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Investigating the origins of transverse spin asymmetries at BNL RHIC
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We discuss possible origins of transverse spin asymmetries in hadron-hadron collisions and propose an
explanation in terms of a chiral-oddT-odd distribution function with intrinsic transverse momentum depen-
dence, which would signal a correlation between the transverse spin and the transverse momentum of quarks
inside an unpolarized hadron. We will argue that despite its conceptual problems, it can account for single spin
asymmetries, for example inpp↑→pX, and at the same time for the large cos 2f asymmetry in the unpolar-
ized Drell-Yan cross section, which still lacks understanding. We use the latter asymmetry to arrive at a crude
model for this function and show explicitly how it relates unpolarized and polarized observables in the
Drell-Yan process, as could be measured with the proton-proton collisions at BNL RHIC. Moreover, it would
provide an alternative method of accessing the transversity distribution functionh1. For future reference we
also list the complete set of azimuthal asymmetries in the unpolarized and polarized Drell-Yan process at
leading order involvingT-odd distribution functions with intrinsic transverse momentum dependence.
@S0556-2821~99!04213-7#

PACS number~s!: 13.88.1e, 13.85.Qk
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I. INTRODUCTION

Large single transverse spin asymmetries have been
served experimentally in the processpp↑→pX @1# and many
theoretical studies have been devoted to explain the pos
origin~s! of such asymmetries. However, one experim
only cannot reveal the origin~s! conclusively and one need
comparison to other experiments. In this article we will u
additional experimental results to propose an explanatio
terms of a chiral-oddT-odd distribution function with intrin-
sic transverse momentum dependence and we contrast
the more standard theoretical proposals~cf. @2#!. In addition,
it can account for the large cos 2f asymmetry in the unpo
larized Drell-Yan cross section@3,4#, which still lacks under-
standing.

Unlike the chiral-evenT-odd distribution function with
intrinsic transverse momentum dependence as investig
by @5,6#, which depends on the polarization of the pare
hadron, the chiral-odd function signals a correlation betw
the transverse spin and the transverse momentum of qu
inside anunpolarizedhadron. But one can use the polariz
tion of one hadron to become sensitive to the polarization
quarks in another, unpolarized hadron. In this way it co
provide a new way of measuring the transversity distribut
function h1. We propose two measurements that could
done at the BNL Relativistic Heavy Ion Collider~RHIC!
using polarized proton-proton collisions to study such
mechanism and to try to obtain information onh1.

Apart from discussing the advantages of this proposal,
will discuss the theoretical difficulties connected to such
function. The function is actually the distribution functio
analogue of the fragmentation function associated with
Collins effect@7#. Unlike the fragmentation function the dis
tribution function is expected to be zero due to time rever
symmetry, unless one assumes some nonstandard mech
to generate such a function, such as for instance factoriza
breaking, which implies nonuniversality, or effects due to
finite size of a hadron, in which case one has the problem
0556-2821/99/60~1!/014012~11!/$15.00 60 0140
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systematically taking into account such effects in hard sc
tering factorization.

This article is organized as follows. In Sec. II we discu
possible origins for transverse spin asymmetries. In Sec
we elaborate on transverse momentum dependent dist
tion functions. In Sec. IV and also in the Appendix, we gi
results for the leading order Drell-Yan cross section in ter
of the T-odd distribution functions, for completeness takin
into account contributions fromZ bosons. In Sec. V we dis
cuss how one particular function can not only explain~in
principle! the single spin asymmetries in the processpp↑

→pX, but also explain the azimuthal cos 2f dependence of
the unpolarized Drell-Yan cross section data@3,4#. In Sec. VI
we propose measurements that could be performed at R
and which might uncover such an underlying mechanism
Sec. VII we discuss the conceptual and theoretical proble
related toT-odd distribution functions.

II. ORIGINS OF TRANSVERSE SPIN ASYMMETRIES

We will discuss possible origins of transverse spin asy
metries in the context of the following hard scattering pr
cesses, which either have been or will be performed. First
will go into the details of the single and double polariz

Drell-Yan processH1H2→ l l̄ X, for which there are no data
available yet. Then we focus on the single polarized proc
pp↑→pX for which large single transverse spin asymm
tries have been observed@1#. We will also make use of
knowledge of theunpolarized processesp2N→m1m2X
ande1e2→h1h2X.

A. Polarized Drell-Yan process

Transverse spin asymmetries in hadron-hadron collisi
require an explanation that involves quarks and gluons
large scale~the center of mass energy or the large lepton p
mass! allows for a factorization of such a process into pa
describing soft physics convoluted with an elementary cr
©1999 The American Physical Society12-1
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DANİËL BOER PHYSICAL REVIEW D 60 014012
section. The parts parametrizing the soft physics canno
calculated within perturbative QCD. Let us first focus on t
Drell-Yan process, i.e. lepton pair production in hadro
hadron collisions.

In lowest order, i.e. the parton model approximation,
Drell-Yan process consists of two soft parts~in Fig. 1 the
leading order diagram is depicted@8#! and one of the soft
parts is described by the quark correlation functi
F(P1 ,S1 ;p) and the other soft part by the antiquark corr

lation function, denoted byF̄(P2 ,S2 ;k):

F i j ~P1 ,S1 ;p!5E d4z

~2p!4
eip•z^P1 ,S1uc̄ j~0!c i~z!uP1 ,S1&,

~1!

F̄ i j ~P2 ,S2 ;k!5E d4z

~2p!4

3e2 ik•z^P2 ,S2uc i~z!c̄ j~0!uP2 ,S2&.

