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Structure functions in the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons.
I. General formalism

S. Hino* and S. Kumano†

Department of Physics, Saga University, Saga, 840-8502, Japan
~Received 21 October 1998; published 12 April 1999!

We discuss a general formalism for the structure functions which can be investigated in the polarized
Drell-Yan processes with spin-1/2 and spin-1 hadrons. To be specific, the formalism can be applied to the
proton-deuteron Drell-Yan processes. Because of the spin-1 nature, there are new structure functions which
cannot be studied in the proton-proton reactions. Imposing Hermiticity, parity conservation, and time-reversal
invariance, we find that 108 structure functions exist in the Drell-Yan processes. However, the number reduces

to 22 after integrating the cross section over the virtual-photon transverse momentumQW T or after taking the
limit QT→0. There are 11 new structure functions in addition to the 11 in the Drell-Yan processes of spin-1/2
hadrons. The additional structure functions are associated with the tensor structure of the spin-1 hadron, and
they could be measured by quadrupole spin asymmetries. For example, the structure functions exist for
‘‘intermediate’’ polarization although their contributions vanish in the longitudinal and transverse polarization
reactions. We show a number of spin asymmetries for extracting the polarized structure functions. The proton-
deuteron reaction may be realized in the RHIC-SPIN project and other future ones, and it could be a new
direction of next generation high-energy spin physics.@S0556-2821~99!00809-7#

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

The spin structure of the proton has been investiga
through polarized deep inelastic lepton scattering. A mys
rious aspect of spin physics was revealed by the Europ
Muon Collaboration~EMC! experimental result in 1988@1#:
almost none of the proton spin is carried by quarks. Ho
ever, because the lepton reactions provide us with on
limited piece of information on polarized partons@2#, we
should rely on other experimental methods such as thos
the Relativistic Heavy Ion Collider~RHIC-!SPIN project@3#.
There, the approved activities are on various polariz
proton-proton (pp) reactions.

Although the details of thepp reactions should be studie
further @4#, manypp processes have been investigated fo
long time. On the other hand, there are few studies on
polarized deuteron reactions in connection with sp
dependent structure functions. We know that the deute
has additional spin structure due to its spin-1 nature. T
deuteron target is often used in the deep inelastic scatte
however, the major purpose is to extract the ‘‘neutro
structure functions in the deuteron. We think that we h
better shed light on the deuteron spin structure itself ra
than just using it for finding the neutron information. With
this context, there are some initial studies on the spin-1 st
ture functions. In the lepton scattering on the deuteron@5,6#,
there exist new tensor structure functionsb1 , b2 , b3, andb4.
Among them, the twist-two structure functions areb1 and
b2, and they are related by the Callan-Gross type rela
2xb15b2. A phenomenological sum rule was proposed
b1 @7# in relation to the electric quadrupole structure. It al
could be important to find the tensor polarization of s
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quarks. Although the sum rule is valid for spin-1 hadro
within a quark model, there could be complexities in t
deuteron because of nuclear shadowing effects@8#.

There are some studies on the polarized lepton-deute
reaction; however, the polarized deuteron has not been in
tigated in hadron-hadron reactions for finding the polariz
structure functions. The general formalism of the polariz
Drell-Yan process of spin-1/2 hadrons was studied in
pioneering paper of Ralston-Soper@9# and also the one by
Donoghue and Gottlieb@10#. In these works, it was reveale
that 48 structure functions can be studied in the reaction
spin-1/2 hadrons and the number becomes 11 after integ
ing over the virtual-photon transverse momentumQW T or after
taking the limitQT→0. The parton-model interpretation o
these structure functions is also discussed in these w
@9,10# as well as in the Tangerman-Mulders paper@11#.

The purpose of this paper is to investigate the gene
formalism of the polarized Drell-Yan processes with spin-1
and spin-1 hadrons in order to apply it to the polariz
proton-deuteron (pd) reactions. In particular, we discus
what kinds of new spin structure functions are measured
how they are related to the hadron polarizations. Anot
purpose is to facilitate future deuteron-spin projects such
the possible polarized deuteron reactions at RHIC@12#.

In Sec. II, we discuss general formalism of the polariz
Drell-Yan process with spin-1/2 and spin-1 hadrons and
tain possible structure functions in the reaction. Then,
investigate how they are related to the Lorentz index str
ture of the hadron tensor in Sec. III. Various spin asymm
tries are discussed in Sec. IV. The results are summarize
Sec. V.

II. FORMALISM FOR THE POLARIZED DRELL-YAN
PROCESS WITH SPIN-1/2 AND SPIN-1 HADRONS

In the polarized Drell-Yan processes of spin-1/2 hadro
possible structure functions were found by noting t
©1999 The American Physical Society26-1
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Lorentz index structure in the hadron tensor@9#. Then, they
were also discussed in a general framework@10# by using the
Jacob-Wick helicity formalism@13#. In order to avoid miss-
ing some structure functions in the reactions of spin-1/2
spin-1 hadrons, we first discuss the Donohue-Gottlieb t
formalism@10# in this section. In Sec. III, the Ralston-Sop
type formalism is discussed.

We study the cross section of the Drell-Yan reaction

A~spin1/2!1B~spin1!→ l 1l 21X, ~2.1!

which is schematically shown in Fig. 1. The hadronsA andB
are spin-1/2 and spin-1 particles, respectively. For exam
they could be the proton and the deuteron; however, the
lowing formalism can be applied to any other hadrons w
spin-1/2 and spin-1.

In describing the cross section, a coordinate system ha
be chosen. The center of momentum~c.m.! frame is easily
visualized because it could be the same as or at least clo
the laboratory frame of collider experiments. At this sta
the polarized deuteron acceleration is not planned at R
@12#, so that its momentum is not known. The c.m. frame
shown in Fig. 2. The total dilepton momentum is denoted
Q, and it is expressed in the c.m. frame as

Qm[kl 1
m

1kl 2
m

5~Q0 ,QT cosF,QT sinF,Qz!c.m..
~2.2!

The zc.m. axis is chosen in the direction of the hadronA

momentumPW A
c.m., so that the hadron-B momentumPW B

c.m. lies

in the 2zc.m. direction. The azimuthal angle ofQW is denoted
asF.

The theoretical description becomes simple if the dilep
rest frame, rather than the c.m. frame, is chosen. It liter
means that the total dilepton momentum vanishes (QW 50) in
the frame. In order to obtain this frame from the c.m. in F
2, the frame has to be boosted first to thezc.m. direction so as
to get Qz50, then to theQW T direction so as to obtainQW

FIG. 1. Drell-Yan process.

FIG. 2. Center of momentum frame.
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50. The resulting frame is shown byx, y, andz axes in Fig.

3. The momentaPW A andPW B are no longer along thez axis. In
the following formalism of this section, we take the dilepto
rest frame as the Collins-Soper frame@14#, which is shown
by x0 , y0, andz0 axes in Fig. 3. Thez0 axis is chosen so a
to bisect the angle between the momentaPW A and2PW B :

ẑ05
PW A~PB•Q!2PW B~PA•Q!

uPW A~PB•Q!2PW B~PA•Q!u
. ~2.3!

Throughout this paper, thegmn convention g0052g115
2g2252g3351 is used. Then they0 axis is taken as

ŷ052
PW A3PW B

uPW A3PW Bu
. ~2.4!

The remainingx0 axis is chosen so that it is orthogonal toŷ0

and ẑ0. From the above definitions ofŷ0 and ẑ0 , x̂0 is equal
to the transverse unit vectorQ̂T which is in the direction
away from (PW A1PW B)

T
. Between the two dilepton res

frames, there is a difference of the azimuthal angleF as
shown in Fig. 3. This difference becomes significant wh
the cross section is integrated overQW T later.

