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Structure functions in the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons.
II. Parton model

S. Hino* and S. Kumano†

Department of Physics, Saga University, Saga 840-8502, Japan
~Received 8 February 1999; published 3 August 1999!

We analyze the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons in a parton model. Quark
and antiquark correlation functions are expressed in terms of possible combinations of Lorentz vectors and
pseudovectors with the constrains of Hermiticity, parity conservation, and time-reversal invariance. Then, we
find tensor-polarized distributions for a spin-1 hadron. The naive parton model predicts that there exist 19
structure functions. However, there are only four or five nonvanishing structure functions, depending on

whether the cross section is integrated over the virtual-photon transverse momentumQW T or the limit QT˜0 is
taken. One of the finite structure functions is related to the tensor-polarized distributionb1, and it does not exist
in the proton-proton reactions. The vanishing structure functions should be associated with higher-twist phys-
ics. The tensor distributions can be measured by the quadrupole polarization measurements. The Drell-Yan
process has an advantage over the lepton reaction in the sense that the antiquark tensor polarization could be
extracted rather easily.@S0556-2821~99!05815-4#

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

Spin structure of the proton has been studied extensiv
Although it is still not obvious how to interpret the proto
spin in terms of partons, it is important to test our knowled
of spin physics by using other observables. The spin st
ture of spin-1 hadrons is a good example. In particular, t
sor structure exists for the spin-1 hadrons as a new ingr
ent. However, it is not clear at this stage how to describe i
a parton model although there are some initial studies@1–4#.
In this sense, the studies of spin-1 hadrons should be a c
lenging experience.

On the other hand, the BNL Relativistic Heavy Ion Co
lider ~RHIC! will be completed soon and new proton-proto
(pp) polarization experiments will be performed. As a ne
generation project, spin-1 deuteron acceleration may be
sible @5#. With this future project and others@6# in mind, we
have completed a general formalism for the polarized Dr
Yan processes with spin-1/2 and spin-1 hadrons in Ref.@7#.
It was revealed that 108 structure functions exist in the re
tions and that the number becomes 22 after integrating
cross section over the virtual-photon transverse momen

QW T or after taking the limitQT˜0.
The purpose of this paper is to clarify how these struct

functions are related to the parton distributions in the col
ing hadrons. In a parton model, it is known that the unpo
ized distributionf 1 ~or denoted asq), the longitudinally po-
larized oneg1 (Dq), and the transversity oneh1 (DTq) are
studied in thepp Drell-Yan processes. In addition to thes
the tensor distributionb1 (dq) should contribute to our
Drell-Yan processes. In the following sections, we obtain
cross section in the parton model and then discuss howb1 is
related to one of the structure functions in Ref.@7#. We also
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study how spin asymmetries can be expressed by the pa
distributions.

First, the hadron tensor is obtained in the parton mode
finding possible Lorentz vector and pseudovector combi
tions in Sec. II. Then, the cross section is calculated by us
the hadron tensor. Second, we derive the cross-section

pression by integrating overQW T or by taking the limitQT

˜0 in Sec. III. Third, using theQW T-integrated cross section
we express the spin asymmetries in terms of the parton
tributions in Sec. IV. Finally, our studies are summarized
Sec. V.

II. PARTON-MODEL DESCRIPTION
OF THE DRELL-YAN PROCESS

A. Drell-Yan process

Parton-model analyses of the Drell-Yan process w
spin-1/2 hadrons were reported by Ralston-Soper@8#,
Donohue-Gottlieb@9#, and Tangerman-Mulders~TM! @10#.
In order to clarify the difference from the spin-1/2 case, w
discuss our Drell-Yan process along the TM formalism. W
consider the following process:

A~spin 1/2!1B~spin 1!˜ l 1l 21X, ~2.1!

whereA andB are spin-1/2 and spin-1 hadrons, respective
They could be any hadrons; however, realistic ones are
proton and the deuteron experimentally. The description
this paper can be applied to any hadrons with spin-1/2
spin-1.

Although the formalism of this subsection is discussed
Ref. @10#, we explain it in order to present the definitions
kinematical variables and functions for understanding
subsequent sections. The cross section is written in term
the lepton tensorLmn and the hadron tensorWmn as @7#

ds

d4QdV
5

a2

2sQ4
LmnWmn, ~2.2!
©1999 The American Physical Society18-1
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where a5e2/(4p) is the fine-structure constant,s is the
center-of-mass energy squareds5(PA1PB)2, Q is the total
dilepton momentum, andV is the solid angle of the momen

tum kW l 12kW l 2. The hadron and lepton masses are neglecte
comparison withs andQ2: MA

2 ,MB
2!s andml

2!Q2. In or-
der to compare with the TM results, we use the same n
tions as many as we can. Three vectorsx̂m, ŷm, and ẑm are
defined as

x̂m52
Xm

A2X2
, ŷm52

Ym

A2Y2
, ẑm51

Zm

A2Z2
,

~2.3!

whereXm, Ym, and Zm are given in Ref.@7#. The Zm axis
corresponds to the Collins-Soper choice@11# and these axes

are spacelike in the dilepton rest frame. In the same wayQ̂
is defined by

Q̂m5
Qm

AQ2
. ~2.4!
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It is convenient to introduce the light-cone notationa
5@a2,a1,aW T#, where a65(a06a3)/A2. The transverse
vectoraT5@0,0,aW T# is projected out by

gT
mn5gmn2n1

m n2
n 2n1

n n2
m ~2.5!

with n15@0,k,0W T# and n25@1/k,0,0W T#, wherek5AxA /xB
in the center-of-momentum~c.m.! frame. The transverse vec
tor is orthogonal to the hadron momenta:aT•PA5aT•PB
50. Furthermore, we defineg'

mn as

g'
mn5gmn2Q̂mQ̂n1 ẑmẑn, ~2.6!

which projects out the perpendicular vectora'
m[g'

mnaTn . It

is orthogonal to the vectorsQ̂ and ẑ: a'•Q̂5a'• ẑ50. Be-
cause the transverse projection is equal to the perpendic
one if the 1/Q term can be neglected@gT

mn5g'
mn1O(1/Q)#,

we use the approximationa''aT in the following calcula-
tions. Nevertheless, the perpendicular vectors are often u
because they are convenient due to the orthogonal rela
The lepton tensor is expressed in terms of these quantitie
@10#
Lmn52kl 1
m kl 2

n
12kl 1

n kl 2
m

2Q2gmn52
Q2

2 F ~11cos2u!g'
mn22 sin2u ẑmẑn12 sin2u cos 2fS x̂mx̂n1

1

2
g'

mnD
1sin2u sin 2f x̂$mŷn%1sin2u cosf ẑ$mx̂n%1sin2u sinf ẑ$mŷn%G , ~2.7!
ec-
in
the

a,
whereu andf are polar and azimuthal angles of the vec

kW l 12kW l 2, and the notationA$mBn% is defined by

A$mBn%[AmBn1AnBm. ~2.8!