~2!

As will be discussed in the next section one can deco
pose the quark momentap andk into parts that are along th
direction of the parent hadron, the so-called light-cone m
mentum fractions, and deviations from that direction. In c
one integrates over the transverse momentum of the le
pair one only has to consider the correlation functions
functions of the light-cone momentum fractions.

The most general parametrization of the correlation fu
tion F as a function of the light-cone momentum fractionx,
which is in accordance with the required symmetries~Her-
miticity, parity, time reversal!, is given by

F~x!5
1

2
@ f 1~x!P” 1g1~x!lg5P” 1h1~x! g5S” TP” #. ~3!

Other common notation isq for f 1 , Dq for g1 and dq or
DTq for h1.

At this parton level one finds the well-known doub
transverse spin asymmetry@8#,

ATT}uS1TuuS2Tucos~fS1
1fS2

!h1~x1!h̄1~x2!, ~4!

which has not yet been experimentally observed, but is
of the objectives of the polarized proton-proton scatter

FIG. 1. The leading order contribution to the Drell-Yan proces
01401
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program to be performed at RHIC. This asymmetry is one
the possible ways to get information on the transversity d
tribution functionh1.

At the parton model level there are no single transve
spin asymmetries, but these might arise from correction
this lowest order diagram. The corrections are of two typ
perturbative and higher twist corrections. The first type d
pends logarithmically on the hard scale and the second
behaves as inverse powers of the hard scale.

Assuming that single spin asymmetries arise due to p
turbative contributions is conceptually the simplest optio
since it assumes that the asymmetries actually occur at
quark-gluon level, i.e. that they arise from elementary s
processes, and that going to the hadron level just invol
convoluting the elementary asymmetry with~polarized! par-
ton distributions. Typically this will yieldsingle transverse
spin asymmetries of the orderasmq /As @9# which is ex-
pected to be small.1 The perturbative corrections to th
doubletransverse spin asymmetry, Eq.~4!, have been calcu-
lated in @11#, and using the assumption that at low energ
the transversity distribution functionh1 equals the helicity
distribution functiong1, it has been shown in Ref.@12# that
ATT is expected to be of the order of a percent at RH
energies. We will view this as an indication that perturbat
QCD contributions are most likely not the~main! origin of
large transverse spin asymmetries.

Dynamical higher twist corrections to the parton mod
require expanding the correlation functionF(x) to include
contributions proportional to the hadronic scale~typically the
hadron mass!, since these will show up in the cross secti
suppressed by 1/Q, whereQ is a hard scale. At leading orde
in as , i.e. (as)

0, but at order 1/Q, one finds@13,14# no
single or doubletransversespin asymmetries.2

Hence, in order to produce a large single transverse s
asymmetry one needs some conceptually nontrivial mec
nism, since regular perturbative and higher twist contrib
tions appear to be either small or absent. Two such nontri
mechanisms are the soft gluon and fermion poles sugge
by Qiu and Sterman@16# and so-called time-reversal~T! odd
distribution functions~cf. e.g. @17#!. Both of these mecha
nisms could produce a single transverse spin asymmetryAT
at order 1/Q. Recently it has been shown@17# that their ef-
fects are identical in the Drell-Yan process; so in order
discriminate between them one must use other experim
as well. This asymmetryAT has been estimated to be of th
order of a percent at DESY HERA energies~820 GeV, fixed
target! @18#. Let us remark thatT-odd functions need no
signal actual time reversal symmetry violation. We will di
cuss other options more extensively in the discussion at
end.

1Heavy quarks will appear at higher orders inas and have been
shown to give rise to only small contributions~even! to the unpo-
larized Drell-Yan cross section@10#.

2There is however a double spin asymmetryALT , which involves
one longitudinally and one transversely polarized hadron@13#. A
recent estimate ofALT using the bag model indicates that it is a
order of magnitude smaller than the leading order asymmetryATT

@15#.
2-2
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INVESTIGATING THE ORIGINS OF TRANSVERSE . . . PHYSICAL REVIEW D60 014012
In order to arrive at a single transverse spin asymme
that is not suppressed by inverse powers of the hard sc
one can consider cross sections differential in the transv
momentum of the lepton pair. In that case one is sensitiv
the transverse momentum of quarks directly, and in case
concerns the intrinsic transverse momentum of the qua
inside a hadron, the effects need not be suppressed byQ.
The point is that if the transverse momentum of the lep
pair is produced by perturbative QCD corrections, each f
tor of transverse momentum has to be accompanied by
inverse scale in the elementary hard scattering subproc
that is by 1/Q. But in case of anintrinsic transverse momen
tum the relevant scale is notQ, but the hadronic scale, sa
the mass of the hadron. In processes with two~or more! soft
parts, such as the Drell-Yan process, the intrinsic transv
momentum of one soft part is linked to that of the other s
part, resulting in effects, e.g. azimuthal asymmetries,
suppressed by 1/Q. These effects will show up at relativel
low ~including nonperturbative! values of QT , where QT

2

5qT
2 andqT is the transverse momentum of the lepton pa

Studying the dependence of asymmetries on transverse
mentum is another way to try to discriminate between p
sible origins for asymmetries.

