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ABSTRACT
Forward di-jet production observed in up and ud interactions (Fermilab E665) is re-
ported. The W? range studied, 100 < W? < 900 GeV?, is the largest yet achieved. Results
from separate analyses, one using only charged hadrons and the other using both charged
and the neutral energy deposited in the EM calorimeter, are presented. Correlations with
ZiPr| ~ Er, an event variable, are studied. An azimuthal asymmetry of the hadrons

about the virtual photon is observed.

Introduction

In the quark-parton model, deep inelastic scat-
tering is described by virtual photon-quark scatter-
ing (Fig. 1a). The subsequent hadronization of the
quark gives rise to a jet of hadrons which propagate
along the direction of the parent quark with lim-
ited transverse momentum. The lowest order QCD
corrections to the one-photon exchange diagram,
gluon bremsstrahlung (Fig. 1b,c) and photon-gluon
fusion (Fig. 1d,e} can result in final states with two
forward partons each of which will fragment into
hadron jets with the result that the transverse mo-
mentum of the hadrons with respect to the virtual
photon direction increases.

Explicit calculations of the lowest order QCD
corrections show that the average transverse mo-
mentum with respect to the virtual photon should
increase with W2 [1] with little or no dependence
on other muon vertex variables. Since the virtual
photon and the ¢ or gg pair lie in a plane (the
hadronic event plane}, the component of a hadron’s
transverse momentum that lies in the event plane
(Pr,1n) should grow with W? whereas the compo-
nent of the hadron’s transverse momentum that is
perpendicular to the event plane (Pr,oyr) should
not depend on W2, Further, calculations of the di-
agrams of Figures 1b,c by Georgi and Politzer have
shown that the azimuthal distribution of hadrons
about the virtual photon should be asymmetric,
with the hadrons preferring to be opposite the muon
(2. Cahn has pointed out that such a correlation
also arises naturally from the intrinsic transverse
momentum of the partons (3].
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Figure 1: One photon exchange (a) and lowest order correc-
tions; byc): Gluon bremsstrahlung; d,e): Photon-
gluon fusion.

The increase of transverse momentum with W2
and the azimuthal asymmetry have been observed
for both uN and vN deep inelastic scattering {4].
E665 by virtue of its 490 GeV/c beam extends the
W? range of the existing data by approximately a
factor of two.



Results

The data reported here were obtained dur-
ing Fermilab’s 1987-88 Fixed Target run with a
490 GeV/c muon beam incident upon deuterium
and hydrogen targets. The ratio of ud to up events
is approximately 3:1. E665 employs an open ge
ometry spectrometer which is described in ref. [5].
The data used for this analysis consist of hadrons
with zr = 2P//W > 0. The momentum of the
charged tracks is measured in the forward spectrom-
eter. The neutral energy is obtained from the elec-
tromagnetic calorimeter. The incident muon mo-
mentum is determined by the beam spectrometer
to 0.5% and the scattered muon momentum is de-
termined to 2.5% at 490 GeV/c. Typical hadron
momenta are determined to a few percent. For the
data shown only charged hadrons with AP/P < 5%
are included. The trigger used for these data is the
Large Angle Trigger (LAT) which requires the de-
tection of the scattered muon behind the hadron
absorber outside of the beam region.

We first present results which include only
charged hadrons. We begin by comparing to
transverse momentum distributions obtained by the
EMC at lower incident muon energies {6). All trans-
verse momenta are measured with respect to the
virtual photon direction. Figure 2 compares distri-
butions of £PF ;y and P} ;1. The event plane
is defined to be the plane where SP} ; is 2 max-
imum. The same kinematic cuts as used by the
EMC are applied to our data: Q2 > 4 GeV?/e2,
20 < v < 260 GeV, 0.1 < Yp; < 0.9, Xp; > 0.01,
and 100 < W2 < 400 GeV2. Within the statistical
significance of the data agreement is good. We also
find (not shown) that the fragmentation function
{(1/N,)dN*/dz agrees well with EMC results.