The hadron tensor is given by

Wmn5E d4j

~2p!4
eiQ•j

3^PASA ;PBSBuJm~0!Jn~j!uPASA ;PBSB&,

~2.9!

whereJm is the electromagnetic current, and the hadron m
menta and spins are denoted asPA , PB , SA , andSB . The
analysis of the hadron tensor is more complicated than
one in deep inelastic lepton-hadron scattering because it
tains the currents with two-hadron states. The leading lig
cone singularity originates from the process that a qu
emits a virtual photon, which then splits intol 1l 2. However,
it does not contribute to the cross section significantly
cause the quark should be far off-shell@12#. The dominant
contribution comes from quark-antiquark annihilation pr
cesses. In the following, we discuss the hadron tensor
the cross section due to the annihilation process:q(in A)
1q̄(in B)˜ l 11 l 2 in Fig. 1. Of course, the opposite pro
cessq̄(in A)1q(in B)˜ l 11 l 2 should be taken into ac
r

-

e
n-
t-
k

-

-
nd

count in order to compare with the experimental cross s
tion. Its contribution is included in discussing the sp
asymmetries in Sec. IV. The first process contribution to
hadron tensor in Eq.~2.9! is

Wmn5
1

3 (
a,b

dbāea
2E d4kad4kbd4~ka1kb2Q!

3Tr@Fa/A~PASA ;ka!gmF̄b/B~PBSB ;kb!gn#,

~2.10!

whereka andkb5kā are the quark and antiquark moment
the color average is taken by the factor 1/353•(1/3)2, and

FIG. 1. Drell-Yan process in a parton model.
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ea is the charge of a quark with the flavora. The correlation

functionsFa/A andF̄ ā/B are defined by@8#

Fa/A~PASA ;ka! i j

[E d4j

~2p!4
eika•j^PASAuc̄ j

(a)~0!c i
(a)~j!uPASA&,

F̄ ā/B~PBSB ;kā! i j

[E d4j

~2p!4
eikā•j^PBSBuc i

(a)~0!c̄ j
(a)~j!uPBSB&.

~2.11!
s

n

m
a
rs
10

ic

05401
Link operators should be introduced in these matrix eleme
so as to become gauge invariant@10#, although they are no
explicitly written in the above equations. It is also know
that they become the identity in the light-cone gauge. In a
case, such link operators do not alter the following disc
sions of this paper in a naive parton model. Figure 1 sugg
that the hadron tensor could be written by a product
quark-hadron amplitudes. However, the matrix indices in
trace of Eq. ~2.10! look like @c̄ j

(a)(0)c i
(a)(j)#A

3@c̄ l
(a)(j)ck

(a)(0)#B(gm) jk(gn) l i , which is not in a sepa-
rable form. A Fierz transformation@13# is used so that the
index summations are taken separately in the hadronsA and
B. Using the relation
4~gm! jk~gn! l i 5F1j i 1lk1~ ig5! j i ~ ig5! lk2~ga! j i ~ga! lk2~gag5! j i ~gag5! lk1
1

2
~ isabg5! j i ~ isabg5! lkGgmn1~g$m! j i ~gn%! lk

1~g$mg5! j i ~gn%g5! lk1~ isa$mg5! j i ~ is a
n% g5! lk , ~2.12!

we factorize the hadron tensor as

Wmn5
1

3 (
a,b

dbāea
2E d2kWaTd2kWbTd2~kWaT1kWbT2QW T!F H 2Fa/A@ga#F̄b/B@ga#2Fa/A@gag5#F̄b/B@gag5#

1
1

2
Fa/A@ isabg5#F̄b/B@ isabg5#J gmn1Fa/A@g$m#F̄b/B@gn%#1Fa/A@g$mg5#F̄b/B@gn%g5#

1Fa/A@ isa$mg5#F̄b/B@ is a
n% g5#G1O~1/Q!. ~2.13!
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The definition of the brace is given in Eq.~2.8!. For example,
the last term in the bracket is explicitly written a
Fa/A@ isa$mg5#F̄b/B@ isn%

ag5#5Fa/A@ isamg5#F̄b/B@ isn
ag5#

1Fa/A@ isang5#F̄b/B@ is a
m g5#. The functionsFa/A@G# and

F̄b/B@G# are defined by

Fa/A@G#~x,kWT![
1

2E dka
2Tr@GFa/A#, ~2.14!

F̄b/B@G#~x,kWT![
1

2E dkb
1Tr@GF̄b/B#, ~2.15!

and we assumekb
1!ka

1 andka
2!kb

2 in obtaining the factor-
ized expression. The functionsFa/A@1# and Fa/A@ ig5# are
obtained asFa/A@1#;O(1/Q) andFa/A@ ig5#50 according
to the calculations in the next subsection, so that they are
explicitly written in Eq. ~2.13!. As it is obvious from Eq.
~2.13!, we do not address ourselves to the higher-twist ter
Because the Drell-Yan process of spin-1/2 and spin-1 h
rons is not investigated at all in any parton model, we fi
discuss the leading contributions in this paper. We found
~22! structure functions in general~after integration over

QW T), and most of them are related to the higher-twist phys
ot

s.
d-
t
8

s

as it becomes obvious in the later sections of this pap
Although it is interesting to study the higher-twist term
@14#, we leave this topic as our future project.

B. Correlation functions and parton distributions

The hadron tensor is expressed by the correlation fu
tions in Eq.~2.10!. We expand them in terms of the possib
Lorentz vectors and pseudovectors. The correlation func
F(PS;k) is a matrix with 16 components, so that it can
written in terms of 16 434 matrices@13#:

1, g5 , gm, gmg5 , smng5 . ~2.16!

