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Structure functions in the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons.
I. General formalism
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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 mom@gtomafter taking the
limit Q—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 physj&556-282(99)00809-1

PACS numbd(s): 13.85.Qk, 13.88te

[. INTRODUCTION quarks. Although the sum rule is valid for spin-1 hadrons
within a quark model, there could be complexities in the
The spin structure of the proton has been investigatedeuteron because of nuclear shadowing effggls
through polarized deep inelastic lepton scattering. A myste- There are some studies on the polarized lepton-deuteron
rious aspect of spin physics was revealed by the Europedigaction; however, the polarized deuteron has not been inves-
Muon Collaboration(EMC) experimental result in 1988]:  tigated in hadron-hadron reactions for finding the polarized
almost none of the proton spin is carried by quarks. How-Structure functions. The general formalism of the polarized
ever, because the lepton reactions provide us with only &rell-Yan process of spin-1/2 hadrons was studied in the
limited piece of information on polarized partofig], we ~ Pioneering paper of Ralston-Sopd] and also the one by
should rely on other experimental methods such as those (Qonoghue and Gottlief0]. In these works, it was revealed

the Relativistic Heavy lon CollidefRHIC-)SPIN projec{3] that 48 structure functions can be studied in the reactions of
There, the approved activities are on various polarize(§pin-1/2 hadrons and the number becomes 11 after integrat-

proton-proton pp) reactions. ing over the virtual-photon transverse moment@mor after
Although the details of the p reactions should be studied taking the "mitQT_)O.' Thg parton—model inte_rpretation of
further [4], many pp processes have been investigated for these structure functions is also discussed in these works
long time. On the other hand, there are few studies on th 9,10 as well as in th_e Tangerman-l\/_lulderg pafEt].
polarized deuteron reactions in connection with spin- The purpose of this paper is to investigate the general

. formalism of the polarized Drell-Yan processes with spin-1/2
dependent structure functions. We know that the deuterog, spin-1 hadrons in order to apply it to the polarized
has additional spin structure due to its spin-1 nature. Th

deut i tis oft din the d nelasti teri roton-deuteron {d) reactions. In particular, we discuss
euteron target 1S often used in the deep inelas '(f‘ sca e”? hat kinds of new spin structure functions are measured and
however, the major purpose is to extract the “neutron

. . . ow they are related to the hadron polarizations. Another
structure fun_ct|ons in the deuteron. _We think th_at we haJ;)urpose is to facilitate future deuteron-spin projects such as
better shed light on the deuteron spin structure itself rath

. 9 - - : .o ~th ibl lariz ronr ion R .
than just using it for finding the neutron information. W|th|netr e possible polarized deuteron reactions at RHIZ]

; L ) : In Sec. I, we discuss general formalism of the polarized
this context, there are some initial studies on the spin-1 strugy,, 9 b

ture functi In the lent tteri the deutdo ell-Yan process with spin-1/2 and spin-1 hadrons and ob-
ure functions. in the lepton scattering on the deu ¢tof, tain possible structure functions in the reaction. Then, we
there exist new tensor structure functidns b,, bz, andb,.

A h h . ¢ 2 o g investigate how they are related to the Lorentz index struc-
mong them, the twist-two structure functions &g an ture of the hadron tensor in Sec. Ill. Various spin asymme-

b, and they are related by the Callan-Gross type relationyieg are discussed in Sec. IV. The results are summarized in
2xby=b,. A phenomenological sum rule was proposed forgq,. \/.

b, [7] in relation to the electric quadrupole structure. It also

could be important to find the tensor polarization of sea Il. FORMALISM FOR THE POLARIZED DRELL-YAN

PROCESS WITH SPIN-1/2 AND SPIN-1 HADRONS

*Email address: 97sm16@edu.cc.saga-u.ac.jp In the polarized Drell-Yan processes of spin-1/2 hadrons,
TEmail address: kumanos@cc.saga-u.ac.jp possible structure functions were found by noting the
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z,z,

FIG. 1. Drell-Yan process. x%
Lorentz index structure in the hadron ten§®}. Then, they Xo
were also discussed in a general framewdi®{ by using the .
Jacob-Wick helicity formalisnf13]. In order to avoid miss- FIG. 3. Dilepton rest frame.