Returning to the parton model diagram and including
intrinsic transverse momentum dependence in this pict
one observes the following points. The effects will on
show up ifQT is observed~i.e. not integrated over!. If only
T-even structures are included, several double spin azimu
asymmetries are obtained, but no single spin asymme
@14#. So again one needs to include some nontrivial mec
nism. Gluonic and fermionic poles have as yet not been c
sidered with transverse momentum dependence~other than
perturbatively produced!, but would in any case appear in th
cross section suppressed by a factor of 1/Q. However, the
leading twist T-odd distribution functions with intrinsic
transverse momentum dependencedo yield single spin azi-
muthal asymmetries. We will be mainly focusing on the
fects of such functions from now on.

B. Pion production in pp↑ scattering

The large single transverse spin asymmetries that h
been observed in the processpp↑→pX @1# require as said an
explanation that involves quarks and gluons. Again o
needs large scales~in this case also a large transverse m
mentum of the pion! to allow for a factorization of this pro-
cess into parts describing soft physics convoluted with
elementary cross section. For example, one contribu
comes from the diagram depicted in Fig. 2.

Assuming~as argued above! that perturbative and highe
twist corrections~gluonic and fermionic pole contributions t
this process have recently been investigated in Ref.@19#! are
too small to generate the observed, large single transv
spin asymmetries, we will restrict ourselves to the transve
momentum dependentT-odd functions, in this case both dis
tribution and fragmentation functions. The so-called Siv
@5# and Collins@7# effects are examples of transverse m
mentum dependentT-odd distribution and fragmentatio
functions, respectively. Like the transverse momentum of
01401
y
le,
se
to
is

ks
/
n
c-
he
ss,

se
t
t

.
o-
-

e
e,

al
es
a-
n-

-

ve

e
-

n
n

se
e

s
-

e

lepton pair in the Drell-Yan process, the transverse mom
tum of the pion now originates from the intrinsic transver
momentum of the initial partons in addition to transver
momentum perturbatively generated by radiating off so
additional parton~s! in the final state.

Anselminoet al. @6# have investigated both the Sivers an
Collins effects as possible origins for the asymmetries
observed in Ref.@1#. Both effects can be used to fit the dat
which then can be tested using other observables. Howe
there are indications@20# from analyzing a particular angula
dependence~a cos 2f dependence@21#! in the unpolarized
processe1e2→Z0→ppX, where the pions belong to oppo
site jets, that the Collins effect is in fact at most a few p
cent of the magnitude of the ordinary unpolarized fragm
tation function. Therefore, it seems unlikely that the Colli
effect is the main source of the single spin asymmetries
the pp↑→pX process.

One other possibleT-odd function that could be the
source of the single spin asymmetries is the chiral-odd fu
tion h1

' , the distribution function analogue of the Collin
effect. It will be discussed extensively below for the case
the Drell-Yan process, but it can equally well be the sou
of single spin asymmetries inpp↑→pX. On the other hand
the Collins effect itself will not contribute to the Drell-Ya
process.

C. Unpolarized Drell-Yan process

The unpolarized cross section as measured for the pro
p2N→m1m2X, whereN is either deuterium or tungsten
using ap2 beam with energy of 140, 194, 286 GeV@3# and
252 GeV@4#,

1

s

ds

dV
5

3

4p

1

l13 S 11l cos2u1m sin2u cosf

1
n

2
sin2u cos 2f D , ~5!

shows remarkably large values ofn. It has been shown
@3,22# that its magnitude cannot be explained by leading a
next-to-leading order perturbative QCD corrections. A nu
ber of explanations have been put forward, such as a hig

FIG. 2. A contribution to the processpp↑→pX.
2-3



m

in

n
r

r
th

en

n

on
ol
n

ut
in
oc
os
w

o
ym

t
cte
ot

um
th

ize
rs

k

n
e
-

-

nta

he

r
ns
verse
ir.

en
c-

. We
ill

or-

tion

DANİËL BOER PHYSICAL REVIEW D 60 014012
twist effect @23,24#, which is the 1/Q2 term discussed by
Berger and Brodsky@25#. In Ref. @23# the higher twist effect
is modeled using a pion distribution amplitude and it see
to fall short in explaining the large values as found forn.
This higher twist effect would not be related to single sp
asymmetries.

In Ref. @22# factorization breaking correlations betwee
the incoming quarks are assumed and modeled in orde
account for the large cos2f dependence. We will return to
that extensively in Sec. V. Another approach is put forwa
in Ref. @26# using coherent states. This can describe
cos 2f data; however, it fails to describe the functionm in a
satisfactory manner.

From the point of view of transverse momentum dep
dent distribution functions such a large cos 2f azimuthal de-
pendence can arise atleading orderonly from a product of
two T-odd functions, in particular, only from the distributio
function h1

' .
We would like to mention the experimental observati

that the cos 2f dependence as observed by the NA10 C
laboration does not seem to show a strong dependence oA;
i.e., there was no significant difference between the de
rium and tungsten targets. Hence, it is unlikely that it is
fact dominated by nuclear effects instead of effects ass
ated purely with hadrons. Therefore, the unpolarized cr
section as can be measured at RHIC is also likely to sho
large cos 2f dependence, although replacing the pion by
proton will probably have a suppressing effect.

Hence, we conclude that although there exist, apart fr
theh1

' mechanism, several explanations of single spin as
metries and also of the unpolarized cos 2f dependence in the
Drell-Yan cross section, none of the approaches relate
two types of asymmetry and most of the effects are expe
or found to be~too! small. Moreover, the effects should n
only be large; they should also exhibit the rightQT behavior.

III. TRANSVERSE MOMENTUM DEPENDENT
DISTRIBUTION FUNCTIONS

In this section we will discuss the transverse moment
dependent distribution functions that are needed to find
expressions for the leading order unpolarized and polar
Drell-Yan process cross sections differential in the transve
momentum of the lepton pair.