The Drell-Yan cross section is given by

ds5
1

4A~PA•PB!22MA
2MB

2 (
sl 1,sl 2

(
X

~2p!4

3d4~PA1PB2kl 12kl 22PX!u^ l 1l 2XuTuAB&u2

3
d3kl 1

~2p!32El 1

d3kl 2

~2p!32El 2

, ~2.5!

whereMA andMB areA andB masses,sl 1 andsl 2 indicate
the l 1 and l 2 spins,s is the center-of-mass energy squar
s5(PA1PB)2, and the matrix element is given by

^ l 1l 2XuTuAB&5ū~kl 2,sl 2!egmv~kl 1,sl 1!

3
gmn

~kl 11kl 2!2
^XueJn~0!uAB&. ~2.6!

In the dilepton rest frame, the cross section becomes

FIG. 3. Dilepton rest frame.
6-2
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STRUCTURE FUNCTIONS IN THE POLARIZED . . . . I. . . . PHYSICAL REVIEW D 59 094026
ds

d4Q dV
5

a2

2sQ4
Li j Wi j , ~2.7!

wherea5e2/(4p) is the fine structure constant, the comp
nent L00 vanishes in this frame, and the hadron and lep
masses are neglected by consideringMA

2 ,MB
2!s and ml

2

!Q2. The lepton part is given by

Li j 5
1

2 (
sl 1,sl 2

@u~kl 2,sl 2!g iv~kl 1,sl 1!#†

3@u~kl 2,sl 2!g jv~kl 1,sl 1!#

54kW2~d i j 2kikj /ukW u2!, ~2.8!

wherekW[kW l 1 and the lepton mass terms are neglected (ml
2

!kW2). The hadron part is given by

Wi j 5E d4j

~2p!4
eiQ•j^ABuJi~0!Jj~j!uAB&. ~2.9!

The polar and azimuthal anglesu andf0 of the leptonl 1 are
defined by

k̂• ẑ05cosu, k̂• ŷ05 sinu sinf0, ~2.10!

wherek̂5kW /ukW u. It is convenient to express the lepton tens
Li j as

Li j 5
8kW2

3 (
l,l8,L,M

f ~L !^1l:LM u1l8&

3DM0
L ~f0 ,u,0!« i~l8!« j* ~l!, ~2.11!

where ^1l:LM u1l8& is a Clebsch-Gordan coefficient an
« i(l) is the i component of the spherical unit vector@15#.
The coefficientsf (L) are defined by

f ~0!51, f ~1!50, f ~2!5
A10

2
. ~2.12!

If the lepton mass cannot be neglected,f (2) becomes the
expression in Ref.@10#. We use the rotational matrix eleme
Dmm8

j (a,b,g) which is defined by@16#

Dmm8
j

~a,b,g![^ jmue2 iaJze2 ibJye2 igJzu jm8&

5e2 imadmm8
j

~b!e2 im8g. ~2.13!

We should be careful about the definition of theD matrix
because there are different conventions. The definition of
~2.13! is used throughout this paper; however, it is differe
for example, from the one in Ref.@15#.

Using these expressions and introducing spin density
trix, the cross section becomes
09402
-
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ds

d4Q dV0

5
1

4p(
L,M

f ~L !DM0
L ~f0 ,u,0!

3 (
l,l8

(
X

d4~PA1PB2Q2PX!

3^1l:LM u1l8&

3 (
m,m8

(
n,n8

r~AB!mn:m8n8Fl8m8n8
† Flmn .

~2.14!

The helicity amplitudeFlmn is given by

Flmn5Apa2

3skW2
^Xu«W * ~l!•JW~0!uA~m!B~n!& ~2.15!

and the spin density matrixr(AB)mn:m8n8 is

r~AB!mn:m8n85r~A!mm8r~B!nn8 . ~2.16!

The density matrix for the hadronA or B is defined by

r5
1

2S11(K,N
^t

KN
~S!&t

KN

† ~S!, ~2.17!

where the statistical tensort
KN

(S) is expressed as@17#

t
KN

~S!5A2S11 (
m,m8

~21!S2m

3^Sm8:S2muKN&uSm8&^Smu. ~2.18!

Therefore, the density matrix becomes

rmm85^SmuruSm8&5(
K,N

A2K11

2S11
^Sm8:KNuSm&^t

KN

† ~S!&.

~2.19!

The quantitieŝ t
KN

† (S)& for the spin 1/2 and 1 particles are

^t
00

† ~S!&51, ~2.20!

^t
1N

† ~1/2!&5uSW uDN0
1 ~a,b,0!, ~2.21!

^t
1N

† ~1!&5A3

2
uSW uDN0

1 ~a,b,0!, ~2.22!

wherea andb are azimuthal and polar angles of the pola
ization vectorSW . In addition to these tensors, there exis
another one for the spin-1 particle. As it is obvious from t
definition of Eq.~2.18!, the rank-two (K52) tensor is pos-
sible. We also express it in terms of theD matrix:
6-3
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^t2N
† ~1!&5^A2SW 2DN0

2 ~a,b,0!&. ~2.23!

However, special attention should be paid to^SW 2&52 in cal-
culating ^t20

† (1)&5^SW 2(3 cos2 b21)/A2&5^(3Sz
22SW 2)/A2&.

Furthermore,̂ SiSj& should be replaced bŷSiSj1SjSi&/2.
For simplicity, the angular brackets of Eq.~2.23! are not
written in the following equations. The polarization angl
are denoted asaA andbA for the hadronA and asaB andbB
for B. The anglesaB andbB (aA andbA) are measured by
taking the coordinates asxB5xc.m., yB52yc.m., and zB5
2zc.m.(xA5xc.m., yA5yc.m., andzA5zc.m.). As pointed out
in Ref. @10#, the transverse axis could be chosen arbitra
The azimuthal anglesF, aA, andaB transform intoF2«,
09402
.

aA2«, and aB1« under the angle-« rotation about thez
axis, so that only the anglesaA2F andaB1F have physi-
cal meaning. In this way, the anglesaA andaB are replaced
by aA2F and aB1F, respectively, in the expressions o

the D matrices. It is noteworthy to emphasize that newSW 2

terms exist in our Drell-Yan process whereas merely the

ear terms ofSW are enough for thepp reaction. Therefore, the
study of the new spin structure is in other words to inves

gate the rank-twoSW 2 terms.
Substituting these expressions of^t

KN

† (S)& into Eq.~2.19!,

we obtain the spin density matrix for the reaction in E
~2.16!. Then, the cross section of Eq.~2.14! becomes
,

adrons.
is written
d by
ds

d4Q dV0

5
1

4p (
L50,2

f ~L ! (
M52L

L

DM0
L ~f0 ,u,0!FRL

M
0
0

0
01A3uSW Au(

N1

RL
M

1
N1

0
0 DN10

1 ~aA2F,bA ,0!

1
3

A2
uSW Bu(

N2

RL
M

0
0

1
N2DN20

1 ~aB1F,bB ,0!1A10 SW B
2(

N2

RL
M

0
0

2
N2DN20

2 ~aB1F,bB ,0!

1
3A3

A2
uSW AuuSW Bu (

N1 ,N2

RL
M

1
N1

1
N2DN10

1 ~aA2F,bA ,0!DN20
1 ~aB1F,bB ,0!

1A30 uSW AuSW B
2 (

N1 ,N2

RL
M

1
N1

2
N2DN10

1 ~aA2F,bA ,0!DN20
2 ~aB1F,bB ,0!G , ~2.24!

where the structure functionRL
M

k1

N1
k2

N2 is defined by the helicity amplitudes and the Clebsch-Gordan coefficients as

RL
M

K1

N1
K2

N2[
1

6 (
l,m,n

(
X

d4~PA1PB2Q2PX!^1l:LM u1l8&Fl8m8n8
† FlmnK 1

2
m8:K1N1U12 m L ^1n8:K2N2u1n&. ~2.25!

