle ¢ is defined by
\

W=arctan(pf};, /p/) ,

where p}*/ is the longitudinal momentum of the jth had-
ron (see Fig. 10). Figure 11 shows the angular energy
flow for events with W2> 300 GeV2/c* P>0.5 and two
IT cuts. The angular energy flow for the events with
IT> 3.0 shows two well separated lobes in quantitative
agreement with the QCD based Lund predictions.
Events with II> —1.0, which have a large percentage of
low pr values, show a single jet structure consistent with
the Lund model predictions. We note that the accep-
tance for the range —45° <y <45° is approximately con-
stant [9]. We have also verified that the selection II1> 3.0
does not artificially introduce a minimum at ¥=0 in
Monte Carlo events with no hard QCD [9].

The results presented thus.far are consistent with ex-
pected hard QCD effects. We now turn to azimuthal dis-
tributions of hadrons about the virtual photon direction;
as discussed in the Introduction, asymmetries in these
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FIG. 12. Normalized ¢ distributions for events with (a)

I1<1.0 and (b) I1>1.0. The data are corrected for acceptance
and the solid lines are fits to the data.
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FIG. 13. The dependence of {cos¢) on transverse momen-
tum cutoff. The curves are the predictions of Chay, Ellis, and
Stirling [5] for {pr)=0.7 GeV/c and several values of average
intrinsic transverse momentum. The data have been corrected
for acceptance.

distributions can be attributed to gluon bremsstrahlung
and the intrinsic transverse momenta of quarks.

Figure 12 shows the normalized ¢ distributions of had-
rons about the virtual photon direction for events with
M<1.0 and II>1.0. In addition, we impose W?2> 300
GeV?/c* and require hadrons to have x;>0.2 (xp>0.2
ensures good track acceptance). The II < 1.0 distribution
is consistent with little or no asymmetry. A good fit,
X2/Npg=0.59 can be obtained for an isotropic distribu-
tion 1/N.,dNy /d¢= A. The curves shown are fits to

1 dNy .
———=A +B cos¢+C cos2¢+D sing . (5

N, d¢

For events with I1> 1.0, the hadrons prefer to be oppo-
site the projection of the muon which is at $=0. Energy
weighted distributions show a similar asymmetry.

Figures 13 and 14 show the average value of cos¢ as a
function of the transverse momentum cutoff Pyc.! In
contrast with Fig. 12, in these figures we take events with
one or more forward charged hadrons but retain the
300 < W2 <900 GeV?/c* cut. All other selection criteria
are identical to those described in Sec. II. Hadrons with
transverse momentum greater or equal to the cut value,
specified by the horizontal axis, are retained in the data
sample. Data are compared to the theoretical model
developed by Chay, Ellis, and Stirling which includes
both perturbative and nonperturbative effects [5]. In this
model, both the intrinsic transverse momentum (k) and
the fragmentation transverse momentum (py) are as-
sumed to be distributed as follows:

ISimilar plots presented in Refs. [5,9] were not corrected for
acceptance.
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Figures 13 and 14 show the effect of varying {k;) and
{pr), respectively. The model with (k;)=0.5 GeV/c
and {py)=0.7 GeV/c is consistent with the data.

The angular asymmetry is sensitive to both the intrin-
sic and fragmentation transverse momenta distributions
for Py <2.0 GeV/c. Chay, Ellis, and Stirling point out
that in this range we are dominated by nonperturbative
effects [S5]. From the curves shown in Figs. 13 and 14 it is
seen that as one increases the transverse momentum
cutoff above =1.5 GeV/c, the expected contribution
from intrinsic transverse momentum decreases. A fur-
ther point made by Chay, Ellis, and Stirling is that
photon-gluon fusion events will not exhibit cos¢ asym-
metry if one sums all forward hadrons. The small size of
our statistical sample requires such a summation. Since
these data are predominantly at low xp;, ({xp; ) =0.038),
we do have significant contributions from photon-gluon
fusion and the summation over z further dilutes the hard
QCD asymmetry due to gluon bremsstrahlung. We con-
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clude that the observed ¢ asymmetry arises from the in-
trinsic transverse momentum of the partons, a conclusion
consistent with an earlier analysis at lower W? by the Eu-
ropean Muon Collaboration [21].

V. SUMMARY

Charged hadrons produced in deep-inelastic muon
scattering have been studied. Events variables IT and P,
based on the transverse momentum properties of had-
rons, have been used to study events with different topo-
logies. Events with II>3.0 and P > 0.5 have a two-lobe
structure, and by definition contain high transverse
momentum hadrons and a planar topology. These
characteristics are expected for events originating from
first-order perturbative QCD processes, gluon brems-
strahlung and photon-gluon fusion. The QCD based
Monte Carlo models developed by Lund give good quan-
titative agreement with the data. Events with large II
show significantly enhanced cos¢ asymmetries compared
to events with II~0. However, on further analysis we
find that most of the observed asymmetry arises from in-
trinsic transverse momentum consistent with the con-
clusions of the EMC analysis.
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