Because the spin-1/2 hadron case was already discuss
Refs. @8–10#, we investigate the correlation function for
spin-1 hadron. We discuss it in the frame where the spi
hadron is moving in thez direction. Because thezcm direc-
tion is taken as the direction of the hadronA momentum in
Ref. @7#, it could mean that we assume the hadronA as if it
were a spin-1 hadron in this subsection. Of course, appro
ate spin-1/2 and spin-1 expressions are used for hadroA
andB, respectively, in calculating the hadron tensor and
cross section. The correlation function is expanded in te
of the matrices of Eq.~2.16! together with the possible Lor
8-3
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entz vectors and pseudovector:Pm, km, and Sm. However,
these combinations have to satisfy the usual conditions
Hermiticity, parity conservation, and time-reversal inva
ance. In finding the possible combinations, we should
careful that the rank-two spin terms are allowed for a spi
hadron. The reader may look at Ref.@7# for the detailed
discussions on this point. Considering these conditions,
obtain the possible Lorentz scalar quantities. Then, the c
ficient Ai is assigned for each term:

F~PS;k!5A111A2P” 1A3k”1A4g5S”1A5g5@P” ,S” #

1A6g5@k” ,S” #1A7k•Sg5P” 1A8k•Sg5k”

1A9k•Sg5@P” ,k” #1A10~k•S!211A11~k•S!2P”

1A12~k•S!2k”1A13k•SS” . ~2.17!

For simplicity, the subscriptsa and A in F, momenta, mo-
mentum fraction, spin, and helicity are not written in th
subsection. The spin-dependent factors (k•S)2 andk•S S” do
not exist in a spin-1/2 hadron, so that the termsA10, A11,
A12, andA13 are the additional ones to the spin-1/2 expr
sion in Ref.@10#. It means that the interesting tensor stru
ture of the spin-1 hadron is contained in these new term

With the general expression of Eq.~2.17!, we can calcu-
late F@G# in Eq. ~2.13!. Because the new terms contribu
only to F@ga#, its calculation procedure is discussed in t
following by using the light-cone representation. Theg ma-
trices are given by@12#

g05S 0 s3

s3 0 D , gW T5S isW T 0

0 isW T
D ,

g35S 0 2s3

1s3 0 D , g65
1

A2
~g06g3!.

~2.18!

It is necessary to calculateF@g1#, F@g2#, andF@gW T# for
obtaining theF@ga# term in Eq. ~2.13!. Substituting Eq.
~2.17! into Eq. ~2.14!, we have the expression forF@g1# as

F@g1#5
1

2E dk2Tr@g1F#

5
1

2E dk2Tr@g1$A2P” 1A3k”1A11~k•S!2P”

1A12~k•S!2k”1A13k•SS” %#. ~2.19!

The traces of the light-coneg matrices are
05401
of

e
1

e
f-

-
-

Tr~g1g1!5Tr~g2g2!50, Tr~g1g2!5Tr~g2g1!54,

Tr~g1gW T!5Tr~g2gW T!50, Tr~gT
i gT

j !524dT
i j .

~2.20!

Therefore, the trace Tr(g1P” ) becomes Tr(g1P” )54P1.
Then, introducing the momentum fractionx and the helicity
l by k15xP1 andS15lP1/M , we obtain

F@g1#5E d~2k•P!FA21xA31~kWT•SW T!2~A111xA12!

2kWT•SW T

l

M
A13G , ~2.21!

whereM is the hadron mass. This equation is written as

F@g1#5 f 1~x,kWT
2!1b1~x,kWT

2!F4~kWT•SW T!2

kWT
2

2
2

3G
1c1~x,kWT

2!l
kWT•SW T

M
~2.22!

with the parton distributions

f 1~x,kWT
2!5E d~2k•P!$A21kWT

2A11/61x~A31kWT
2A12/6!%,

b1~x,kWT
2!5E d~2k•P!kWT

2~A111xA12!/4,

c1~x,kWT
2!52E d~2k•P!A13. ~2.23!

Because the integration variable 2k•P is constrained by the

relationkWT
21k222xk•P1x2M250, it is of the order of 1

despiteP1;O(Q). In addition to the usual unpolarized pa
ton distributionf 1, there appear new distributionsb1 andc1
which do not exist for a spin-1/2 hadron. The correlati
function F@g1# can be also expressed by the quark pro

ability densityP(x,kWT) according to Ref.@10#:

F@g1#5P~x,kWT!. ~2.24!

Integrating over the transverse momentumkWT , we obtain

P~x!5 f 1~x!1b1~x!
2

3
~2uSW Tu22l2!, ~2.25!

where the relationl21uSW Tu251 is used and the function
P(x), f 1(x), andb1(x) are defined by

P~x!5E d2kWTP~x,kWT!,

f 1~x!5E d2kWTf 1~x,kWT
2!,

b1~x!5E d2kWTb1~x,kWT
2!. ~2.26!
8-4
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It is obvious from the spin combination in Eq.~2.25! thatb1
is related to the tensor structure. Equation~2.25! means that
the b1 distribution is given by

b1~x!5
1

2 FP~x!l502
P~x!l5111P~x!l521

2 G .
~2.27!

Indeed, this definition of the tensor distribution agrees w
the one in the lepton-deuteron studies@2#. On the other hand
c1 should be related to the intermediate polarization acco
ing to Ref.@7#. This distribution has never been discussed
far as we are aware, so that it is simply namedc1. The
interesting point of this distribution is that it cannot be me
sured by the longitudinally and transversely polarized re
tions. The optimum way of observing it is to polarize th
spin-1 hadron with angles 45° and 135° with respect to
hadron momentum direction. However, as we mention
Sec. IV, it is difficult to attain the intermediate polarizatio
in the collider experiments if the deuteron is used as a sp
hadron because of its small magnetic moment. It is

unique to expressc1 in terms ofP(x,kWT). For example, it is
written by the distributions in the intermediate polarizatio
I 1 and I 3 of Ref. @7# as

P~x,kWT! I 1
2P~x,kWT! I 3

5
ukWTu
M

sinfkc1~x,kWT
2!, ~2.28!

wherefk is the azimuthal angle of the vectorkWT . Because its
contribution vanishes by integrating the correlation funct

over QW T or by taking the limitQT˜0, it could be related to
higher-twist distributions. This point should be clarified b
our future project. At this stage, we should content oursel
with the studies of leading contributions because there ex
no parton-model analysis of the Drell-Yan process with
spin-1 hadron. The same calculations are done for the fu
tionsF@g2# andF@gT#. However, these are proportional
O(1/Q), so that they are ignored in the following discu
sions.

The other correlation functions are calculated in the sa
way; however, the results are the same as those in Ref.@10#:

F@g1g5#5P~x,kWT!l~x,kWT!5g1L~x,kWT
2!l

1g1T~x,kWT
2!

kWT•SW T

M
,

F@ is i 1g5#5P~x,kWT!sWT
i~x,kWT!5h1T~x,kWT

2!SW T
i

1Fh1L
' ~x,kWT

2!l1h1T
' ~x,kWT

2!
kWT•SW T

M
G kWT

i

M
.