ing some structure functions in the reactions of spin-1/2 and
spin-1 hadrons, we first discuss the Donohue-Gottlieb type=0. The resulting frame is shown by y, andz axes in Fig.
formalism[10] in this section. In Sec. Ill, the Ralston-Soper 3 The momentf’A and |SB are no longer along theaxis. In

type formalism is discussed. _ the following formalism of this section, we take the dilepton
We study the cross section of the Drell-Yan reaction  rest frame as the Collins-Soper frafil], which is shown

A(spin1/2+ B(spinl)—1*1- +X, 2. by x.o, Yo, @ndzy axes in Fig. 3. The, a{is is choslen SO as
to bisect the angle between the momeRtaand — Pg:

which is schematically shown in Fig. 1. The hadrénandB

are spin-1/2 and spin-1 particles, respectively. For example, . Pa(Pg:Q)—Pg(PaQ) 23
they could be the proton and the deuteron; however, the fol- Z0= | PA(Pg-Q)— Pyl P, Q) : 2.3
lowing formalism can be applied to any other hadrons with

spin-1/2 and spin-1. Throughout this paper, the,, convention go=—011=

In describing the cross section, a coordinate system has to
be chosen. The center of momentyoim,) frame is easily
visualized because it could be the same as or at least close to 2 U5

. . . . PaX Pg
the laboratory frame of collider experiments. At this stage, Vo= — ———. (2.4)
the polarized deuteron acceleration is not planned at RHIC |PaX Pg|
[12], so that its momentum is not known. The c.m. frame is
shown in Fig. 2. The total dilepton momentum is denoted byThe remaining, axis is chosen so that it is orthogonalytp
Q, and it is expressed in the c.m. frame as andz,. From the above definitions of, andz,, X, is equal
QH=KE +k = (Q,Qr cos®,Qr SiN®,Q,)c m.- to the transverse ynit vectd®; which is in thg direction
(2.2) away from Pp+ PB)T. Between the two dilepton rest
frames, there is a difference of the azimuthal an@leas
The z., axis is chosen in the direction of the hadr@n- shown in Fig. 3. This difference becomes significant when
momentumPS$™, so that the hadroB-momentumPS™ lies  the cross section is integrated ov@y later.

020= —0a3=1 is used. Then thg, axis is taken as

in the — z ,, direction. The azimuthal angle  is denoted The Drell-Yan cross section is given by
asd.
The theoretical description becomes simple if the dilepton 1

DEIRCIN

: . o=
rest frame, rather than the c.m. frame, is chosen. It literally 4P, Po)2-M2M2 5% K

means that the total dilepton momentum vanist@s-Q) in
the frame. In order to obtain this frame from the c.m. in Fig. X 84 Pa+Pg—ki+—k-—Py) (I "1~ X|T|AB)|?
2, the frame has to be boosted first to g, direction so as

- PO = d3k,+ d3k;-
to get Q,=0, then to theQ+ direction so as to obtailQ

X , (2.5
(27)32E,+ (2m)32E,-
Zcm
whereM, andMg are A andB massess;+ ands,- indicate
B R thel™ andl~ spins,sis the center-of-mass energy squared
FQ s=(P,+Pg)?, and the matrix element is given by
—Yem <|+|7X|T|AB>=U(k|7,$|*)e’y’uv(k|+,5|+)
-
9"’
X ——(X|eJ,(0)|AB). (2.6
Xem A (k|++k|*)2< | | >
FIG. 2. Center of momentum frame. In the dilepton rest frame, the cross section becomes
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do _ & W 2.7 do EfL)D (0,6,0)
d‘Qdo 2sqt ' dQda, 4t o
wherea=€?%/(4m) is the fine structure constant, the compo- X > D 84 Pat+Pg—Q—Py)
nentL o vanishes in this frame, and the hadron and lepton A X

masses are neglected by considerMd ,M3<s and m?