The terms which do not exist in thepp reactions are those proportional toSW B
2 and uSW AuSW B

2 in Eq. ~2.24!. These terms are
therefore, associated with the new spin structure for the spin-1 hadron. According to Eq.~2.24!, the structure functionsRL

M
0
0

2
N2

andRL
M

1
N1

2
N2 appear as the additional ones.

We have shown that new structure functions exist in the polarized Drell-Yan reactions with spin-1/2 and spin-1 h
However, it is not still clear how many structure functions could be studied in the reactions because the cross section
in the summation form. Many of the possible functionsRL

M
K1

N1
K2

N2 are not independent, and the number can be reduce

imposing Hermiticity, parity conservation, and time-reversal invariance. The Hermiticity requires

RL
M

K1

N1
K2

N25~21!M1N11N2~R L
2M

K1

2N1
K2

2N2!* . ~2.26!

The parity conservation and time-reversal invariance require

RL
M

K1

N1
K2

N25~21!L1K11K21M1N11N2R L
2M

K1

2N1
K2

2N2. ~2.27!

These equations indicate (RL
M

K1

N1
K2

N2)* 5(21)L1K11K2RL
M

K1

N1
K2

N2 . Therefore, the structure functions have the property

RL
M

K1

N1
K2

N25H real if L1K11K25even number,

imaginary if L1K11K25odd number,

0 if L1K11K25odd number andM1N11N250.

~2.28!
6-4
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Imposing these conditions on the structure functio
RL

M
K1

N1
K2

N2 , we find that 108 independent structure functio

exist in our Drell-Yan processes. In the reactions of spin-
hadrons, there are 48 structure functions. Therefore, th
exist 60 additional ones in the case of spin-1/2 and sp
hadrons.

The polarizedpp Drell-Yan processes will be investi
gated at RHIC; however, all of the 48 structure functions
the spin-1/2 hadrons would not be measured. Of course
of them are not important at this stage. We know that e
the leading-twist contributions are not well understood y
The essential structure functions in our reactions can be
tracted by integrating over the transverse momentumQW T .
However, the integration over the azimuthal angleF of QW T
is sufficient in order to be compared with the result in S
III. We have to be careful about the coordinates in calcu
ing the integration because our present coordinate syste
taken so that thex0 axis is in the direction ofQW T . Thex0 and
y0 axes should be rotated aroundz when the integral ofF is
calculated. We fix the frame as the (x,y,z) coordinates in
Fig. 3, then the difference between the azimuthal angle
F, as shown in the figure:

ds

d4Q dV
5

ds

d4Q dV0
U

f05f2F

. ~2.29!

After the F integration, the only terms withM5N22N1
remain and the cross section becomes
09402
s
s

2
re

-1

r
all
n
t.
x-

.
t-
is

is

TABLE I. List of the possible structure functionsRL
M

K1

N1
K2

N2 after

the integration overF. The asterisk indicates a new structure fun
tion which does not exist in the Drell-Yan processes of spin-
hadrons.

RL
M

K1

N1
K2

N2 L M K1 N1 K2 N2

0 0 0 0 0 0
* 0 0 0 0 2 0

0 0 1 0 1 0
0 0 1 1 1 1

* 0 0 1 1 2 1
2 0 0 0 0 0

* 2 0 0 0 2 0
2 0 1 0 1 0
2 0 1 1 1 1

* 2 0 1 1 2 1
2 1 0 0 1 1

* 2 1 0 0 2 1
2 1 1 21 0 0
2 1 1 21 1 0

* 2 1 1 21 2 0
2 1 1 0 1 1

* 2 1 1 0 2 1
* 2 1 1 1 2 2
* 2 2 0 0 2 2

2 2 1 21 1 1
* 2 2 1 21 2 1
* 2 2 1 0 2 2
stigated
s with
2E dF
ds

d4Q dV
5 (

L50,2
f ~L ! (

M52L

L

DM0
L ~f,u,0!FdM ,0 RL

M
0
0

0
01A3uSW AuRL

M
1

2M
0
0 D2M0

1 ~aA ,bA ,0!

1
3

A2
uSW BuRL

M
0
0

1
MDM0

1 ~aB ,bB ,0!1A10 SW B
2 RL

M
0
0

2
MDM0

2 ~aB ,bB ,0!

1
3A3

A2
uSW AuuSW Bu (

N1 ,N2

dM ,N22N1
RL

M
1
N1

1
N2DN10

1 ~aA ,bA ,0!DN20
1 ~aB ,bB ,0!

1A30 uSW AuSW B
2 (

N1 ,N2

dM ,N22N1
RL

M
1
N1

2
N2DN10

1 ~aA ,bA ,0!DN20
2 ~aB ,bB ,0!G . ~2.30!

There exist 22 structure functions in this equation, and they are physically significant ones which could be inve
experimentally. In order to clarify the situation, we list these 22 structure functions in Table I. The 11 structure function
the asterisk in Table I are new ones which are associated with the spin-1 nature of the hadronB. The other 11 structure
functions exist in the Drell-Yan processes of spin-1/2 hadrons, so that the interesting point of our reactions~e.g., the polarized
proton-deuteron processes! is to investigate the details of the new 11 structure functions.

Substituting explicit expressions for theD matrices and calculating the summations overL, M , N1, andN2, we have the
cross section with the 22 structure functions:
6-5
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2E dF
ds

d4Q dV
5 f ~0!FR0

0
0
0

0
01

3A3

A2
uSW AuuSW Bu$ cosbA cosbBR0

0
1
0

1
01 sinbA sinbB cos~aA1aB!R0

0
1
1

1
1%

1
A5

A2
SW B

2~3 cos2 bB21! R0
0

0
0

2
023A10uSW AuSW B

2 sinbA sinbB cosbB sin~aA1aB!iR0
0

1
1

2
1G

1 f ~2!~3 cos2u21!F1

2
R2

0
0
0

0
01

3A3

2A2
uSW AuuSW Bu$cosbA cosbBR2

0
1
0

1
01 sinbA sinbB cos~aA1aB!R2

0
1
1

1
1%

1
A5

2A2
SW B

2~3 cos2 bB21!R2
0

0
0

2
02

3A5

A2
uSW AuSW B

2 sinbA sinbB cosbB sin~aA1aB!iR2
0

1
1

2
1G

1 f ~2! sinu cosu Fsin~f2aA!H 3uSW Au sinbAiR2
1

1
21

0
01

3A5

A2
uSW AuSW B

2 sinbA~3 cos2 bA21!iR2
1

1
21

2
0J

2sin~f1aB!H 3A3

A2
uSW Bu sinbB iR2

1
0
0

1
113A30uSW AuSW B

2 cosbA sinbB cosbBiR2
1

1
0

2
1J

2sin~f1aA12aB!
3A15

2
uSW AuSW B

2 sinbA sin2 bBiR2
1

1
1

2
22 cos~f2aA!

9

A2
uSW AuuSW Bu sinbA cosbB R2

1
1

21
1
0

1 cos~f1aB!H 3A10 SW B
2 sinbB cosbBR2

1
0
0

2
11

9

A2
uSW AuuSW BucosbA sinbBR2

1
1
0

1
1J G

1 f ~2! sin2 u Fcos~2f12aB!
3A5

2A2
SW B

2 sin2 bB R2
2

0
0

2
22 cos~2f2aA1aB!

9

4
uSW AuuSW BusinbA sinbBR2

2
1

21
1
1

1sin~2f2aA1aB!
3A15

2
uSW AuSW B

2 sinbA sinbB cosbBiR2
2

1
21

2
1

2sin~2f12aB!
3A15

2A2
uSW AuSW B

2 cosbA sin2 bBiR2
2

1
0

2
2G . ~2.31!
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Here, the termSW B
2(3 cosbB

221) should be replaced b

3^SBz
2 &2^SW B

2&53^SBz
2 &22 as was explained after Eq.~2.23!.