~2.29!

Here,l(x,kWT) andsWT
i(x,kWT) are the quark helicity and trans

verse polarization densities. The longitudinally and tra
versely polarized distributions are given as
05401
h

-
s

-
-

e
n
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t

s
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a
c-

e

-

g1L~x,kWT
2!5E d~2k•P!~A4 /M !,

g1T~x,kWT
2!52E d~2k•P!M ~A71xA8!,

h1T~x,kWT
2!52E d~2k•P!2~A51xA6!,

h1L
' ~x,kWT

2!5E d~2k•P!2A6,

h1T
' ~x,kWT

2!5E d~2k•P!2M2A9. ~2.30!

Because the explanations were given for theg1 andh1 dis-
tributions in Ref.@10#, we do not repeat them in this pape
TheA10 term contributes toF@1# as an additional term to the
spin-1/2 case; however, it is proportional toO(1/Q). The
terms withF@1# andF@ ig5# are excluded from our formal
ism because the relationsF@1#;O(1/Q) andF@ ig5#50 are
obtained by the similar calculations.

In calculating the Drell-Yan cross section, the antiqua
correlation function should be also expressed in terms of
antiquark distributions. It is obtained by using the charg
conjugation property@10,15#. The antiquark correlation func
tion in the hadronA is related to the quark one in the ant
hadronĀ by the charge-conjugation matrixC5 ig2g0:

F̄ ā/A52C21~Fa/Ā!TC, ~2.31!

where the superscriptT indicates the transposed matrix. B
cause the quark distribution in the antihadron is equal to
antiquark distribution in the hadron, the antiquark correlat
functions are expressed as

F̄@g1#5 f̄ 1~x,kWT
2!1b̄1~x,kWT

2!F4~kWT•SW T!2

kWT
2

2
2

3G
1 c̄1~x,kWT

2!l
kWT•SW T

M
,

F̄@g1g5#52ḡ1L~x,kWT
2!l2ḡ1T~x,kWT

2!
kWT•SW T

M
,

F̄@ is i 1g5#5h̄1T~x,kWT
2!SW T

i

1F h̄1L
' ~x,kWT

2!l1h̄1T
' ~x,kWT

2!
kWT•SW T

M
G kWT

i

M
.

~2.32!

Furthermore, the anticommutation relations for fermions
dicateF̄ i j (PS;k)52F i j (PS;2k), so that the distributions
satisfy the relation

f̄ ~x,kWT
2!

5H 2 f ~2x,kWT
2!, f 5 f 1 , b1 , g1T , h1T , and h1T

' ,

1 f ~2x,kWT
2!, f 5c1 , g1L , and h1L

' .

~2.33!
8-5
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In this way, we have derived the expressions of the c
relation functions in terms of the quark and antiquark dis
butions. As new distributions, theb1 , b̄1 , c1, and c̄1 distri-
butions appear in the correlation functions. In particular,
b1 distribution is a leading-twist one and it is associated w
the tensor structure of the spin-1 hadron. On the other h
the c1 distribution is related to the intermediate polarizati
of Ref. @7# and it could be associated with higher-twist phy
ics. The other longitudinally and transversely polarized d
-

ur

05401
r-
-

e

d,

-
-

tributions exist in the same way as those of a spin-1/2 h
ron.

C. Structure functions and the cross section

Because the correlation functions in Eq.~2.13! are calcu-
lated, the hadron tensor can be expressed in terms of
parton distributions. Neglecting the higher-twist contrib
tions, we write the hadron tensor as
r

he
Wmn52
1

3 (
a,b

dbāea
2E d2kWaTd2kWbTd2~kWaT1kWbT2QW T!$~Fa/A@g1#F̄b/B@g2#1Fa/A@g1g5#F̄b/B@g2g5# !gT

mn

1Fa/A@ is i 1g5#F̄b/B@ is j 2g5#~gTi
$mgT j

n% 2gTi jgT
mn!%. ~2.34!

The correlation functions in the previous subsection are substituted into the above equation. Then, the integrals ovekWaT and

kWbT are manipulated by using the equations in the Appendix of Ref.@10#. The calculations are rather lengthy particularly in t
transverseh1 part. However, because theg1 and h1 portions are the same as the ones in a spin-1/2 hadron@10# and the
calculations off 1 , b1, andc1 terms are rather simple, we do not explain the calculation procedure. Noting that theb1 andc1
terms do not exist for the spin-1/2 hadronA, we obtain

Wmn52g'
mnFWT1

1

4
lAlBVT

LL2
2

3
VT

UQ0(1)
22SB'

2 VT
UQ0(2)

12~ x̂•SB'!2VT
UQ0(3)

2lBx̂•SB'VT
UQ12lAx̂•SB'VT

LT

2 x̂•SA'lBVT
TL2SA'•SB'VT

TT(1)1 x̂•SA'x̂•SB'VT
TT(2)G2S x̂mx̂n1

1

2
g'

mnD F1

4
lAlBV2,2

LL2lAx̂•SB'V2,2
LT2 x̂•SA'lBV2,2

TL

2SA'•SB'V2,2
TT(1)1 x̂•SA'x̂•SB'V2,2

TT(2)G1~ x̂$mSA'
n% 2 x̂•SA'g'

mn!~ x̂•SB'U2,2
TT(A)2lBU2,2

TL!1~ x̂$mSB'
n% 2 x̂•SB'g'

mn!

3~ x̂•SA'U2,2
TT(B)2lAU2,2

LT!2~SA'
$m SB'

n% 2SA'•SB'g'
mn!U2,2

TT . ~2.35!
-

The structure functions are expressed by the integral

I @d1d̄2#[
1

3 (
a,b

dbāea
2E d2kWaTd2kWbTd2~kWaT1kWbT2QW T!

3d1~xA ,kWaT
2 !d̄2~xB ,kWbT

2 !. ~2.36!