<Q?Z. The lepton part is given by X(IN:LM[IN')

1 XE 2 P(AB) v ’v’F ’F)\ v
Lij:ESES— [U(k|7,S|—)‘}/iU(k|+,S|+)]T wou’ v prk a
- (2.14
X[u(ki-,s-) yju(ki+,5+)]
. . The helicity amplitudeF, ,, is given b
— AR2(5,— kik; /|KI2), 2.8 Y AMPIHEE vy 15 GIVENTBY
2
wherek=Kk,+ and the lepton mass terms are neglected ( Fur= \/W—C:?(X|§*()\)-5(O)|A(M)B(v)> (2.19
<k?). The hadron part is given by 3s
d4g and the spin density matrix(AB) ., IS
W”:f €2 4AB[J;(0)3;(§)|AB). (2.9
(277) p(AB)p.V:p.’V’:p(A),u,u'p(B)VV’ . (216)

The polar and azimuthal anglésand ¢, of the leptonl * are  The density matrix for the hadroh or B is defined by
defined by

1
k-zo=cos, k-yo=siné@sing,, (2.10 p= m};\l (T (ST (D), (2.17

wherek=k/|K|. It is convenient to express the lepton tensoryhere the statistical tensoy, (S) is expressed asl7]
L;; as

BK? 7 (S)=\25+1>, (—1)S#
Lij=—3" > f(L)(In:LM[IN) KN “
AN LM

X(Sp':S—u|KN)[Su")(Su[.  (2.18
X Dyo(bo.0,08i(N )ef (M), (2.1

Therefore, the density matrix becomes
where (IN:LM|1N') is a Clebsch-Gordan coefficient and

gi(\) is thei component of the spherical unit vectd5]. PK+1
The coefficients (L) are defined by =(Sulp|Su’y=> 2571 —=——(Su’ KN|S,u><r W(9).
K,N
(2.19
10
f(0)=1, f(1)=0, f(2)=£. (2.12
2 The quantitieg T::N(S» for the spin 1/2 and 1 particles are
If the lepton mass cannot be neglecté@?) becomes the (+1(S)=1 (2.20
expression in Ref.10]. We use the rotational matrix element oo ' '
D! . (a,B,7) which is defined by 16] -
_ _ _ (7! (1/2))=|S|Djo(a,B,0), (2.21)
Djey (@B, y)=(jmle”'*%e™ Pye™ 7% jm)

—eimedl (Be ™. (213 (7l (D)= \é SIDXo(a.80), (222

We should be careful about the definition of tBematrix
because there are different conventions. The definition of Eqvhere« and B are azimuthal and polar angles of the polar-
(2.13 is used throughout this paper; however, it is different,ization vectorS. In addition to these tensors, there exists

for example, from the one in Ref15]. another one for the spin-1 particle. As it is obvious from the
Using these expressions and introducing spin density madefinition of Eq.(2.18), the rank-two K=2) tensor is pos-
trix, the cross section becomes sible. We also express it in terms of tBematrix:
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<TZN(1)>:<\/EézDﬁo(a'ﬁ,O»- (2.23 ap—e, and ag+e under the angle- rotation about thez
axis, so that only the angleg,—® and ag+ ® have physi-
However, special attention should be paic(§3>=2 in cal- cal meaning. In this way, the angles, and ag are replaced
culating ( 7ho(1))=(S2(3 co B—1)\2)=((3S2—?)/\2). by an—® and ag+ D, respectively, in the expressions of
Furthermore(S;S;) should be replaced byS;S;+S;S)/2.  the D matrices. It is noteworthy to emphasize that n&tv
For simplicity, the angular brackets of E(R.23 are not terms exist in our Drell-Yan process whereas merely the lin-
written in the following equations. The polarization anglesear terms of are enough for the p reaction. Therefore, the

are denoted as, andg, for the hadrom and aseg andSg study of the new spin structure is in other words to investi-
for B. The anglesxg and Bg (ap and 8,) are measured by 25
gate the rank-twd” terms.

taking the coordinates a&=X¢m, Yg= —Yem., andzg= o _ i

—Ze m(Xa=Xems Ya=Yem, andza=z.y). As pointed out Substituting these expressmns(@ﬁN(S)) into Eq.(2.19,

in Ref. [10], the transverse axis could be chosen arbitrarywe obtain the spin density matrix for the reaction in Eq.
The azimuthal angle®, a,, and e transform intod® — ¢, (2.16. Then, the cross section of E.14 becomes

do 1 . N
FQdng ST (L)M;L Dol #0,6,0)| RM 53+ \/§|SA|%: R 10 Dy o(@a=®,B84.0)