It is interesting to find that the new structure functions w
K252 are multiplied by the polarization-angle facto
3 cos2 bB21, sin2 bB , and sinbB cosbB . Because the facto
3 cos2 bB21;Y20 is usually associated with the quadrupo
structure of the spin-1 hadrons, it is easy to see that th
structure functions are related to such tensor structure. In
same way, other factors are also related to the spherical
monics as sin2 bB;Y22 and sinbB cosbB;Y21, so that these
structure functions are also related to the tensor structur
is particularly interesting to find the factor sinbB cosbB

5 sin(2bB)/2 in the cross section. It means that the struct
functions with sinbB cosbB cannotbe found in the longitu-
dinal (bB50) or transverse (bB5p/2) polarization experi-
ments. In order to measure them, we should use the po
ization condition 0,bB,p/2 or p/2,bB,p. For example,
bB5p/4 is an appropriate choice. We call this polarizati
intermediate polarizationin the sense that it is between th
09402
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ar-
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longitudinal and transverse polarization states. The long
dinal, transverse, and intermediate polarization states are
noted asL, T, and I , respectively, in the following discus
sions.

In this section, we have shown that 108 structure fu
tions exist in the Drell-Yan processes with spin-1/2 a
spin-1 hadrons. After the integration over the azimuth
angleF ~or overQW T), 22 structure functions can be invest
gated. Among them, there are 11 new structure functi
which do not exist in the reactions of spin-1/2 hadrons.

III. HADRON TENSOR AND STRUCTURE FUNCTIONS

Although the helicity couplings and polarization depe
dence are clearly shown in the formalism of the previo
section, it is not straightforward to find the physics mean
of these new structure functions. It is also important to che
whether the number 22 is the right one in an independ
way. A popular method to describe the polarizedpp Drell-
Yan processes was developed by Ralston and Soper~RS! @9#
6-6
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by noting possible Lorentz index combinations in the had
tensorWmn. The RS type formalism is extended to the rea
tions of spin-1/2 and spin-1 hadrons in this section.

We expand the hadron tensor

Wmn5E d4j

~2p!4
eiQ•j ^PASAPBSBuJm~0!Jn~j!uPASAPBSB&,

~3.1!

in terms of possible Lorentz index combinations includi
the hadron momenta and spins. We use the Lorentz vec
Xm, Ym, andZm in Ref. @9#:

Xm5PA
mQ2Z•PB2PB

mQ2Z•PA

1Qm~Q•PBZ•PA2Q•PAZ•PB!,

Ym5emabgPAaPBbQg ,

Zm5PA
mQ•PB2PB

mQ•PA, ~3.2!

where the convention for the antisymmetric tensor is«0123
51. Then, we define the vectorTm as @18#

Tm5«mabgSaZbQg. ~3.3!

In addition to the vectors in Eq.~3.2!, Qm, SA
m , SB

m , TA
m , and

TB
m are available for the analysis ofWmn. Instead ofSA

m and
SB

m , it is more convenient to use the transverse vectorsSAT
m

andSBT
m , which are defined by

ST
m5S gmn2

QmQn

Q2
2

ZmZn

Z2 D Sn. ~3.4!

Even thoughSm is replaced byST
m in Eq. ~3.3!, Tm remains

the same:Tm5«mabgSaZbQg5«mabgSTaZbQg , and it is a
transverse vectorTm5TT

m . We should obtain the 108 inde
pendent structure functions in the previous section by
combinations of these Lorentz vectors and pseudovec
However, because it is too lengthy to write them down a
all of them are not important in any case, we consider
limit QT→0. As we discuss in the end of this section, t
same number of structure functions should be obtained as
one after integration overF in Sec. II. The transverse mo
mentumQT is usually small because it is primarily due to th
intrinsic transverse momenta of the partons. Therefore,
roughly restricted by the hadron sizer asQT&1/r .

In the caseQT→0, the situation becomes simpler becau
uXW u and uYW u are proportional toQT and X05Y050 in the
dilepton rest frame. It means that we do not have to take
account the vectorsXm and Ym in analyzingWmn. Further-
more, the hadron tensor has to satisfy the conditions
09402
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Hermiticity:

@Wnm~Q;PASA ;PBSB!#* 5Wmn~Q;PASA ;PBSB!,

parity conservation:

Wmn~Q;PASA ;PBSB!5Wmn~Q̄; P̄A2S̄A ; P̄B2S̄B!,

time-reversal invariance:

@Wmn~Q;PASA ;PBSB!#* 5Wmn~Q̄; P̄AS̄A ; P̄BS̄B!, ~3.5!

whereP̄ is defined byP̄m5(P0,2PW ). Expanding the hadron
tensor in terms of all the possible combinations of t
Lorentz vectors and pseudovectors so as to meet thes
quirements, we obtain

Wmn52gmnA2
ZmZn

Z2
B81Z$mTA

n%C1Z$mTB
n%D

1Z$mSAT
n% E1Z$mSBT

n% F2SBT
m SBT

n G82SAT
$m SBT

n% H8

1TA
$mSBT

n% I 81SBT
$m TB

n%J1QmQnK1Q$mZn%L

1Q$mSAT
n% M1Q$mSBT

n% N1Q$mTA
n%O1Q$mTB

n%P,

~3.6!

where the notationQ$mZn% is, for example, defined by

Q$mZn%[QmZn1QnZm. ~3.7!

The coefficientsE, F, I 8, J, M , and N are pseudoscala
quantities sinceSAT

m and SBT
m are pseudovectors. We shou

be careful that theSB
2 type terms are allowed because t

hadronB is a spin-1 particle, whereas only the linear sp
terms are allowed for the hadronA. As discussed in Sec. I
repeatedly, the rank-two tensors are possible inWmn. Be-
cause the factorsTB

mTB
n , TA

$mTB
n% , andSA

T$mTB
n% are not inde-

pendent from the others, these are not included in Eq.~3.6!.
This fact could be seen that the obtained cross sections f
these terms have exactly the same polarization and ang
dependence as the other ones. The hadron tensorWmn is
expressed in terms of the factorsA,B8, . . . , andP as the
coefficients. However, in addition to the conditions in E
~3.5!, it has to satisfy the current conservation

QmWmn50. ~3.8!

Noting the relationsQ•Z5Q•SAT5Q•SBT5Q•TA5Q•TB
50, we obtainK5A/Q2 and L5M5N5O5P50. Using
these relations and adding the current conserving termsgmn

2QmQn/Q2 andgmn2QmQn/Q22ZmZn/Z2 into the hadron
tensor, we have
6-7
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Wmn52S gmn2
QmQn

Q2 D A

2FZmZn

Z2
2

1

3S gmn2
QmQn

Q2 D GB

1Z$mTA
n%C1Z$mTB

n%D1Z$mSAT
n% E1Z$mSBT

n% F

2FSBT
m SBT

n 2
1

2
SBT•SBTS gmn2

QmQn

Q2
2

ZmZn

Z2 D GG

2FSAT
$m SBT

n% 2SA
T
•SB

TS gmn2
QmQn

Q2
2

ZmZn

Z2 D GH

1FTA
$mSBT

n% 2TA•SBTS gmn2
QmQn

Q2
2

ZmZn

Z2 D G I

1SBT
$m TB

n%J. ~3.9!

In this way, we expressed the hadron tensorWmn in terms of
the ten coefficientsA,B, . . . , andJ. However, these coeffi
cients could still contain the spin factors in scalar or pseu
scalar forms. For example, the coefficientA is obviously a
scalar function. We consider possible scalar combinati
among 1,Z, SA , SB , TA , andTB up to the order ofSA and
SB

2 , then a structure function is assigned to each comb
tion:

A5A181
MAMB

sZ2
Z•SAZ•SBA22SAT•SBTA3

1
8MB

2~Z•SB!2

s2~Q•PB!2
A481

MB

Z2Q•PB

Z•SBTA•SBTA5

5A11
MAMB

sZ2
Z•SAZ•SBA22SAT•SBTA3

2F8MB
2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2GA41
MB

Z2Q•PB

Z•SBTA•SBTA5

5A11
1

4
lAlBA21uSW ATuuSW BTucos~fA2fB!A3

1
2

3
~2uSW BTu22lB

2 !A41lBuSW ATuuSW BTusin~fA2fB!A5,

~3.10!

where the spin vectors are decomposed into the longitud
and transverse components by

SA
m5lAPA

m/MA1SAT
m 2d2

m ~lAMA /PA
1!,

SB
m5lBPB

m/MB1SBT
m 2d1

m ~lBMB /PB
2!.