First, the unpolarized structure function is given by

WT5I @ f 1 f̄ 1#, ~2.37!

where the subscriptT of WT corresponds to the index com
bination of (0,0)2(2,0)/3 in the expressions of Ref.@7#. The
structure functions associated with the factors2g'

mn and

ẑmẑn in Wmn are denoted asWT and WL . Obviously, WL
vanishes in the parton model. The longitudinal struct
functionsVT

LL andV2,2
LL are

VT
LL524I @g1Lḡ1L#,

V2,2
LL5I F S a1b2

~a2b!2

QT
2 D 4h1L

' h̄1L
'

MAMB
G ,

~2.38!
e

whereQT
2 is given byQW T

2 ~noteQT
2Þ2QW T

2) and the variables

a and b are defined bya5kWaT
2 and b5kWbT

2 . The tensor
structure functions become

VT
UQ0(1)

5I @ f 1b̄1#,

VT
UQ0(2)

5I F S 2QT
212~a1b!2

~a2b!2

QT
2 D f 1b̄1

2b G ,

VT
UQ0(3)

5I F S QT
222a1

~a2b!2

QT
2 D f 1b̄1

b G ,

VT
UQ15I F ~QT

22a1b!
f 1c̄1

2MBQT
G . ~2.39!

The superscriptsU, Q0, and Q1 indicate the unpolarized
stateU, quadrupole polarizationQ0, and quadrupole polar
ization Q1, respectively@7#. For example,VT

UQ1 indicates
that the hadronA is unpolarized andB is polarized with the
quadrupole polarizationQ1. The longitudinal-transverse
structure functions are
8-6
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VT
LT5I F ~2QT

21a2b!
g1Lḡ1T

2MBQT
G ,

VT
TL5I F ~2QT

22a1b!
g1Tḡ1L

2MAQT
G ,

V2,2
LT5I F S aQT

21b21ab22a21
~a2b!3

QT
2 D h1L

' h̄1T
'

MAMB
2QT

G ,

V2,2
TL5I F S bQT

21a21ab22b22
~a2b!3

QT
2 D h1T

' h̄1L
'

MA
2MBQT

G ,

U2,2
LT5I F ~QT

21a2b!
h1L

' h̄1T

2MAQT
2S QT

2~a2b!22~a22b2!1
~a2b!3

QT
2 D h1L

' h̄1T
'

4MAMB
2QT

G ,

U2,2
TL5I F ~QT

22a1b!
h1Th̄1L

'

2MBQT
1S QT

2~a2b!22~a22b2!1
~a2b!3

QT
2 D h1T

' h̄1L
'

4MA
2MBQT

G . ~2.40!

In the Drell-Yan process of identical hadrons, the structure functionsVTL andUTL are equal toVLT andULT. However, they
are different in our reactions, so that both types are listed. The transverse structure functions are

VT
TT(1)5I F S 2QT

212a12b2
~a2b!2

QT
2 D g1Tḡ1T

4MAMB
G ,

VT
TT(2)5I F S 2a2b1

~a2b!2

QT
2 D g1Tḡ1T

2MAMB
G ,

V2,2
TT(1)5I F S QT

2~a1b!2~a2b!222~a1b!21
3~a1b!~a2b!2

QT
2

2
~a2b!4

QT
4 D h1T

' h̄1T
'

4MA
2MB

2G ,

V2,2
TT(2)5I F S a21b22

2~a1b!~a2b!2

QT
2

1
~a2b!4

QT
4 D h1T

' h̄1T
'

MA
2MB

2G ,

U2,2
TT(A)5I F S QT

222a1
~a2b!2

QT
2 D h1Th̄1T

'

2MB
2

1S ~a2b!QT
21~a2b!224a~a2b!

1
2a~a2b!21~a2b!2~a1b!

QT
2

2
~a2b!4

QT
4 D h1T

' h̄1T
'

8MA
2MB

2G ,

U2,2
TT(B)5I F S QT

222b1
~a2b!2

QT
2 D h1T

' h̄1T

2MA
2

1S 2~a2b!QT
21~a2b!214b~a2b!

1
2b~a2b!21~a2b!2~a1b!

QT
2

2
~a2b!4

QT
4 D h1T

' h̄1T
'

8MA
2MB

2G ,

U2,2
TT5I Fh1Th̄1T2S QT

222a22b1
~a2b!2

QT
2 D S h1T

' h̄1T

4MA
2

1
h1Th̄1T

'

4MB
2 D G . ~2.41!

Substituting the hadron tensor of Eq.~2.35! and the lepton tensor of Eq.~2.7! into Eq. ~2.2!, we obtain the cross section
054018-7
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ds

d4QdV
5

a2

2sQ2 F ~11cos2u!H WT1
1

4
lAlBVT

LL2
2

3
VT

UQ0(1)
12uSW BTu2VT

UQ0(2)
12uSW BTu2cos2fBVT

UQ0(3)
1lBuSW BTucosfBVT

UQ1

1lAuSW BTucosfBVT
LT1lBuSW ATucosfAVT

TL1uSW ATuuSW BTucos~fA2fB!VT
TT(1)1uSW ATuuSW BTucosfAcosfBVT

TT(2)J
1sin2uH 1

2
cos 2fS 1

4
lAlBV2,2

LL1lAuSW BTucosfBV2,2
LT1lBuSW ATucosfAV2,2

TL1uSW ATuuSW BTucos~fA2fB!

3~V2,2
TT(1)1U2,2

TT(A)1U2,2
TT(B)!1uSW ATuuSW BTucosfAcosfBV2,2

TT(2)D1uSW ATucos~2f2fA!lBU2,2
TL

1uSW BTucos~2f2fB!lAU2,2
LT1

1

2
sin 2fuSW ATuuSW BTusin~fA2fB!~U2,2

TT(A)2U2,2
TT(B)!

1uSW ATuuSW BTucos~2f2fA2fB!~U2,2
TT1U2,2

TT(A)/21U2,2
TT(B)/2!J G . ~2.42!
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This equation indicates thatV2,2
TT(1) , U2,2

TT(A) , U2,2
TT(B) , and

U2,2
TT cannot be measured independently. Only the comb

tions V2,2
TT(1)1U2,2

TT(A)1U2,2
TT(B) , U2,2

TT(A)2U2,2
TT(B) , and U2,2

TT

1U2,2
TT(A)/21U2,2

TT(B)/2 can be studied experimentally. In ou
previous paper@7#, we predicted that 108 structure function
exist in the Drell-Yan processes of spin-1/2 and spin-1 h
rons. According to Eq.~2.42!, there are 19 independent on
in the naive parton model. It means that the rest of them
related to the neglectedO(1/Q) terms, namely the higher
twist structure functions. Although theVT

UQ0(1) term may
seem to contribute to the unpolarized cross section, it is c
celed out by the otherUQ0-type terms in taking the spin
average.