We consider again Fig. 1. The momenta of the quar
which annihilate into the photon with momentumq, are pre-
dominantly along the direction of the parent hadrons. O
hadron momentum (P1) is chosen to be along the lightlik
direction given by the vectorn1 ~apart from mass correc
tions!. The second hadron with momentumP2 is predomi-
nantly in then2 direction which satisfiesn1•n251, such
that P1•P25O(q2). We make the following Sudakov de
compositions:

P1
m[

Q

x1A2
n1

m 1
x1M1

2

QA2
n2

m , ~6!
01401
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P2
m[

x2M2
2

QA2
n1

m 1
Q

x2A2
n2

m , ~7!

qm[
Q

A2
n1

m 1
Q

A2
n2

m 1qT
m , ~8!

for QT
2[2qT

2[qT
2!Q2. We will often refer to the6 com-

ponents of a momentump, which are defined asp6

5p•n7 . Furthermore, we decompose the parton mome
p,k and the spin vectorsS1 ,S2 of the two hadrons as

p[
xQ

x1A2
n11

x1~p21pT
2!

xQA2
n21pT , ~9!

k[
x̄Q

x2A2
n21

x2~k21kT
2!

x̄QA2
n11kT , ~10!

S1[
l1Q

x1M1A2
n12

x1l1M1

QA2
n21S1T , ~11!

S2[
l2Q

x2M2A2
n22

x2l2M2

QA2
n11S2T . ~12!

The four-momentum conservation delta function at t
photon vertex is written as~neglecting 1/Q2 contributions!

d4~q2k2p!5d~q12p1!d~q22k2!d2~pT1kT2qT!,
~13!

fixing xP1
15p15q15x1P1

1 , i.e. x5x1 and similarly x̄
5x2, and allows up to 1/Q2 corrections for integration ove
p2 andk1. However, the transverse momentum integratio
cannot be separated, unless one integrates over the trans
momentum of the photon or equivalently of the lepton pa

The parametrization ofF(p) should be consistent with
requirements imposed onF following from Hermiticity, par-
ity and time reversal invariance. The latter is normally tak
to impose the following constraint on the correlation fun
tion @7,14#:

F* ~P,S;p!5g5CF~ P̄,S̄; p̄!C†g5 ~14!

where p̄5(p0,2p), etc. For the validity of Eq.~14! it is
essential that the incoming hadron be a plane wave state
will not apply this constraint and in the last section we w
discuss this issue in detail.

In the calculation in leading order we encounter the c
relation function integrated overp2, which is parametrized
in terms of the transverse momentum dependent distribu
functions as@27#
2-4
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INVESTIGATING THE ORIGINS OF TRANSVERSE . . . PHYSICAL REVIEW D60 014012
F~x1 ,pT![E dp2F~P1 ,S1 ;p!up15x1P
1
1 ,pT

5
M1

2P1
1 H f 1~x1 ,pT!

P” 1

M1
1 f 1T

' ~x1 ,pT!

3emnrsgm
P1

npT
rS1T

s

M1
2

2g1s~x1 ,pT!
P” 1g5

M1

2h1T~x1 ,pT!
ismng5S1T

m P1
n

M1
2h1s

' ~x1 ,pT!

3
ismng5pT

mP1
n

M1
2

1h1
'~x1 ,pT!

smnpT
mP1

n

M1
2 J .

~15!

We used the shorthand notation

g1s~x1 ,pT![l1g1L~x1 ,pT
2!1

~pT•S1T!

M1
g1T~x1 ,pT

2! ~16!

and similarly for h1s
' . The parametrization contains tw

T-odd functions, which would vanish if the constraint, E
~14!, would be applied, i.e. the Sivers effect functionf 1T

' and
the analogue of the Collins effect,h1

' .

The parametrization ofF̄ is

F̄~x2 ,kT![E dk1F̄~P2 ,S2 ;k!uk25x2P
2
2 ,kT

5
M2

2P2
2 H f̄ 1~x2 ,kT!

P” 2

M2
1 f̄ 1T

' ~x2 ,kT!

3emnrsgm
P2

nkT
rS2T

s

M2
2

1ḡ1s~x2 ,kT!
P” 2g5

M2

2h̄1T~x2 ,kT!
ismng5S2T

m P2
n

M2
2h̄1s

' ~x2 ,kT!

3
ismng5kT

mP2
n

M2
2

1h̄1
'~x2 ,kT!

smnkT
mP2

n

M2
2 J .

~17!

The Sivers effect functionf 1T
' has the interpretation of th

distribution of an unpolarized quark with nonzero transve
momentum inside a transversely polarized nucleon, while
functionh1

' is interpreted as the distribution of a transvers
polarized quark with nonzero transverse momentum ins
an unpolarized hadron. In both cases the polarization is
thogonal to the transverse momentum of the quark.
01401
.
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In terms of these functions we can schematically say t
in order to fit thepp↑→pX data, Anselminoet al. @6# con-
sider the following options for the product of three functio
that are parametrizing the three soft par

f 1T
' (x1 ,pT) f̄ 1(x2)D1(z) and h1(x1) f̄ 1(x2)H1

'(z,kT), where

f̄ 1(x2) @or D1(z)# can be the gluon distribution@or fragmen-
tation# functiong(x2) @or G(z)# instead also. However, ther
is one remaining option~for pion production!, which we are
advocating as a source of single spin asymmetr

h1
'(x1 ,pT)h̄1(x2)D1(z). Because of the appearance of tw

chiral-odd quantities this contribution might be expected

be smaller thanf 1T
' (x1 ,pT) f̄ 1(x2)D1(z). But even though

f 1>h1, one cannot exclude thath1
'(x1 ,pT) is larger than

f 1T
' (x1 ,pT).