~3.11!
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ThelA andlB are the helicities of the hadronsA andB, the
momentaP1 andP2 are defined byP65(P06P3)/A2, and
d6

m is defined byd1
m 5@0,1,0W T# andd2

m 5@1,0,0W T# in the ex-

pression ofam5@a2 ,a1 ,aW T#. The helicity and the trans
verse vector have the relationl21uSW Tu251. TheA18 andA48
terms are combined so that the quantity (Z•SB)2 and the
constantSB

2521 become a typical quadrupole term 2(
23lB

2)/3. TheSB
2 term is not included in the first line of Eq

~3.10! because it is merely a constant. In obtaining the l
line of Eq. ~3.10!, the relations

ZW 5~0,0,uZW u!,

SW AT5uSW ATu~cosfA , sinfA ,0!,

SW BT5uSW BTu~cosfB ,sinfB ,0!,

TW A5QuZW uuSW ATu~sinfA ,2 cosfA ,0!,

TW B5QuZW uuSW BTu~sinfB ,2 cosfB ,0! ~3.12!

are used. Because the coefficientB is in Wmn of Eq. ~3.9!
without multiplication of any spin factor, it is written in the
same form as Eq.~3.10!:

B5B11
MAMB

sZ2
Z•SAZ•SBB22SAT•SBTB3

2F8MB
2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2GB41
MB

Z2Q•PB

Z•SBTA•SBTB5

5B11
1

4
lAlBB21uSW ATuuSW BTucos~fA2fB!B3

1
2

3
~2uSW BTu22lB

2 !B41lBuSW ATuuSW BTusin~fA2fB!B5.

~3.13!

In the case of the coefficientC, the spin factorSA is already
multiplied throughTA in Eq. ~3.9!. Therefore, the hadron-A
spin factor cannot be used any longer and it becomes

C52
1

QZ2FC12H 8MB
2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2J C2G
51

1

QuZW 2u
FC11

2

3
~2uSW BTu22lB

2 !C2G . ~3.14!

The factor 1/Q2Z2 is multiplied so as to cancel the kinemat
factor which appears in calculating (d i j 2 k̂i k̂ j )(ZiTA j
1ZjTAi) for obtaining the cross section. Noting that the c
efficient D is multiplied by the spin factorSB , we have
6-8
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D52
1

QZ2FD11
MAMB

sZ2
Z•SAZ•SBD22SAT•SBTD3G

51
1

QuZW u2
FD11

1

4
lAlBD2

1uSW ATuuSW BTucos~fA2fB!D3G . ~3.15!

In the same way, we extract spin-dependent factors from
other coefficients:

E5
QMB

Z2Q•PB

Z•SBE152
1

uZW u
lB E1 ,

F52
QMA

Z2Q•PA

Z•SAF11
QMB

Z2Q•PB

Z•SBF2

2
1

Z2Q
TA•SBTF3

52
1

uZW u
@lAF11lBF21uSW ATuuSW BTusin~fA2fB!F3#,

G52G1 , H5H1 , I 52
MB

Z2Q•PB

Z•SBI 15
lB

QuZW u
I 1 ,

J5
MA

Z2Q•PA

Z•SAJ15
lA

QuZW u
J1, ~3.16!

where the coefficientsE, F, I , andJ are pseudoscalar quan
tities.
e

he
pl

09402
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Now, we are ready to calculate the cross section by s
stituting the coefficientsA,B, . . . , andJ into Eq. ~3.9! and
then by using Eq.~2.7!. The lepton momentumkW is ex-
pressed in the polar coordinate as

kW5ukW u~sinu cosf,sinu sinf, cosu!. ~3.17!

Calculating the cross section, we find redundancy in
structure functions. As the coefficient of the 2 sinu cosu
term in the cross section, we have the factor

sin~f2fA!uSW ATu@C112~2uSW BTu22lB
2 !C2 /3#

1uSW ATuuSW BTu2@sin~f2fB!cos~fA2fB!D3

1 cos~f2fB!sin~fA2fB!F3#

5sin~f2fA!uSW ATu@$C11~D32F3!/6%

12~2uSW BTu22lB
2 !$C21~D32F3!/4%/3#

1uSW ATuuSW BTu2 sin~f1fA22fB!~D31F3!/2.

~3.18!

This equation means that only three of the functionsC1 , C2 ,
D3, andF3 are independent because we could redefine
functions asC185C11(D32F3)/6, C285C21(D32F3)/4,
and D385(D31F3)/2. This is the same as takingF35D3
without losing generality, therefore we simply useF35D3 in
our formalism. In this way, the hadron tensor is written
terms of the 22 structure functions:A1 ,A2 , . . . , andJ1. In
order to avoid confusion, we mention that the functionsF1 ,
F2 , F3, andG1 are nothing to do with those structure fun
tions in the lepton-nucleon scattering.

The physics meaning is not clear in the notatio
A1 ,A2 , . . . , andJ1, so that they are expressed in terms
the notations similar to those in Refs.@9,11#:
A15W0,0, A25V0,0
LL , A35V0,0

TT , A45V0,0
UQ0 , A55V0,0

TQ1 ,

B15W2,0, B25V2,0
LL , B35V2,0

TT , B45V2,0
UQ0 , B55V2,0

TQ1 ,

C15U2,1
TU , C25U2,1

TQ0 , D15U2,1
UT , D25U2,1

LQ1 , D35U2,1
TQ2 ,

E15U2,1
TL , F15U2,1

LT , F25U2,1
UQ1 ,

G15U2,2
UQ2, H15U2,2

TT , I 15U2,2
TQ1 , J15U2,2

LQ2 . ~3.19!
lar-

d
ions
-1
The functionsW, V, andU indicate an unpolarized structur
function, a polarized one without the spin factorsSm andTm

in Eq. ~3.9!, and a polarized one with the spin factor. T
subscripts of these structure functions indicate, for exam
that WL,M is obtained by*dV YLM ds/(d4Q dV)}WL,M in
e,

the unpolarized reaction. The superscripts indicate the po
ization states ofA andB, e.g.,UL,M

polApolB . The superscriptsU,
L, andT indicate unpolarized, longitudinally polarized, an
transversely polarized states. The quadrupole polarizat
Q0 , Q1, andQ2 are specific in the reactions with a spin
6-9
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hadron, and they are associated with the quadrupole term
Sec. II:

Q0 for the term 3 cos2 bB21;Y20,
Q1 for sinbB cosbB;Y21,
09402
in Q2 for sin2 bB;Y22. ~3.20!