III. Q¢ T INTEGRATION AND THE LIMIT QT˜0

Because the 108 structure functions are too many to
vestigate seriously and many of them are not importan

this stage, the cross section is integrated overQW T or it is
calculated in the limitQT˜0 @7#. There exist 22 structure
functions in these cases, and they are considered to be p
cally significant. On the other hand, the cross section of
~2.42! is obtained at finiteQT . In order to compare with the
results in Ref.@7#, we should investigate the parton-mod

cross section by taking theQW T integration or the limitQT
˜0.

A. Q¢ T-integrated cross section

First, we discuss the integration of the cross section o

QW T . If the hadron tensor Eq.~2.34! is integrated overQW T ,

the delta functiond2(kWaT1kWbT2QW T) disappears. It mean

that the integrations overkWaT andkWbT can be calculated sepa

rately. Then, the integrals with odd functions ofkWT vanish:

e.g.,*d2kWaTF(kWaT
2 ,kWbT

2)kWaT50. Furthermore, the vectorQT
m

cannot be used any longer in expanding, for example,
05401
a-
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re

n-

-
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si-
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er

e

integral*d2kWaTd2kWbTF(kWaT
2 ,kWbT

2)k1'
m k2'

n in terms of the pos-
sible Lorentz-vector combinations. We calculate the had
tensor in the similar way with the one in Sec. II C. Howeve
the calculations are much simpler because we do not hav
take into accountQT

m . It does not make sense to explain th
calculation procedure again, so that only the final results
shown in the following.

The QW T-integrated hadron tensor is expressed as

W̄ mn5E d2QW TWmn, ~3.1!

and in the same way for the structure functions. Then,
hadron tensor becomes

W̄ mn52g'
mnH W̄T1

1

4
lAlBV̄T

LL22S SB'
2 1

1

3D V̄T
UQ0J

2~SA'
$m SB'

n% 2SA'•SB'g'
mn!Ū2,2

TT, ~3.2!

where the structure functions are written in terms of the p
ton distributions as

W̄T5
1

3 (
a

ea
2f 1~xA! f̄ 1~xB!,

V̄T
LL52

4

3 (
a

ea
2g1~xA!ḡ1~xB!,

Ū2,2
TT5

1

3 (
a

ea
2h1~xA!h̄1~xB!,

V̄T
UQ0[V̄T

UQ0(1)
5V̄T

UQ0(2)
5

1

3 (
a

ea
2f 1~xA!b̄1~xB!.

~3.3!
8-8



h

n

i-
s i

in

a

ke

is

me

nc-

STRUCTURE FUNCTIONS IN THE . . . . II. . . . PHYSICAL REVIEW D 60 054018
The quark distributions are defined in thekWT-integrated form
as

f ~x!5E d2kWTf ~x,kWT
2! for f 5 f 1 , g1~5g1L!, and b1 ,

~3.4!

h1~x!5E d2kWTFh1T~x,kWT
2!1

kWT
2

2M2
h1T

' ~x,kWT
2!G , ~3.5!

and in the same way for the antiquark distributions. T

other structure functions vanish by theQW T integration:

V̄T
UQ0(3)

5V̄T
UQ15V̄T

LT5V̄T
TL5V̄T

TT(1)5V̄T
TT(2)5V̄2,2

LL5V̄2,2
LT

5V̄2,2
TL5V̄2,2

TT(1)5V̄2,2
TT(2)5Ū2,2

LT5Ū2,2
TL5Ū2,2

TT(A)

5Ū2,2
TT(B)50. ~3.6!

With the expression of the hadron tensor in Eq.~3.2!, the
cross section becomes

ds

dxA dxB dV
5

a2

4Q2 F ~11cos2u!H W̄T1
1

4
lAlBV̄T

LL

1
2

3
~2uSW BTu22lB

2 !V̄T
UQ0J

1sin2uuSW ATuuSW BTucos~2f2fA2fB!Ū2,2
TTG .
~3.7!

The tensor distributionb1 contributes to the cross sectio
through the structure functionV̄T

UQ0 . Because it is given by

the multiplication of f 1 and b̄1 ( f̄ 1 and b1 in the opposite
process! in Eq. ~3.3!, the quark and antiquark tensor distr
butions could be measured if the unpolarized distribution
the hadronA are well known. Theb̄1 is paired with f 1;
however, it is not withg1L and h1. This is because of the
Fierz transformation in Eq.~2.13!: Fa/A@g1# is multiplied
by F̄b/B@g2# and not by the other factorsF̄b/B@g2g5# and
F̄b/B@ is j 2g5#, and the tensor distributions appear only
the functionsFa/A@g1# and F̄b/B@g2#. Therefore,b̄1 can
couple only with f 1 , b1, and c1. Since the hadronA is a
spin-1/2 particle, the distributionsb1 andc1 do not exist. In
this way, the only possible combination isf 1(xA)b̄1(xB) for
the processq(in A)1q̄(in B)˜ l 11 l 2.

B. Cross section in the limitQT˜0

The transverse momentumQT is generally small in com-
parison with the dilepton massQ. It originates mainly from
intrinsic transverse momenta of the partons, so that its m
05401
e

n

g-

nitude is roughly restricted by the hadron sizer: QT&1/r . In
this respect, it makes sense to consider the limitQT˜0 for
finding the essential part.

The structure functions in Eqs.~2.37!–~2.41! should be
evaluated in this limit. As an example, we show how to ta
the limit for VT

UQ0(2) in Eq. ~2.39!. The integration variables

kWaT andkWbT in Eq. ~2.36! are changed forkWT andKW T , which

are defined bykWT5(kWaT2kWbT)/2 andKW T5kWaT1kWbT . Then,
the d function is integrated out and the structure function
expressed as

VT
UQ0(2)

5
1

3 (
a

ea
2 1

2~kWT2QW T/2!2 H 4kWT
22

4~kWT•QW T!2

QT
2 J

3 f 1„xA ,~kWT1QW T/2!2
…b̄1„xB ,~kWT2QW T/2!2

…

5I 0@ f 1b̄1# in QT˜0, ~3.8!

where the functionI 0 is defined by

I 0@d1d̄2#5
1

3 (
a

ea
2E d2kWTd1~xA ,kWT

2!d̄2~xB ,kWT
2!,

~3.9!

andkT
i kT

j /kWT
2 in the second term of Eq.~3.8! is replaced by

dT
i j /2. The other structure functions are calculated in the sa

way. The finite ones are obtained as

WT5I 0@ f 1 f̄ 1#, VT
LL524I 0@g1Lḡ1L#,

VT
UQ0(1)

5I 0@ f 1b̄1#5VT
UQ0(2)

[VT
UQ0,

VT
TT(1)5I 0F kWT

2

2MAMB
g1Tḡ1TG ,

U2,2
TT5I 0Fh1Th̄1T1

kWT
2

2 S h1T
' h̄1T

MA
2

1
h1Th̄1T

'

MB
2 D G ,

U2,2
TT(A)5I 0F kWT

4

4MA
2MB

2
h1T

' h̄1T
' G5U2,2

TT(B)52
1

2
V2,2

TT(1).