Note that the magnitude of the Collins effect fragmen
tion functionH1

'(z,kT) need not be related to the magnitud
of h1

'(z,kT). In contrast to the distribution function, the frag
mentation function will receive contributions due to the fin
state interactions which are present between the produ
hadron and the other particles produced in the fragmentin
a quark. This is also the reason a similar constraint such
Eq. ~14! does not apply to fragmentation correlation fun
tions.

IV. UNPOLARIZED AND SINGLE SPIN DEPENDENT
CROSS SECTIONS

The Drell-Yan cross section is obtained by contracting
lepton tensor with the hadron tensor

W mn5
1

3E dp2dk1d2pTd2kTd2~pT1kT2qT!

3Tr@F~p!V1
mF̄~k!V2

n#up1,k21S q↔2q

m↔n
D .

~18!

The verticesVi
m can be either the photon vertexVm5egm or

the Z-boson vertexVm5gVgm1gAg5gm. The vector and
axial-vector couplings to theZ boson are given by

gV
j 5T3

j 22Qjsin2uW , ~19!

gA
j 5T3

j , ~20!

where Qj denotes the charge andT3
j the weak isospin of

particle j ~i.e., T3
j 511/2 for j 5u and T3

j 521/2 for j
5e2,d,s). We find for the leading order unpolarized Drel
Yan cross section, taking into account both photon a
Z-boson contributions,
2-5
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ds (0)~h1h2→ l l̄ X!

dVdx1dx2d2qT

5
a2

3Q2 (
a,ā

H K1~y!F @ f 1 f̄ 1#1@K3~y!cos~2f!1K4~y!sin~2f!#F F ~2ĥ•pTĥ•kT2pT•kT!
h1

'h̄1
'

M1M2
G J

~21!

and for the case where hadron one is polarized:

ds (1)~h1h2→ l l̄ X!

dVdx1dx2d2qT

5
a2

3Q2 (
a,ā

H •••2l1@K3~y!sin~2f!2K4~y!cos~2f!#F F ~2ĥ•pTĥ•kT2pT•kT!
h1L

' h̄1
'

M1M2
G

1uS1TuK1~y!sin~f2fS1
!F F ĥ•pT

f 1T
' f̄ 1

M1
G2uS1Tu@K3~y!sin~f1fS1

!2K4~y!cos~f1fS1
!#

3FF ĥ•kT

h1h̄1
'

M2
G2uS1Tu@K3~y!sin~3f2fS1

!2K4~y!cos~3f2fS1
!#

3FF „4ĥ•kT~ ĥ•pT!222ĥ•pTpT•kT2ĥ•kTpT
2
…

h1T
' h̄1

'

2M1
2M2

G J , ~22!
n
in
in

per
l-

f

nter
where the ellipsis stands for theT-even–T-even structures
~which for the contributions of the virtual photon are abse
cf. Ref. @14#!. Let us list the various definitions appearing
these expressions. We have defined the following comb
tions of the couplings andZ boson propagators:

K1~y!5A~y!@ea
212gV

l eagV
ax11c1

l c1
ax2#

2
C~y!

2
@2gA

l eagA
ax11c3

l c3
ax2#, ~23!

K2~y!5A~y!@2gV
l eagA

ax11c1
l c3

ax2#

2
C~y!

2
@2gA

l eagV
ax11c3

l c1
ax2#, ~24!

K3~y!5B~y!@ea
212gV

l eagV
ax11c1

l c2
ax2#,

~25!

K4~y!5B~y!@2gV
l eagA

ax3#, ~26!

which contain the combinations of the couplings

c1
j 5~gV

j 21gA
j 2!, ~27!

c2
j 5~gV

j 22gA
j 2!, j 5 l or a,

~28!

c3
j 52gV

j gA
j . ~29!

The Z boson propagator factors are given by

x15
1

sin2~2uW!

Q2~Q22MZ
2!

~Q22MZ
2!21GZ

2MZ
2

, ~30!
01401
t;

a-

x25
1

sin2~2uW!

Q2

Q22MZ
2

x1 , ~31!

x35
2GZMZ

Q22MZ
2

x1 . ~32!

The above is expressed in the so-called Collins-So
frame@28#, for which we chose the following sets of norma
ized vectors~for details see e.g.@17#!:

t̂[q/Q, ~33!

ẑ[
x1

Q
P̃12

x2

Q
P̃2 , ~34!

ĥ[qT /QT5~q2x1P12x2P2!/QT , ~35!

whereP̃i[Pi2q/(2xi), such that

n1
m 5

1

A2
F t̂m1 ẑm2

QT

Q
ĥmG , ~36!

n2
m 5

1

A2
F t̂m2 ẑm2

QT

Q
ĥmG . ~37!

The azimuthal angles lie inside the plane orthogonal tot and
z. In particular,dV52dy df l , wheref l gives the orienta-

tion of l̂'
m[(gmn2 t̂m t̂ n1 ẑmẑn) l n , the perpendicular part o

the lepton momentuml; f,fSi
are the angles betweenĥ,SiT

and l̂' , respectively. In the cross sections we also encou
the following functions ofy5 l 2/q2, which in the lepton
2-6
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center of mass frame equalsy5(11cosu)/2, whereu is the
angle of ẑ with respect to the momentum of the outgoin
lepton l ~cf. Fig. 3!:

A~y!5 S 1
2 2y1y2D 5

c.m. 1
4 ~11cos2u!, ~38!