Using these structure-function expressions, we finally
tain the hadron tensor as
Wmn52Fgmn2
QmQn

Q2 G H W0,01
MAMB

sZ2
Z•SAZ•SBV0,0

LL2SAT•SBTV0,0
TT2S 8MB

2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2 D V0,0
UQ0

1
MB

Z2Q•PB

Z•SBTA•SBTV0,0
TQ1J 2FZmZn

Z2
2

1

3S gmn2
QmQn

Q2 D G H W2,01
MAMB

sZ2
Z•SAZ•SBV2,0

LL2SAT•SBTV2,0
TT

2S 8MB
2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2 D V2,0
UQ01

MB

Z2Q•PB

Z•SBTA•SBTV2,0
TQ1J

2Z$mTA
n%

1

AQ2Z2H U2,1
TU2S 8MB

2~Z•SB!2

s2~Q•PB!2
1

4

3
SB

2 D U2,1
TQ0J

2Z$mTB
n%

1

AQ2Z2H U2,1
UT1

MAMB

sZ2
Z•SAZ•SBU2,1

LQ11SAT•SBTU2,1
TQ2J 1Z$mSAT

n%
AQ2MB

Z2Q•PB

Z•SBU2,1
TL

1Z$mSBT
n% H 2

AQ2MA

Z2Q•PA

Z•SAU2,1
LT1

AQ2MB

Z2Q•PB

Z•SBU2,1
UQ12

1

AQ2Z2
TA•SBTU2,1

TQ2J
2F2SBT

m SBT
n 2SBT

2 S gmn2
QmQn

Q2
2

ZmZn

Z2 D GU2,2
UQ22FSAT

$m SBT
n% 2SAT•SBTS gmn2

QmQn

Q2
2

ZmZn

Z2 D GU2,2
TT

2FTA
$mSBT

n% 2TA•SBTS gmn2
QmQn

Q2
2

ZmZn

Z2 D G MB

Z2Q•PB

Z•SBU2,2
TQ1

1SBT
$m TB

n%
MA

Z2Q•PA

Z•SAU2,2
LQ2. ~3.21!

Substituting this expression into Eq.~2.7!, we obtain the Drell-Yan cross section

ds

d4Q dV
5

a2

2sQ2H 2FW0,01
1

4
lAlBV0,0

LL1uSW ATuuSW BTu cos~fA2fB!V0,0
TT

1
2

3
~2uSW BTu22lB

2 !V0,0
UQ01uSW ATulBuSW BTusin~fA2fB!V0,0

TQ1G
1S 1

3
2cos2 u D FW2,01

1

4
lAlBV2,0

LL1uSW ATuuSW BTu cos~fA2fB!V2,0
TT

1
2

3
~2uSW BTu22lB

2 !V2,0
UQ01uSW ATulBuSW BTusin~fA2fB!V2,0

TQ1G
12 sinu cosu Fsin~f2fA!uSW ATuS U2,1

TU1
2

3
~2uSW BTu22lB

2 !U2,1
TQ0D

1sin~f2fB!uSW BTuS U2,1
UT1

1

4
lAlBU2,1

LQ1D1sin~f1fA22fB!uSW ATuuSW BTu2U2,1
TQ2

1cos~f2fA!uSW ATulBU2,1
TL1cos~f2fB!uSW BTu~lAU2,1

LT1lBU2,1
UQ1!G
6-10
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1sin2 u @cos~2f22fB!uSW BTu2U2,2
UQ21cos~2f2fA2fB!uSW ATuuSW BTuU2,2

TT

1 sin~2f2fA2fB!uSW ATulBuSW BTuU2,2
TQ11 sin~2f22fB!lAuSW BTu2U2,2

LQ2#J . ~3.22!
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Using lA5uSW AucosuA , lB5uSW BucosuB , uSW ATu
5uSW AusinuA , anduSW BTu5uSW BusinuB in Eq. ~3.22!, and noting
the relations:uA5bA , fA5aA , uB5p2bB , and fB5
2aB , we obtain essentially the same equation as Eq.~2.31!.
In this way, we find that 22 structure functions exist in t
Drell-Yan processes with spin-1/2 and spin-1 hadrons in
limit QT→0. We can repeat the analysis of this section
taking the integral overQW T first. However,Xm and Ym are
averaged away by theQW T integration. It means that exactl
the same formalism can be applied without taking into
count the vectorsXm andYm except for the replacements@9#

W00→W̄005*dQW TW00, W20→W̄205*dQW TW20, and others.
This is the reason why the same number of the struc
functions are obtained after taking the limitQT→0 as dis-
cussed in this section and after the integration overQW T ~or
F) as discussed in Sec. II.

Because there exist 11 structure functions after theQW T
integration in the Drell-Yan processes of spin-1/2 hadro
there are 11 new structure functions in the reactions of s
1/2 and spin-1 hadrons. In thepp Drell-Yan processes, the
structure functionsU2,1

TL andU2,1
UT are identified withU2,1

LT and
U2,1

TU . Therefore, there exist essentially nine structure fu
tions. In this sense, there are 13 additional structure funct
in our Drell-Yan processes. As it is shown in Eq.~3.22!, the
11 new structure functions are related to the quadrupole
larizationsQ0 , Q1, andQ2. In order to measure these stru
ture functions, various longitudinal, transverse, and interm
diate polarization reactions should be combined. These
key structure functions to clarify the tensor structure of
spin-1 hadrons.

IV. SPIN ASYMMETRIES

In the previous sections, we have derived the express
for the Drell-Yan cross sections in Eqs.~2.31! and ~3.22!.
However, it is not straightforward to see how each struct
function can be measured. In this section, we discuss
relations between the structure functions and possible
asymmetries. Because the Ralston-Soper type notations
to be more popular, we use the cross-section expressio
Eq. ~3.22! for discussing the spin asymmetries.

In the proton-proton Drell-Yan cross sections, there
merely the following spin combinations@9,10,19#:

^s&, ALL , ATT , ALT , AT ~ in pp!, ~4.1!

where^s& is the unpolarized cross section,ALL (ATT) is the
longitudinal ~transverse! double spin asymmetry,ALT is the
longitudinal-transverse spin asymmetry, andAT is the trans-
verse single spin asymmetry. Here, the parity-violat
09402
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asymmetries are not taken into account@20#. As it is obvious
from the cross section in Eq.~3.22!, there are many othe
spin combinations in the reactions with spin-1/2 and spi
hadrons~proton and deuteron!.

First, the expression of our unpolarized cross section
the same as thepp one:

K ds

d4Q dV
L 5

a2

2sQ2F2W0,01S 1

3
2 cos2 u DW2,0G .

~4.2!

The longitudinal double asymmetry may be defined in
similar way as the pp case: ALL8 5@s(↑,21)2s(↑,
11)#/@s(↑,21)1s(↑,11)#. However, this is not an ap
propriate way to investigate the longitudinally polarized p
ton distributions because the tensor distributionb1 contrib-
utes to the asymmetryALL . This asymmetry definition is
used in analyzing the polarized lepton-deuteron scatte
data for extractingg1

n . Strictly speaking, this is not an ap
propriate way of handling the data. In order to avoid th
kind of confusion, we use 2̂s& in the denominator for de-
fining the spin asymmetry. From the relation

2^s&5s~↑,11!1s~↑,21!

1
1

3
@2s~↑,0!2s~↑,11!2s~↑,21!#, ~4.3!

the term 2̂s& agrees with the usual denominators(↑21)
1s(↑11) if the quadrupole asymmetry can be ignore
u2s(↑,0)2s(↑,21)2s(↑,11)u!6^s&. In this way, we
define amodifiedspin asymmetry by using the denominat
2^s&. Then, the longitudinal double (LL) spin asymmetry
becomes

ALL5
s~↑L ,21L!2s~↑L ,11L!

2^s&

52
2V0,0

LL1~1/32 cos2u!V2,0
LL

4@2W0,01~1/32 cos2u!W2,0#
, ~4.4!

where the subscripts of↑L , 11L , and 21L indicate the
longitudinal polarization. Experimentally, it may be easier
obtain the usual asymmetryALL8 rather than the above one
Because the quadrupole effects are considered to be s
the result would not be changed significantly even if ourALL

is simply replaced byALL8 . However, the tensor structure
the major point in studying the polarized spin-1 hadron,
that its contributions toALL8 should be carefully taken into

account. If the cross section is integrated overQW T , the de-
nominator of Eq.~4.4! is expressed in terms of the unpola
6-11
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ized quark and antiquark distributionsf 1 and f̄ 1 as 2W̄0,0

1( 1
3 2 cos2 u)W̄2,05(11 cos2 u)W̄T5(11 cos2 u) 1

3(aea
2f1f̄1 in

a parton model@11#. Our parton-model analysis of the rea
tions with spin-1/2 and spin-1 hadrons will be reported
Ref. @21#.