~3.10!

The following ones vanish in theQT˜0 limit:

VT
UQ0(3)

5VT
UQ15VT

LT5VT
TL5VT

TT(2)5V2,2
LL5V2,2

LT5V2,2
TL

5V2,2
TT(2)5U2,2

LT5U2,2
TL50. ~3.11!

The hadron tensor is expressed by the finite structure fu
tions as
8-9
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W mn52g'
mnH WT1

1

4
lAlBVT

LL22S SB'
2 1

1

3DVT
UQ02SA'•SB'VT

TT(1)J 1S x̂mx̂n1
1

2
g'

mnDSA'•SB'V2,2
TT(1)

1~ x̂$mSA'
n% 2 x̂•SA'g'

mn!x̂•SB'U2,2
TT(A)1~ x̂$mSB'

n% 2 x̂•SB'g'
mn!x̂•SA'U2,2

TT(B)2~SA'
$m SB'

n% 2SA'•SB'g'
mn!U2,2

TT.

~3.12!

Defining Û2,2
TT by

Û2,2
TT5U2,2

TT1U2,2
TT(A)/21U2,2

TT(B)/25I 0@h1h̄1#, ~3.13!

we obtain the cross section as

ds

d4Q dV
5

a2

2sQ2 F ~11cos2u!H WT1
1

4
lAlBVT

LL1
2

3
~2uSW BTu22lB

2 !VT
UQ01uSW ATuuSW BTucos~fA2fB!VT

TT(1)J
1sin2uuSW ATuuSW BTucos~2f2fA2fB!Û2,2

TTG . ~3.14!
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Even thoughV2,2
TT(1) is finite, it does not contribute to th

cross section. It is canceled out by the termU2,2
TT(A)

1U2,2
TT(B) . As is obvious from the results of this subsecti

and Sec. III A, the expressions of the hadron tensors and

cross sections are slightly different in theQW T integration and
in the QT˜0 limit.

Among many structure functions in Eq.~2.42!, we have
extracted the essential ones by taking the limitQT˜0 or by

theQW T integration. According to the expressions of the cro
section in Eqs.~3.7! and~3.14!, merely the four or five struc-
ture functions remain finite: the unpolarized structure fu
tion WT , the longitudinal oneVT

LL , the transverse one~s!
U2,2

TT (VT
TT(1)), and the unpolarized-quadrupole oneVT

UQ0 .
Most of them are already known in thepp Drell-Yan reac-
tions. The last quadrupole structure functionVT

UQ0 is new in
the Drell-Yan process of spin-1/2 and spin-1 hadrons.

IV. SPIN ASYMMETRIES AND PARTON DISTRIBUTIONS

We have derived the expressions for the Drell-Yan cr

section in the parton model with finiteQT , QW T integration,
andQT˜0. Because the spin asymmetries are discusse
Ref. @7# in the latter two cases, they are shown in t

QW T-integrated case as an example in this section. The po
ized parton distributions for a spin-1 hadron are illustrated
Fig. 2. As is obvious from Eq.~2.29!, the longitudinally po-
larized ~transversity! distribution is defined by the probabi
ity to find a quark with spin polarized along the longitudin
~transverse! spin of a polarized hadron, minus the probabil
to find it polarized oppositely. On the other hand, the tens
polarized distributionb1 is very different from these distri
butions according to Eq.~2.27!. It is not associated with the
quark polarization as shown by the unpolarized mark •
Fig. 2. It is related to the ‘‘unpolarized’’-quark distributio
in the polarized spin-1 hadron. The tensor distribution is
sentially the difference between the unpolarized-quark dis
butions in the longitudinally and transversely polarized h
ron states as it is given in Eq.~2.27!.
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In Ref. @7#, 15 spin combinations are suggested . Ho

ever, most of them vanish in the parton model by theQW T
integration. There are only four finite structure functions, a
three of them exist in thepp Drell-Yan processes. First, th
unpolarized cross section is

K ds

dxA dxB dV L 5
a2

4Q2
~11cos2u!W̄T

5
a2

4Q2
~11cos2u!

1

3 (
a

ea
2@ f 1~xA! f̄ 1~xB!

1 f̄ 1~xA! f 1~xB!#. ~4.1!

Next, the longitudinal and transverse double-spin asymm
tries are

ALL5
s~↓L ,11L!2s~↑L ,11L!

2^s&
52

V̄T
LL

4W̄T

5

(
a

ea
2@g1~xA!ḡ1~xB!1ḡ1~xA!g1~xB!#

(
a

ea
2@ f 1~xA! f̄ 1~xB!1 f̄ 1~xA! f 1~xB!#

,

ATT5
s~fA50,fB50!2s~fA5p,fB50!

2^s&

5
sin2u cos 2f

11cos2u

Ū2,2
TT

W̄T

5
sin2u cos 2f

11cos2u

(
a

ea
2@h1~xA!h̄1~xB!1h̄1~xA!h1~xB!#

(
a

ea
2@ f 1~xA! f̄ 1~xB!1 f̄ 1~xA! f 1~xB!#

,

~4.2!
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where we have explicitly written the contribution from th
processq̄(in A)1q(in B)˜ l 11 l 2 in addition to the one
from q(in A)1q̄(in B)˜ l 11 l 2. The subscripts of↑L ,
↓L , and11L indicate the longitudinal polarization. IffA or
fB is indicated in the expression ofs(polA ,polB), it means
that the hadronA or B is transversely polarized with th
azimuthal anglefA or fB . The above asymmetries are give
by the spin-flip cross sections in the hadronA, so thatATT
corresponds toAT(T) in Ref. @7#. However, the other asym
metry expressions of Ref.@7# become the same:ATT

i

5A(T)T5AT(T) in the parton model. Furthermore, the pe
pendicular transverse-transverse asymmetry is simply g
by ATT

' 5tan 2fATT
i . It should be noted that our definition

of the asymmetries are slightly different from the usual on
in the pp andep scattering. The asymmetries are defined
as to exclude theb1 contributions to the denominator. If th
usual definition @s(↑21)2s(↑11)#/@s(↑21)
1s(↑11)# is used, theb1 contributes, for example, to th
longitudinal asymmetryALL . The tensor distribution can b
investigated by the unpolarized-quadrupoleQ0 asymmetry

AUQ0
5

1

2^s& Fs~•,0L!2
s~•,11L!1s~•,21L!