Note that the event plane defined above be-
comes an experimental definition of the plane
formed by the virtual photon and the ¢4 or gq pair.
Further, the Pr oy distribution may be used as a
measure of the single jet transverse momentum dis-
tribution since the Pr opr distribution will be the
same for one-jet and two-jet events.

In the following analysis we restrict ourselves
to events with charged hadrons with the follow-
ing selection criteria: 60 < » < 500 GeV,
@ > 3.0 GeV3/e? 01 < Ys; < 085,
100 < W? < 900 GeV?, zp > 0, n,y > 4,
Feharge track > 8.0 GeV/c. After these cuts we

are left with a sample of 4262 xd events and 932 HP
events.
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Figure 2: Normalised £Pf ;,; and P2 ;. distributions
compared with EMC results.

The results are compared to LUND Monte
Carlo calculations [7]. We use Lepto version 5.2
[8] to simulate lepton-nucleon scattering and Jet
Set 6.3 [9] to simulate the hadron fragmentation.
We also compare our results to the predictions of
Ariadne 3.0 [10], which simulates color dipole ra-
diation. For all acceptance calculations we use Jet
Set 4.3. We have used the Morfin-Tung [11] par-
ton distributions except where noted. The average
transverse momentum squared vs. zp (the seaguil
plot) is compared with LUND model predictions in
Figure [3].

It is expected that ¢§ and gg events will have
increased total transverse energy or I|Pr|, where
Pr is the momentum of the hadron in the plane
perpendicular to the virtual photon. L|Pr| has a
well behaved perturbative expansion (see for exam-
ple ref. [12]}. The single forward jet events (Fig. 1a)
have hadrons with Pr distributed symmetrically in
the transverse momentum plane while the two-jet
events (Fig. 1b-e) wouid have a non-symmetric dis-
tribution. This suggests a variable which can be
used to select events with large transverse energy
and therefore with increased probability of contain-
ing qf or gg jets.

The event variable we use is an extension of
Z{Pr|. It was first introduced by Ballagh, et al. [13).
Because a singie jet has a uniform Pr distribution
with a most probable value Ppo, the distribution
in lir = AX(|Pr| — Pro)/,/RF is approximately a
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random walk of ng steps from the origin with width

of 1, independent of muitiplicity (np is the number
of forward hadrons in the event). A is chosen to
give < TIZ > ~ 1. We use Pro = 0.32 GeV/c and
A = 4.0 consistent with Ballagh, et al.
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Figure 3: Average P? va. zp for different W?2 ranges.

In addition we define a quantity called pla-
narity P = L(P ;x — Pt,our) /E(PE 1n + P ouT)
where Pr rn and Py oy are the components of the
hadron’s transverse momentum lying in and out of
the event plane, respectively. The scatter plot of
Mp vs. P for W2 > 300 GeV? is shown in Fig-
ure 4 where data (Fig. 4a) are compared to the
LUND Monte Carlo [11] with (Fig. 4b) and without
(Fig. 4c) forward di-jet events (with diagrams 1b-1e
turned on and off). The expected enhancement of
planar events (large P) with large I1r is apparent in
both the data and LUND with hard QCD, whereas
the LUND with only single quark jets (Fig. 1a) has
no events in this region. We also observe that the
number of events with both large IIr and large pla-
narity increases with W2, in qualitative agreement
with perturbative QCD expectations.

The average multiplicity per unit P2 for
events with n.y > 4 is shown in Figure 5 for
W2 > 300 GeV2 As expected, there are con-
siderably more hadrons with large P} for IT > 3.0
and P > 0.5 whereas for IIr < 3.0 or P < 0.5 the
P% distribution decreases much faster. The curves

are the predictions of the LUND Monte Carlo [7]
with similar cuts. The dotted curve is the LUND
prediction with only single jet production.
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Figure 4:

IT va. planarity for
W2 > 300 GeV2.
a) data, b) LUND,
¢} LUND with no
hard QCD.
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Figure 5: The average charged particle multiplicity per unit
PZ for n., > 4.