B~y!5y~12y! 5
c.m. 1

4 sin2u, ~39!

C~y!5~122y! 5
c.m.

2cosu. ~40!

Furthermore, we use the convolution notation~Ralston and
Soper@8# useI @ . . . #)

F @ f f̄ #[E d2pTd2kTd2~pT1kT2qT! f a~x1 ,pT
2! f̄ a~x2 ,kT

2!,

~41!

wherea is the flavor index.
Since we are mainly concerned with the single polariz

Drell-Yan process, we have given the double polarized cr
section in the Appendix for completeness and future re
ence.

V. QUARK SPIN CORRELATIONS

In order to explain the angular dependence of the un
larized cross section as measured for the processp2N
→m1m2X, whereN is either deuterium or tungsten, using
p2-beam with energy of 140, 194 and 286 GeV@3# (21/2
,cosu,1/2), Brandenburget al. @22# proposed factoriza-
tion breaking correlations between the transverse mom
of the incoming quarks and between their transverse sp
This correlation between the transverse momenta is take
be

P~pT ,kT!d2pTd2kT5
aT~aT12bT!

p2
exp@2aT~pT

21kT
2!

2bT~pT2kT!2#d2pTd2kT , ~42!

which reduces to separate Gaussian transverse mome
dependences, sincebT is found to be practically zero~and
aT51 GeV22 at these energies!.

In case the bosonV that produces the lepton pair is
virtual photon (V5g* ) Brandenburget al. fit the cross sec-

FIG. 3. Kinematics of the Drell-Yan process in the lepton cen
of mass frame.
01401
d
ss
r-

-

ta
s.
to

um

tion Eq. ~5! using the data for thep2 beam with energy of
194 GeV and lepton pair massmg* 58 GeV/c2. They find
that 12l22n'24k, where they take the following mode
for k, which is a measure of the correlation between
transverse spins of the incoming quarks:

k5k0

QT
4

QT
41mT

4
. ~43!

The fitted values arek050.17 andmT51.5 GeV.
We will do a similar analysis based on the assumed p

ence ofT-odd distribution functions with intrinsic transvers
momentum dependence. For simplicity we takem50,l51
~in accordance with the expectation from next-to-leading
der perturbative QCD and the data in the Collins-So
frame! and definen52k. For V5g* we then find the fol-
lowing expression fork @cf. Eqs.~5! and ~21!#:

k5

(
a,ā

ea
2F F ~2ĥ•pTĥ•kT2pT•kT!

h1
'h̄1

'

M1M2
G

(
a,ā

ea
2F @ f 1 f̄ 1#

. ~44!

A model for the shape of the functionh1
' is needed. Collins’

parametrization@7# for the fragmentation functionH1
' is

~note that Collins uses the functionDD̂H/a;eT
i j s1TikT jH1

')

H1
'~z,kT

2!

D1~z,kT
2!

5
2MCMh

kT
21MC

2
Im@A* ~k2!B~k2!#

~12z!

z
, ~45!

where Mh is the mass of the produced hadron and in
model MC is the quark mass that appears in a dressed
mion propagatori @A(k2)k”1B(k2)MC#/(k22MC

2 ); the func-
tions A andB are unity atk25MC

2 .
We assume a similar form forh1

' in terms of f 1 ~we
assume no flavor dependence ofMC):

h1
' a~x,pT

2!

f 1
a~x,pT

2!
5cH

a MCMH

pT
21MC

2
, ~46!

using the constantcH
a ~which in principle is a function ofx)

andMC as the fitting parameters now~and similarly for the
antiquark distribution functions!. We also assume the abov
given Gaussian transverse momentum dependence
f 1(x,pT

2). After multiplying Eq. ~44! by a trivial factor
QT

2/QT
2 , using thekT integration to eliminate the delta func

tion and shifting the integration variablepT→pT85pT2 1
2 qT ,

one arrives at

k5
k1aT

p
MC

2 QT
2E d2pT8

3F 1

~pT81 1
2 qT!21MC

2

1

~pT82 1
2 qT!21MC

2 Ge22aTpT8
2
,

~47!

r
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wherek15cH1
cH2

/2 and for the moment we considered t

one flavor case. We approximate this by takingpT850 ~where
the exponential factor is largest! in the term between squar
brackets~this is valid for large enough values ofQT , but the
resulting expression also has the rightQT

2 behavior asQT

→0); this results in~reinstalling the flavor summation!

k58
QT

2MC
2

~QT
214MC

2 !2

(
a,ā

ea
2k1

af 1
a~x1! f̄ 1

a~x2!

(
a,ā

ea
2f 1

a~x1! f̄ 1
a~x2!

. ~48!

Let us for simplicity also assumek1
a to be independent of the

flavor and fit

k58k1

QT
2MC

2

~QT
214MC

2 !2
~49!

to the data at 194 GeV of Ref.@3#. This does not give as
good a fit~Fig. 4! as a factor ofQT

4 in the numerator would
give ~for this particular set of data!, but it can obviously
reproduce the tendency. Moreover, it has the desired p
erty thatk vanishes in the limit ofQT→`, as opposed to Eq
~43!. We find for the dressed quark massMC a rather large
value of 2.360.5 GeV compared to the chiral symmet
breaking scale, but one should not take the model too s
ously and we have made several approximations.

