
the differential cross section is written as
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These angular dependencies1 can all be generated by pertur-
bative QCD corrections where, for instance, initial quarks
radiate off high energy gluons into the final state. Such a
perturbative QCD calculation at next-to-leading order leads
to $+1,&+0,(+0 at a very small transverse momentum of
the lepton pair. More generally, the Lam-Tung relation 1
$$$2(!0 ,17- is expected to hold at order .s and the
relation is hardly modified by next-to-leading order (.s

2) per-
turbative QCD corrections ,18-. However, this relation is not
satisfied by the experimental data ,13,14-. The Drell-Yan
data show remarkably large values of ( , reaching values of
about 30% at transverse momenta of the lepton pair between
2 and 3 GeV )for Q2!m/*

2 !(4$12 GeV)2 and extracted in
the Collins-Soper frame ,19- to be discussed below*. These
large values of ( are not compatible with $+1 as also seen
in the data.
A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger
and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-
eled using an asymptotic pion distribution amplitude, and it
appears to fall short in explaining the large values of ( .
In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to
account for the large cos 2' dependence. Here the correla-
tions are both in the transverse momentum and the spin of
the quarks. In Ref. ,6- this idea was applied in a factorized
approach ,23- involving the chiral-odd partner of the Sivers
effect, which is the transverse momentum dependent distri-
bution function called h1

! . From this point of view, the large
cos 2' azimuthal dependence can arise at leading order, i.e.
it is unsuppressed, from a product of two such distribution
functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the
small cos' dependence, since chiral-odd functions can only
occur in pairs. The function h1

! is a quark helicity-flip matrix
element and must therefore occur accompanied by another
helicity flip. In the unpolarized Drell-Yan process this can
only be a product of two h1

! functions. Since this implies a
change by two units of angular momentum, it does not con-
tribute to a cos' asymmetry. In the present paper we will
discuss this scenario in terms of initial-state interactions,
which can generate a nonzero function h1

! .
We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on
A, i.e. there was no significant difference between the deute-
rium and tungsten targets. Hence, it is unlikely that the asym-
metry originates from nuclear effects, and we shall assume it
to be associated purely with hadronic effects. We refer to
Ref. ,24- for investigations of nuclear enhancements.
We compute the function h1

!(x ,p!
2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model
for the proton with an initial-state gluon interaction. In this
model h1

!(x ,p!
2 ) equals the T-odd )chiral-even* Sivers effect

function f 1T
! (x ,p!

2 ). Hence, assuming the cos 2' asymmetry
of the unpolarized Drell-Yan process does arise from non-
zero, large h1

! , this asymmetry is expected to be closely
related to the single-spin asymmetries in the SIDIS and the
Drell-Yan process, since each of these effects can arise from
the same underlying mechanism.
The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC* should both be able to investigate azimuthal
asymmetries such as the cos 2' dependence. Since polarized
proton beams are available, RHIC will be able to measure
single-spin asymmetries as well. Unfortunately, one might
expect that the cos 2' dependence in pp→!!̄X )measurable
at RHIC* is smaller than for the process #$N→&"&$X ,
since in the former process there are no valence antiquarks
present. In this sense, the cleanest extraction of h1

! would be
from pp̄→!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross
section )given in Ref. ,6- with slightly different notation*
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This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-
tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1
Q P̃1$

x2
Q P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-
coming hadrons and q is the four momentum of the virtual
photon or, equivalently, of the lepton pair. This can be related
to standard Sudakov decompositions of these momenta

1We neglect sin' and sin 2' dependencies, since these are of
higher order in .s ,15,16- and are expected to be small.
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