In theLL asymmetry, the structure-function expression
09402
f

Eq. ~4.4! is not altered even if the spin asymmetry is taken
the hadron-A: @s(↓L ,11L)2s(↑L ,11L)#/(2^s&). How-
ever, the situation is different in the transverse double s
asymmetry. If the asymmetry is taken in the hadron-B with a
fixed transverse polarization of the hadron-A, the transverse
double (TT) spin asymmetry becomes
ix
d be

nt
A~T!T5
s~fA50,fB50!2s~fA50,fB5p!

2^s&

5F2V0,0
TT1S 1

3
2 cos2 u DV2,0

TT1 sin2 u cos 2fU2,2
TT12 sinu cosu sinfU2,1

UTG Y F2W0,01S 1

3
2 cos2 u DW2,0G .

~4.5!

Hereafter, iffA or fB is indicated in the expression ofs(polA ,polB), it means that the hadronA or B is transversely polarized
with the azimuthal anglefA or fB . It should be noted that the transverse asymmetry is not equal to Eq.~4.5! if the spin
asymmetry is taken in the hadron-A:

AT~T!5
s~fA50,fB50!2s~fA5p,fB50!

2^s&
5F2V0,0

TT1S 1

3
2 cos2 u DV2,0

TT1 sin2u cos 2fU2,2
TT

12 sinu cosu sinf S U2,1
TU1

4

3
U2,1

TQ01U2,1
TQ2D G Y F2W0,01S 1

3
2 cos2u DW2,0G . ~4.6!

It is cumbersome to handle the above transverse-transverse asymmetriesA(T)T andAT(T) because other structure functions m
with the TT-type ones. In order to separate theTT type, the following parallel transverse-transverse asymmetry shoul
studied:

ATT
i 5

1

2^s&Fs~fA50,fB50!1s~fA5p,fB5p!

2
2

s~fA5p,fB50!1s~fA50,fB5p!

2 G
5

2V0,0
TT1~1/32 cos2 u!V2,0

TT1 sin2 u cos 2fU2,2
TT

2W0,01~1/32 cos2 u!W2,0

. ~4.7!

Furthermore, theU2,2
TT part can be separated by the perpendicular transverse-transverse asymmetry

ATT
' 5Fs~fA50,fB5p/2!1s~fA5p,fB53p/2!

2
2

s~fA5p,fB5p/2!1s~fA50,fB53p/2!

2 G Y ~2^s&!

5
sin2 u sin 2fU2,2

TT

2W0,01~1/32 cos2u!W2,0

. ~4.8!

The situation is also complicated, for example, in the longitudinal-transverse (LT) asymmetry in the sense that differe
types of the structure functions could contribute if the asymmetry is taken either in the hadron-A or in -B. The optimumLT
andTL asymmetries are given by

ALT5
1

2^s&Fs~↑L ,fB50!1s~↓L ,fB5p!

2
2

s~↑L ,fB5p!1s~↓L ,fB50!

2 G5
2 sinu cosu cosfU2,1

LT

2W0,01~1/32 cos2 u!W2,0

, ~4.9!

ATL5
1

2^s&Fs~fA50,11L!1s~fA5p,21L!

2
2

s~fA50,21L!1s~fA5p,11L!

2 G5
2 sinu cosu cosfU2,1

TL

2W0,01~1/32 cos2 u!W2,0

,

~4.10!
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by combining both spin asymmetries in the hadronsA andB.
In the case of the asymmetryATL , we could have defined i
in a simpler form asATL5A(T)L5@s(fA50,11L)2s(fA

50,21L)#/(2^s&), which becomes the same equation
Eq. ~4.10! in terms of the structure functionsU2,1

TL , W0,0, and
W2,0. However, we should be careful about the definitions
the LT and TL asymmetries. If the asymmetries are calc
lated by A(L)T5@s(↑L ,fB50)2s(↑L ,fB5p)#/(2^s&),
AL(T)5@s(↑L ,fB50)2s(↓L ,fB50)#/(2^s&), and AT(L)

5@s(fA50,11L)2s(fA5p,11L)#/(2^s&), there are
other contributions in addition toU2,1

LT or U2,1
TL . Therefore, the

asymmetriesA(L)T , AL(T) , and AT(L) are not appropriate
quantities for studying exclusively theLT andTL structure
functions. In the following discussions of this section
various asymmetries, the details are no longer discus
about a number of different possibilities. We simply sho
the optimum asymmetries.

In the single spin asymmetries, we express the unpo
ized state explicitly, for example, asAUT which is the trans-
verse single spin asymmetry for the hadronB. It is because
AUT andATU are in general different in our case although
does not matter in thepp. Then, the single spin asymmetrie
become

AUT5
s~•,fB50!2s~•,fB5p!

2^s&

5
2 sinu cosu sinfU2,1

UT

2W0,01~1/32 cos2 u!W2,0

, ~4.11!

ATU5
s~fA50,•!2s~fA5p,•!

2^s&

5
2 sinu cosu sinfU2,1

TU

2W0,01~1/32 cos2u!W2,0

, ~4.12!

where the solid circle indicates the unpolarized case.
In defining the quadrupole spin asymmetryQ0, we con-

sider the parton-model definition of theb1 structure function
with the tensor distribution@5# dq5@q02(q111q21)/2#/2,

FIG. 4. Quadrupole asymmetryQ0. The arrows indicate polar
ization directions of the hadronB.
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where the subscripts denotez components of the hadron spin
The quadrupole asymmetryQ0 is, therefore, defined by

AUQ0
5

1

2^s&Fs~•,0L!2
s~•,11L!1s~•,21L!

2 G
5

2V0,0
UQ01~1/32 cos2 u!V2,0

UQ0

2W0,01~1/32 cos2 u!W2,0

, ~4.13!

where the average is taken over the anglefB in the polar-
ization state 0L . If we wish to specify the azimuthal angle i
defining the asymmetry, it could be written a
AUQ0

5@$s(•,fB50)1s(•,fB5p)%/22$s(•,11L)1s(•,

21L)%/2#/(2^s&). The situation is illustrated in Fig. 4. Th
Q0 polarization is related to the difference between the lo
gitudinal and transverse cross sections. This is a new as
metry which does not exist in thepp reactions. We will show
in Ref. @21# that this asymmetry is related to theb1 distribu-
tion. This quadrupole asymmetry is one of the interest
quantities to be investigated in our reactions. Theb1 struc-
ture function will be studied in the polarized lepton-deuter
scattering by the HERMES Collaboration@22#; however, the
experimental accuracy may not be good enough to find
small quantity. Therefore, the idea is to use an acceler
with enough beam intensity. A realistic possibility is to me
sure it in the ELFE~Electron Laboratory for Europe! project
@23# or in a similar one@24#. However, these projects hav
not been approved yet. It would take several years to s
investigatingb1 experimentally by considering the prese
situation. The polarizedpd reactions are the timely and pio
neering works if they are studied in the next generat
RHIC-SPIN project.

In the same way, transverse-quadrupoleQ0 (TQ0) asym-
metry is given by

ATQ0
5

1

2^s&
@$s~fA50,0L!2s~fA5p,0L!%/2

2$s~fA50,11L!1s~fA50,21L!

2s~fA5p,11L!2s~fA5p,21L!%/4#

5
2 sinu cosu sinfU2,1

TQ0

2W0,01~1/32 cos2 u!W2,0

. ~4.14!

Here, the s(fA ,0L) term cannot be replaced b
@s(fA ,fB50)1s(fA ,fB5p)#/2 as was discussed jus
after Eq.~4.13!. If we would like to specifyfB , it should be
replaced by@s(fA ,fB50)1s(fA ,fB5p/2)1s(fA ,fB
5p)1s(fA ,fB53p/2)#/4 in order to cancel out the
Q2-type structure functions.

