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We show that initial-state interactions contribute to the cos 2# distribution in unpolarized Drell-Yan lepton
pair production pp and pp̄→!!!"X , without suppression. The asymmetry is expressed as a product of
chiral-odd distributions h1

!(x1 ,p!
2 )# h̄1

!(x2 ,k!
2 ), where the quark-transversity function h1

!(x ,p!
2 ) is the trans-

verse momentum dependent, light-cone momentum distribution of transversely polarized quarks in an unpo-
larized proton. We compute this !naive" T-odd and chiral-odd distribution function and the resulting cos 2#
asymmetry explicitly in a quark-scalar diquark model for the proton with initial-state gluon interaction. In this
model the function h1

!(x ,p!
2 ) equals the T-odd !chiral-even" Sivers effect function f 1T

! (x ,p!
2 ). This suggests

that the single-spin asymmetries in the semi-inclusive deep inelastic scattering and the Drell-Yan process are
closely related to the cos 2# asymmetry of the unpolarized Drell-Yan process, since all can arise from the same
underlying mechanism. This provides new insight regarding the role of the quark and gluon orbital angular
momentum as well as that of initial- and final-state gluon exchange interactions in hard QCD processes.
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I. INTRODUCTION

Single-spin asymmetries in hadronic reactions have been
among the most challenging phenomena to understand from
basic principles in QCD. Several such asymmetries have
been observed experimentally, and a number of theoretical
mechanisms have been suggested $1–6%. Recently, a new
way of producing single-spin asymmetries in semi-inclusive
deep inelastic scattering !SIDIS" and the Drell-Yan process
has been put forward $7,8%. It was shown that the exchange
of a gluon, viewed as initial- or final-state interactions, could
produce the necessary phase leading to a single transverse
spin asymmetry. The main new feature is that, despite the
presence of an additional gluon, this asymmetry occurs with-
out suppression by a large energy scale appearing in the pro-
cess under consideration. It has been recognized since then
$9% that this mechanism can be viewed as the so-called Sivers
effect $1,10%, which was thought to be forbidden by time-
reversal invariance $4%. Apart from generating Sivers effect
asymmetries, the mechanism offers new insight regarding the
role of orbital angular momentum of quarks in a hadron and
their spin-orbit couplings; in fact, the same S•! L! matrix ele-
ments enter the anomalous magnetic moment of the proton
$7%. The new mechanism for single target-spin asymmetries
in SIDIS necessarily requires noncollinear quarks and glu-
ons, and in the Sivers asymmetry the quarks carry no polar-
ization on average. As such it is very different from mecha-

nisms involving transversity !often denoted by h1 or &q),
which correlates the spin of the transversely polarized hadron
with the transverse polarization of its quarks.
In further contrast, the exchange of a gluon can also lead

to transversity of quarks inside an unpolarized hadron. This
chiral-odd partner of the Sivers effect has been discussed in
Refs. $6,11%, and in this paper we will show explicitly how
initial-state interactions generate this effect. Goldstein and
Gamberg reported recently that h1

!(x ,p!
2 ) is proportional to

f 1T
! (x ,p!

2 ) in the quark-scalar diquark model $12%. We con-
firm this and find that these two distribution functions are in
fact equal in this model. Although this property is not ex-
pected to be satisfied in general, nevertheless, one may ex-
pect these functions to be comparable in magnitude, since
both functions can be generated by the same mechanism. We
investigate the consequences of the present model result for
the unpolarized Drell-Yan process. We obtain an expression
for the cos 2# asymmetry in the lepton pair angular distribu-
tion. Here # is the angle between the lepton plane and the
plane of the incident hadrons in the lepton pair center of
mass. This asymmetry was measured a long time ago $13,14%
and was found to be large. Several theoretical explanations
!some of which will be briefly discussed below" have been
put forward, but we will show that a natural explanation can
come from initial-state interactions which are unsuppressed
by the invariant mass of the lepton pair.

II. THE UNPOLARIZED DRELL-YAN PROCESS

The unpolarized Drell-Yan process cross section has been
measured in pion-nucleon scattering: '"N→(!("X , with
N deuterium or tungsten and a '" beam with energy of 140,
194, 286 GeV $13% and 252 GeV $14%. Conventionally
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