We have chosen the data at 194 GeV of Ref.@3#, because
it has the smallest errors~the error inQT is chosen to be the
bin size!. The fits to the three other available sets of da
namely at 140 and 286 GeV of Ref.@3# and at 252 GeV of
Ref. @4#, yield lower values ofMC and k1 ~on average a
factor of 2 smaller!, and hence have a lower maximum~at a
smaller value ofQT) and are less broad. We take the abo
result as providing a rough upper bound.

Taking for simplicitycp
a 5cN

a 5cH
a , we arrive at a~crude!

model for the functionh1
'(x1 ,pT

2):

h1
'a~x,pT

2!5
aT

p
cH

a MCMH

pT
21MC

2
e2aTpT

2
f 1~x!, ~50!

with MC52.3 GeV, cH
a 51 andaT51 GeV22, which can

be used to get rough estimates for other asymmetries.
factor aT /p comes from the consistency requirement b
tween the definitions off 1(x) and f 1(x,kT

2) with a Gaussian
kT

2 dependence. In the next section we will discuss the
evant asymmetries for RHIC.

VI. IMPLICATIONS FOR RHIC

From Eq. ~22! we see that in the caseV5g* and that
when we neglect the ‘‘higher harmonic’’ term containing t
3f dependence, there are two single transverse spin
muthal dependences, namely sin(f2fS1

) arising with the

Sivers functionf 1T
' and sin(f1fS1

) arising withh1
' .

To estimate the size of the sin(f2fS1
) term, one can use
01401
p-

ri-

,

e

he
-

l-

zi-

for instance one of the usual parametrizations off 1 and the
parametrization forf 1T

' as found by@6#. To estimate the size
of the sin(f1fS1

) term, one can use one of the models forh1

@12,29# or take the upper bound forh1 that arises from Sof-
fer’s inequality (g1 is also well known! and one can use a fi
for h1

' from the unpolarized azimuthal cos 2f dependence of

the cross section inpp→ l l̄ X, in a similar way as was done
in the previous section.

Let us examine the sin(f1fS1
) dependence of the cros

section with the above given model forh1
' . The relevant

expression for the cross section in the polarized case is g
by @cf. Eq. ~5! with m50 andl51#

1

s

ds

dVdfS1

}@11cos2u1k sin2u cos 2f

2ruS1Tusin2u sin~f1fS1
!1•••#, ~51!

where the ellipsis stands for the other angular dependen
The analyzing powerr is found to be@cf. Eq. ~22!#

r5

(
a,ā

ea
2F F ĥ•kT

h1h̄1
'

M2
G

(
a,ā

ea
2F @ f 1 f̄ 1#

. ~52!

Using the above model, Eq.~50!, for h1
' and performing

similar approximations as before, we arrive at

FIG. 4. Data from@3# at 194 GeV and fit@using Eq.~49!# to n
52k as a function of the transverse momentumQT of the lepton
pair. The fitted parameters areMC52.360.5 GeV and 16k157
62.
2-8
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r5
2MCQT

QT
214MC

2

(
a,ā

ea
2cH2

a h1
a~x1! f̄ 1

a~x2!

(
a,ā

ea
2f 1

a~x1! f̄ 1
a~x2!

5
1

2
A k

kmax

(
a,ā

ea
2cH2

a h1
a~x1! f̄ 1

a~x2!

(
a,ā

ea
2f 1

a~x1! f̄ 1
a~x2!

, ~53!

where kmax is the maximum value ofk, which is at QT
52MC . A determination ofr,k,h1 should be mutually con-
sistent according to the above equation, if the underly
mechanism is indeed the one that is assumed here. The m
mum valuer is also atQT52MC , which in the case of one
flavor corresponds tormax5cHh1(x1)/@2f1(x1)#<cH/2'1/2. If
h1 is for instance an order of magnitude smaller thanf 1, this
would give an analyzing power for this single transverse s
azimuthal asymmetry at the percent level.

The above scheme entails many extrapolations and
sumptions and prevents us from stating accurate estim
for the asymmetries. One problem comes from the fact
the fit in the previous section resulted from data of the p
cessp2N→m1m2X, whereN is either deuterium or tung

sten; so extrapolation topp→ l l̄ X is unclear. One might ex

pect that the cos 2f dependence ofpp→ l l̄ X as will be
measured at RHIC is smaller than for the processp2N
→m1m2X, since in the former there are no valence an
quarks present. In this sense, the cleanest extraction oh1

'

would be frompp̄→ l l̄ X.
Another problem concerns the energy scale. The extra

lations should involve evolving the functions to the releva
energies; however, the evolution equations forf 1T

' and h1
'

are not yet known.
However, the basic idea is clear. One fits the unpolari

azimuthal cos 2f dependence of the cross section in a sim
way as was done above~for instance! by using a Collins type
of ansatz to arrive at a model forh1

' , which then can be use
to measure or cross-check the functionh1 by measuring the
sin(f1fS1

) dependence.

VII. DISCUSSION

A cos 2f term in the hadron tensor is itself aT-even quan-
tity, but in our approach it is factorized into a product of tw
T-odd functions. From the definition of the correlation fun
tion F(p) one can show that time reversal symmetry
quires theT-odd functions to be zero@7#. This assumes tha
the incoming hadrons can be described as plane waves s
To circumvent this conclusion one could think of initial sta
interactions between the two incoming hadrons@6# or one
could think of effects due to the finite size of a hadron@30#.