We find other peculiar asymmetries and structure fu
tions. There are structure functions which do not exist in
transverse and longitudinal polarization reactions; howev
6-13
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they can exist in the intermediate polarization reactions
Fig. 5. The single spin asymmetry for the intermediate
larization is

AUQ1
5

s~•,I 1!2s~•,I 3!

2^s&
5

sinu cosu sinfU2,1
UQ1

2W0,01~1/32 cos2 u!W2,0

,

~4.15!

where the intermediate polarizations are denoted asI 1 andI 3
and they are shown in Fig. 5. The longitudinal-quadrup
Q1 ~or intermediate! asymmetry is

ALQ1
5

1

8^s&
@s~↓L ,I 1!2s~↓L ,I 2!2s~↓L ,I 3!

1s~↓L ,I 4!2s~↑L ,I 1!1s~↑L ,I 2!1s~↑L ,I 3!

2s~↑L ,I 4!#

5
sinu cosu cosfU2,1

LQ1

4@2W0,01~1/32 cos2 u!W2,0#
, ~4.16!

where the additional polarizationsI 2 and I 4 are also shown
in Fig. 5. The asymmetry definition is more complicated th
the one in Eq.~4.15! in order to cancel out other contribu
tions. In the same way, these intermediate polarizati
should be combined with the transverse polarization state
the hadron-A for obtaining the transverse-quadrupoleQ1 ~or
intermediate! asymmetry:

FIG. 5. Quadrupole asymmetryQ1. The polarization vectors are
in the yz plane.
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ATQ1
5

1

8^s&
@2s~fA50,I 1!1s~fA50,I 2!

1s~fA5p,I 1!2s~fA5p,I 2!1s~fA50,I 3!

2s~fA50,I 4!2s~fA5p,I 3!1s~fA5p,I 4!#

5
2V0,0

TQ11~1/32 cos2 u!V2,0
TQ11 sin2 u cos 2fU2,2

TQ1

2@2W0,01~1/32 cos2 u! W2,0#
.

~4.17!

There are other interesting asymmetries which are rela
to the quadrupole polarization in the transverse plane. Th
are structure functions with the sin(2fB) or cos(2fB) factor
in Eq. ~3.22!. These terms vanish if the cross-section diffe
ence is taken between those of the opposite transverse p
izations,fB50 and fB5p. They are associated with th
difference betweenfB50 and fB5p/2 cross sections a
illustrated in Fig. 6. The single quadrupole asymmetryQ2 is
defined and it is expressed in terms of our structure functi
as

AUQ2
5

1

2^s&Fs~•,fB50!1s~•,fB5p!

2

2
s~•,fB5p/2!1s~•,fB53p/2!

2 G
5

sin2 u cos 2fU2,2
UQ2

2W0,01~1/32 cos2 u!W2,0

. ~4.18!

In the same way, the otherQ2 asymmetries are given as

FIG. 6. Quadrupole asymmetryQ2.
ALQ2
5

1

8^s&
@s~↑L ,fB50!1s~↑L ,fB5p!2s~↑L ,fB5p/2!2s~↑L ,fB53p/2!2s~↓L ,fB50!

2s~↓L ,fB5p!1s~↓L ,fB5p/2!1s~↓L ,fB53p/2!#5
sin2 u sin 2fU2,2

LQ2

2W0,01~1/32 cos2 u!W2,0

, ~4.19!

ATQ2
5

1

8^s&
@s~fA50,fB50!1s~fA50,fB5p!2s~fA50,fB5p/2!2s~fA50,fB53p/2!

2s~fA5p,fB50!2s~fA5p,fB5p!1s~fA5p,fB5p/2!1s~fA5p,fB53p/2!#

5
2 sinu cosu sinfU2,1

TQ2

2W0,01~1/32 cos2u!W2,0

. ~4.20!
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We have found that there are a variety of polarizat
asymmetries in our Drell-Yan processes in comparison w
those in thepp reactions. We propose that the followin
asymmetries be measured for finding the structure functio

^s&, ALL , ATT , ALT , ATL ,

AUT , ATU , AUQ0
, ATQ0

, AUQ1
,

ALQ1
, ATQ1

, AUQ2
, ALQ2

, ATQ2
. ~4.21!

The new structure functions with tensor structure could
found by the quadrupole polarizationsQ0 , Q1, andQ2. For
example, theQ0 structure functions could be found by th
asymmetryAUQ0

in Eq. ~4.13!. It should be associated wit

the unobserved structure functionb1, so that it is important
to measure it in the hadron-hadron reaction. In additi
there are interesting quadrupole polarizations. There e
structure functions for the intermediate polarizationQ1, and
one of them could be investigated, for example, by the as
metry AUQ1

in Eq. ~4.15!. The Q2 structure functions are
related to the quadrupole polarization in the transverse pl
and one of them could be measured by the asymmetryAUQ2

in Eq. ~4.18!. In this way, it was revealed that there are ma
unexplored topics in the Drell-Yan processes with a spi
hadron. A parton-model analysis of the structure function
discussed in Ref.@21#. However, further investigations ar
necessary on the structure of spin-1 hadrons and relation
various reactions with them.

A bonus of our formalism is the possibility of discussin
the ū/d̄ asymmetry@25# in the longitudinally polarized and
transversity distributions by combining thepp andpd Drell-
Yan data. It is well known that the proton-deuteron Dre
Yan asymmetry is sensitive to the ratioū/d̄ in the unpolar-
ized case. In fact, the recent E866 experimental data@26#

clearly showed the ratioū/d̄ as a function of the momentum
fraction x. In the same way, it is in principle possible
study the polarized antiquark asymmetriesDū/Dd̄ and
DTū/DTd̄ by thepp andpd Drell-Yan processes in additio
to theW production studies~only for Dū/Dd̄ @27#! at RHIC.
However, the polarizedpd formalism had not been availabl
N.
.
hi

de

e,
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until our studies. It is now possible to discuss the relat
between the polarizedpd Drell-Yan asymmetry and the po
larized flavor asymmetry.

Because the structure functions of the spin-1 hadrons h
not been well studied, it is important to investigate mo
about their spin structure theoretically. Furthermore, the
perimental possibility of the polarizedpd reactions should
be discussed seriously, especially at RHIC@12#.

V. SUMMARY

We have shown that 108 structure functions can be s
ied in the polarized Drell-Yan processes with spin-1/2 a
spin-1 hadrons. Because the number is 48 in the reaction
spin-1/2 hadrons, there are 60 new structure functions. A
integrating overQW T or after taking the limitQT→0, we have
shown that 22 structure functions exist by two independ
methods with the requirements of Hermiticity, parity cons
vation, and time-reversal invariance. Because the numbe
11 in the processes of spin-1/2 hadrons, there are 11
structure functions in the reactions of spin-1/2 and spi
hadrons. We have shown that these are related to the te
structure of the spin-1 hadron and they can be measure
the quadrupole polarization experiments. A number of s
asymmetries were shown for extracting the new struct
functions. The quadrupole spin asymmetries with theQ0 ,
Q1, andQ2 polarizations are valuable for measuring the te
sor structure functions. It is also interesting to find the str
ture functions for the intermediate polarizations in the se
that they do not contribute to the longitudinally and tran
versely polarized cross sections. In this paper, we have
cussed generally what kind of structure functions is inve
gated in the polarized processes with spin-1/2 and sp
hadrons. We hope that our studies will be materialized
perimentally as the polarized proton-deuteron reactions
the RHIC-SPIN project and also other future projects.
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Italiana di Fisica, Bologna, Italy, 1993!.

@24# S. Hino and S. Kumano, Report No. SAGA-HE-135-9
~hep-ph/9806333!, talk given at the Workshop onFuture Plan
at RCNP, Osaka, Japan, 1998.

@25# S. Kumano, Phys. Rep.303, 183 ~1998!.
@26# E866 Collaboration, E. A. Hawkeret al., Phys. Rev. Lett.80,

3715 ~1998!.
@27# R. L. Jaffe and N. Saito, Phys. Lett. B382, 165 ~1996!.
6-16