3 =
+ ISl RIGYDA ol s+ @83, 0+ VIO Y RIS ol a+ @1s.0)
2

+ﬁ
2

& & N1 N
|SA||SB|N§\‘2 REA 1112D]N10(CYA_(I)'BA 10)D]N20(a3+¢)1BB 10)

+30 (S48 > RYM}D2DY o(aa—P,Ba,0)DF o(@p+®,B5,0) |, (2.24

N7 Ny

M Nj Np

where the structure functioR|’ K ks

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

1 1
RMN1N2_ 2 2 6*(Pa+Pg—Q—Py)(IN:LM|1IN’ >F ” ,FMV<2M K Nl ><1V ‘KoN,|1v).  (2.29

L KyKy 6,5,

The terms which do not exist in thep reactions are those proportional ﬁ and |§A|§§ in Eq. (2.24). These terms are,
therefore, associated with the new spin structure for the spin-1 hadron. According(& 2. the structure function@ﬁ" 8;‘2

andR} Tlgz 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 hadrons.
However, it is not still clear how many structure functions could be studied in the reactions because the cross section is written

in the summation form. Many of the possible functicRY K1N2 are not independent, and the number can be reduced by
imposing Hermiticity, parity conservation, and time- reversal invariance. The Hermiticity requires

RIIYIElEZ (— 1)M+N1+N2(R—M Nll N22)~k_ (2.26)

The parity conservation and time-reversal invariance require

M NNy L+K{+Ko+M+N;+Nop—M —Ng =Ny
R,_KK =(—-1) 17 R2 1T N2RT) Ky K- (2.27

These equations indicat®}' Eizz)* =(—1)-TKitKeRM Eisz Therefore, the structure functions have the property
real if L+K;+K,=even number,

RM 5152 imaginary if L+K;+K,=odd number, (2.29
1
0 if L+K;+K,=0dd number andM +N;+N,=0.
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Imposing these conditions on the structure functions TABLE I. List of the possible structurefunctior&{"ﬂizi after

R',Y' Ei Ez, we find that 108 independent structure functionsthe integration ove. The asterisk indicates a new structure func-
exist in our Drell-Yan processes. In the reactions of spin-1/3ion which does not exist in the Drell-Yan processes of spin-1/2
hadrons, there are 48 structure functions. Therefore, ther2drons.

exist 60 additional ones in the case of spin-1/2 and spin-I, "y
R 12

hadrons. L KiKy - M Ka N Kz N2
The polarizedpp Drell-Yan processes will be investi- 0 0 0 0 0 0
gated at RHIC; however, all of the 48 structure functions for« 0 0 0 0 2 0
the spin-1/2 hadrons would not be measured. Of course, all 0 0 1 0 1 0
of them are not important at this stage. We know that even 0 0 1 1 1 1
the leading-twist contributions are not well understood yet. 0 0 1 1 2 1
The essential structure functions in our reactions can be ex- 2 0 0 0 0 0
tracted by integrating over the transverse momentﬁm * 2 0 0 0 2 0
However, the integration over the azimuthal angleof QT 2 0 1 0 1 0
is sufficient in order to be compared with the result in Sec. 2 0 1 1 1 1
[ll. We have to be careful about the coordinates in calculat« 2 0 1 1 2 1
ing the integration because our present coordinate system is 2 1 0 0 1 1
taken so that thg, axis is in the direction oﬁT. Thexgand = 2 1 0 0 2 1
Yo axes should be rotated arounwhen the integral ofd is 2 1 1 -1 0 0
calculated. We fix the frame as tha&,y,z) coordinates in 2 1 1 -1 1 0
Fig. 3, then the difference between the azimuthal angles is 2 1 1 -1 2 0
®, as shown in the figure: 2 1 1 0 1 1
* 2 1 1 0 2 1

do 3 do * 2 1 1 1 2 2

d4Q dQ _d4Q dQO - (229) * 2 2 0 0 2 2

bo=¢- P 2 2 1 -1 1 1

* 2 2 1 -1 2 1

After the & integration, the only terms wittM=N,—N;  * 2 2 1 0 2 2

remain and the cross section becomes

do . > _
Zfd¢—4 =2 (L) 2 Dio(6,6,0)| 8o RS+ V3ISAIRY 75 DLyo(@a,Ba,0)
d*QdQ) L=02 M=—L