Initial state interactions between the two incoming ha
rons would be a factorization breaking effect~not to be con-
fused with the breakdown of factorization at higher tw
@31#! and this implies nonuniversality of the functions i
01401
g
xi-

n

s-
tes
at
-

-

o-
t

d
r

-

tes.

-

t

volved. The factorization breaking correlations proposed
Brandenburget al. @22#, assuming some nonperturbative gl
onic background@32#, might be universal in some restricte
sense. For instance, one could retain universality amon
subset of possible processes, namely the ones with exa
the same initial states. This would mean that functions
tained from the Drell-Yan processcan be used to predict
asymmetries in the processpp→pX successfully. Another
type of universality would be that the factorization breaki
correlations are the same for different asymmetries in
same process, e.g. the same forn andr in the case discusse
above. These issues can be tested experimentally. We
proposed a concrete way to test some of these issues.

At finite scalesQT andQ one expects the finite size of
hadron to play a role. However, such nonperturbative effe
should not conflict with the factorization formula for th
Drell-Yan process at finiteQT and Q (QT!Q) @33#. The
finite size of hadrons most likely results in higher twist co
tributions, but maybe it will just prevent the naive applic
tion of Eq. ~14! as a constraint imposed by time revers
symmetry, which would not conflict with the factorizatio
formula. These issues need to be investigated further th
retically.

Let us just mention that finite size effects have been p
posed as origins for the Sivers effect in Ref.@30#. Spin-
isospin interactions have also been proposed@34# to obtain a
nonzero Sivers function. Lianget al. @35# have proposed a
model relating the spin of a hadron to the orbital motion
quarks inside that hadron. This could be viewed as a mo
for the functionf 1T

' and a similar model might be constructe
for the functionh1

' .
It is worth emphasizing that the functionsf 1T

' and h1
'

appear in quite different asymmetries in general, even tho
they can both account for the single spin asymmetries
pp↑→pX. For instance,f 1T

' cannot account for the cos 2f
asymmetry discussed above and, also, it yields a diffe
angular dependence for the single spin asymmetry in
Drell-Yan cross section as was pointed out in the previo
section. Also, in contrast toh1

' , the Sivers effect, which is
chiral-even, might produce single spin asymmetries in~al-
most! inclusive deep inelastic scattering@6,34,36#, unless it
originates from initial state interactions between hadrons

It is good to point out that the Berger-Brodsky high
twist mechanism is not ruled out as a possible explana
for the observablen, although in the higher twist model o
Ref. @23# using a pion distribution amplitude it seems to fa
short in explaining the large values found forn. Of course, it
might contribute in addition to theh1

' mechanism. However
an observed correlation betweenn andr will be indicative of
the latter.

VIII. CONCLUSIONS

We have discussed in detail the consequences ofT-odd
distribution functions with intrinsic transverse momentu
dependence for the Drell-Yan process. In particular, we
cused on a chiral-oddT-odd distribution function, denoted b
h1

' , which despite its conceptual problems can in princip
2-9
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DANİËL BOER PHYSICAL REVIEW D 60 014012
account for single spin asymmetries inpp↑→pX and the
Drell-Yan process, and at the same time for the large cosf
asymmetry in the unpolarized Drell-Yan cross section
found in Refs.@3,4#, which still lacks understanding. W
have used the latter data to arrive at a crude model for
function and have shown explicitly how it relates unpola
ized and polarized observables that could be studied at R
using polarized proton-proton collisions. It would also pr
vide an alternative method of gaining information on t
transversity distribution functionh1.

The distribution functionh1
' would signal a correlation

between the transverse spin and the transverse momentu
quarks inside an unpolarized hadron. It is formally the d
tribution function analogue of the Collins effect, which co
cerns fragmentation, but most likely arises from quite a d
a,

01401
s

is
-
IC
-

of
-

-

ferent physical origin. Further theoretical and experimen
study of these issues is required.

We have also listed the complete set of azimuthal asy
metries in the unpolarized and polarized Drell-Yan proces
leading order involvingT-odd distribution functions with in-
trinsic transverse momentum dependence.
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APPENDIX

The leading order double polarized Drell-Yan cross section, taking into account both photon andZ-boson contributions, is
found to be

ds (2)~h1h2→ l l̄ X!

dVdx1dx2d2qT

5
a2

3Q2 (
a,ā

H •••1
K1~y!

2
uS1TuuS2Tucos~2f2fS1

2fS2
!F F ĥ•pTĥ•kT

f 1T
' f̄ 1T

' 2g1Tḡ1T

M1M2
G

2
K1~y!

2
uS1TuuS2Tucos~f2fS1

!cos~f2fS2
!F FpT•kT

f 1T
' f̄ 1T

'

M1M2
G2

K1~y!

2
uS1TuuS2Tu

3sin~f2fS1
!sin~f2fS2

!F FpT•kT

g1Tḡ1T

M1M2
G1K2~y!l1uS2Tusin~f2fS2

!F F ĥ•kT

g1 f̄ 1T
'

M2
G

1K2~y!uS1TuuS2Tusin~2f2fS1
2fS2

!F F ĥ•pTĥ•kT

f 1T
' ḡ1T

M1M2
G2K2~y!uS1TuuS2Tu

3cos~f2fS1
!sin~f2fS2

!F FpT•kT

f 1T
' ḡ1T

M1M2
G1S 1↔2

p↔k D J , ~A1!

where the ellipsis stands for the~remaining! T-even–T-even structures~which for the contribution of the virtual photon can b
found in Ref.@14#!.
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