The scaled angular energy flow
d < E/W > /df in the photon-nucleon center of
mass system projected onto the event plane is given
in Figure 6 for several I1y regions and P > 0.5. The
curves are LUND model predictions. In these dis-
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tributions the orientation is such that the scattered

muon projected onto the event plane lies at § < 0.
In each case the distributions are normalized to the
number of events which pass the P and Iy cuts.
The di-jet behavior expected from the lowest order
QCD corrections at large Iz is evident and is in
qualitative agreement with the LUND model.
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Figure 6: The angular energy flow for W3 > 300 GeV3.
Curves are LUND model predictions.

We conclude from the above results that we
are observing di-jet events in the forward region and
that these events are, as expected from perturbative
QCD calculations, associated with large transverse
momentumn.

In Figure 7 the azimuthal distribution, ¢, of
hadrons about the virtual 4 direction is given for
IIr < 1 and Il > 1 for the selection zp > 0.2.
The My < 1 distribution is consistent with lit-
tle or no asymmetry, while the large values of IIf
show a significant asymmetry. The data were fit
toA + Beos¢ + C co3(2¢) + D sin ¢. For
[Ty < 1 we also obtain a good fit, x?/DF=1.15, for
an isotropic distribution ((1/N.,)dN/dp = A). We
also observe an increase of the asymmetry as a func-
tion of zr and P2 consistent with previous results

Thus far we have not made use of the electro-
magnetic shower energy observed in the calorime-
ter. We now add the electromagnetic shower energy,
which allows us to include events with n ., < 4,
for our energy flow studies. Data with the EM
calorimeter are only available for approximately
1/3 of the ud events. Thus in this sample we
have approximately an equal number of ud and pp
events. The data presented below lie in the kine-
matic range 0.01 < ¥p; < 0.85, 0.003 < Xpj < 1.0,
Q% > 3.0 GeV?/c?, and W2 > 400 GeV?2,
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Figure 7: Azimuthal distribution of charged hadrons about

the virtual « directions (the scattered muon is at
¢=0°).

We now apply a clustering algorithm to define
two jets. Particles are divided into two sets on each
side of the virtual photon in the event plane, and
the momenta combined vectorially to yield two jet
vectors. The component of momentum of each par-
ticle relative to each of these “jet axes” is calcu-
lated and particles are reassigned to the “jet axis”
which yields the minimum Py. This step is repeated
three times beyond which Monte Carlo studies show
that there is no significant reassignment of particles.
Having thus defined the two forward jet axes we can
enhance the fraction of di-jet events by selecting on
the opening between the two jets (©,;), the angle
between the jet axis and virtual photon (©.,;), and
the relative magnitude of the momenta of the jets,
Ps and Pp for the smaller and larger jet momenta,
respectively. The jet selection criteria we use are:
cos ©;; < 0.7, cos ©,; < 098, and Ps/PL > 0.25.

The scaled angular energy flow in the event
plane relative to the higher momentum jet axis with
the lower momentum jet at positive angles is shown
in Figure 8. With this jet cut, the events tend to
be asymmetric in momentum, The data have been
corrected for acceptance in each case. The calcula-
tions with the LUND Monte Carlo (Jet Set 4.3) us-
ing the Morfin-Tung [11] structure functions give re-
sults which are consistent with the data when hard
QCD is included. The LUND curves include simu-
lations with the GHR structure functions [14] where
the main difference between reference [11] and [14]
is in the gluon distribution. The Morfin-Tung dis-
tributions have much more glue at small X pj and
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correspondingly less at high Xp; than do the GHR
distributions.
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Figure 8: Scaled energy flow normalized to the number of
scattered muons about the high and low momen-
tum jet axis using charged hadrons and neutral
energy. LUND model predictions: 1) Morfin-
Tuag structure functions, 2) No hard QCD but
increased fragmentation Pr, 3) GHR structure
functions with soft gluons, 4) GHR atructure func-
tions, 5) No hard QCD.
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