2 G

5
V̄T

UQ0

W̄T

5

(
a

ea
2@ f 1~xA!b̄1~xB!1 f̄ 1~xA!b1~xB!#

(
a

ea
2@ f 1~xA! f̄ 1~xB!1 f̄ 1~xA! f 1~xB!#

,

~4.3!

where the filled circle indicates that the hadronA is unpolar-
ized. The other asymmetries vanish

ALT5ATL5AUT5ATU5ATQ0
5AUQ1

5ALQ1
5ATQ1

5AUQ2

5ALQ2
5ATQ2

50 by theQW T integration. ~4.4!

The only new finite asymmetry, which does not exist
thepp reactions, is the unpolarized-quadrupoleQ0 asymme-
try AUQ0

. In order to measure this quantity, we use a lon
tudinally and transversely polarized spin-1 hadron with
unpolarized hadronA. Then, the quadrupoleQ0 spin combi-
nation@7# should be taken. Theb1 andb̄1 distributions could
be extracted from the asymmetryAUQ0

measurements with

the information on the unpolarized parton distributionsf 1(x)
and f̄ 1(x) in the hadronsA andB. If it is difficult to attain the
longitudinally polarized deuteron in the collider experime
we may combine the transversely polarized cross sect
with the unpolarized one without resorting to the longitu
nal polarization. Alternatively, the fixed deuteron target m
be used for obtainingAUQ0

.
There is an important advantage to use the Drell-Yan p

cess for measuringb̄1 over the lepton scattering. In the larg
Feynman-x (xF5xA2xB) region, the antiquark distribution
f̄ 1(xA) is very small in comparison with the quark on
05401
n

s
o

-
n

,
ns

y

-

f 1(xA). Then, the cross section is dominated by the ann
lation processq(A)1q̄(B)˜ l 11 l 2, and the asymmetry be
comes

AUQ0
~largexF)'

(
a

ea
2f 1~xA!b̄1~xB!

(
a

ea
2f 1~xA! f̄ 1~xB!

. ~4.5!

This equation means that the antiquark tensor distributi
could be extracted if the unpolarized distributions are w
known in the hadronsA and B. We note in the electron-
scattering case that theb1 sum rule is written by the parton
model as@3#

E dx b1
e~x!5 lim

t˜0
2

5

3

t

4M2
FQ~ t !1dQsea, ~4.6!

whereM is the hadron mass,FQ(t) is the quadrupole form
factor in the unit of 1/M2, anddQsea is the antiquark tenso
polarization, for exampledQsea5*dx@8dū(x)12dd̄(x)
1ds(x)1d s̄(x)#/9 for the deuteron. The first term of Eq
~4.6! vanishes, so that the difference from the sum r
*dx b1

e50 could suggest a finite tensor polarization of t
antiquarks. Although the sum rule is valid within the qua
model, the nuclear shadowing effects should be taken
account properly@4# as far as the deuteron is concerned. O
the other hand, the antiquark tensor polarizationdq̄ ~or b̄1)
could be studied independently by the Drell-Yan process.
the violation of the Gottfried sum rule leads to the lig
antiquark flavor asymmetryūÞd̄ and the difference was
confirmed by the Drell-Yan experiments@16#, the antiquark
tensor polarization could be investigated by both metho
the sum rule of Eq.~4.6! in the lepton scattering and th
Drell-Yan process measurement. However, the advantag
the Drell-Yan process is that the antiquark distributionb̄1(x)
is directly measured even though it is difficult in the lept
scattering.

FIG. 2. Polarized parton distributions in a spin-1 hadron
illustrated. The figures (L), (T), and (Q0) indicate the longitudi-
nally polarized, transversity, and tensor-polarized distributions. T
mark • indicates the unpolarized state.
8-11
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Furthermore, the flavor asymmetry in the polarized an
quark distributions (DūÞDd̄, DTūÞDTd̄) could be investi-
gated by combiningpp andpd Drell-Yan data. It is particu-
larly important for the transversity distributions because
DTū/DTd̄ asymmetry cannot be found in theW6 production
processes due to the chiral-odd nature.

In this way, we find that a variety of interesting topics a
waiting to be studied in connection with the new structu
functions for spin-1 hadrons. In particular, we have shown
this paper that the tensor distributionsb1 and b̄1 could be
measured by the asymmetryAUQ0

in the Drell-Yan process
of spin-1/2 and spin-1 hadrons. A realistic possibility is t
proton-deuteron Drell-Yan experiment, and it may be re
ized, for example at RHIC@5#. In order to support the deu
teron polarization project in experimental high-energy s
physics, we should investigate~theoretically! more about the
spin structure of spin-1 hadrons.

V. SUMMARY

We have investigated the Drell-Yan processes of spin-
and spin-1 hadrons in a naive parton model by ignoring
Q(1/Q) terms. First, the quark and antiquark correlati
functions are expressed by the combinations of possible
entz vectors and pseudovectors by taking into account
Hermiticity, parity conservation, and time-reversal inva
ance. Then, we have shown that the tensor distributionsb1
s.

th
98

05401
i-

e

n

l-

n

/2
e

r-
e

andc1, which are specific for a spin-1 hadron, are involv
in the correlation functionF@g1#. The expressions of the
other functionsF@g1g5# and F@ is i 1g5# are the same as
those of the spin-1/2 hadron in terms of the longitudinal a
transverse distributions. Using the obtained correlation fu
tions, we have calculated the hadron tensor and the D
Yan cross section. We found that there exist 19 independ
structure functions in the parton model. Next, we studied t

cases: theQW T integration and the limitQT˜0. In these
cases, thec1 contribution vanishes, and there are only four
five finite structure functions: the unpolarized, longitudina
polarized, transversely polarized, and tensor polarized st
ture functions. The last one is related to the tensor polari
distributionsb1 and b̄1. Although the tensor structure func
tion could be measured in the lepton scattering, the Dr
Yan measurements are valuable for finding particularly
antiquark tensor polarization. In addition to these topi
there are a number of higher-twist structure functions in
Drell-Yan processes, and they should be also studied in
tail.
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