3 . o
+E|SB|R'I:A81MD]MO(QBlﬁBvO)+\/ES§ RV Y Dol @s.88.0)

L3
2

. s No N
|SA||SB|NEN Sm.N, -, RY 1112Dk|10(01A,,3A,0)Dr{120(aB,,BB,O)
1.2
2 & Ny N
+ V30|SA|S§NEN 5M,N2—N1R|’Y|1122Dl{110(aA!BA-O)D§20(aB:BBvo) : (2.30
1.2

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

Substituting explicit expressions for tti® matrices and calculating the summations olveM, N;, andN,, we have the
cross section with the 22 structure functions:

094026-5



S. HINO AND S. KUMANO PHYSICAL REVIEW D59 094026

3V3 . . o
R888+ —=|Sal|Sgl{ cosBa COS,BBRg(l)g"‘ SinBasinBg cog ap+ aB)Rgﬁ}

V2

ZdeD do ~£(0)
d*Q dO

5. .
+ \/—; S2(3 co$ Bg—1) R359—310/S,|S2 sin B, sin B cOSBg SiN(ap+ ag)iRIL S

2

1 3V3 . . . .
+f(2)(3 cog6—1) ER(2)88+ m|SA||SB|{cosBAcos,BBR2(1)2+ sinB, sinBg cog ax+ ag)RITT
5 3V5 . .
+%s§(3 co§ﬁB—1)Rggg—T[|SA|5§sin,eAsinﬁBcosﬂBsin(aAmB)iRgi;

+f(2) sind cosé

. o3 L
sm<¢—aA>{3|sA| sinBaiR} %8+—2|8A|8§snnﬁA<3coéﬂA—lnR% %2]

5

, 3V3 . . - . .
—sm<¢>+as>{flsslsmBBIR%SHS@SAISécosﬁAsmﬁBcosﬁBIR%S’%]

. 3Vis5 . ., . 9 1 ia .
—sin(¢+apt 2aB)T|SA|Sé sinBasir? BgiR3 15— COS(¢_aA)E|SA||SB| sinBacosBeR; 15

- 9 . .
+ cos<¢+a3>| 310 S sinBg cosBeR3 03+ EISAIISBICO% sinBBRé‘iiH

3\5 . 9 . -
+£(2) sir? 0 C05{2¢+2a5)2i\/; S sin’ Bg R3 05— cod2¢— ant ag) 7| SallSslsinBasinBsRE 11
3V15 . .
+sin(2¢—aA+aB)T\/_|SA|S§sinBAsin,BBcos,BBiR§ﬁ
3V15 . .
—sin(2¢+2aB)2L\/;|SA|SZB cosp, Sir? BgiR5%3 | (2.30)

Here, the termS3(3cospi—1) should be replaced by longitudinal and transverse polarization states. The longitu-

3<Séz>_<§é>:3<séz>_2 as was explained after E@.23, dinal, transverse, and intermediate polarization states are de-

It is interesting to find that the new structure functions with n_oted asL, T, andl, respectively, in the following discus-

. o sions
K,=2 are multiplied by the polarization-angle factors

2 2 ) In this section, we have shown that 108 structure func-
3 cos B—1, it B, and sinBgcospPg. Because the factor iong exist in the Drell-Yan processes with spin-1/2 and

3 co$ Bg—1~Yy is usually associated with the quadrupole gpin-1 hadrons. After the integration over the azimuthal
structure of the spin-1 hadrons, it is easy to see that thes&glecp (or overG;), 22 structure functions can be investi-
structure functions are related to such tensor structure. In t%ated. Among them’, there are 11 new structure functions
same way, other factors are also related to the spherical halzhich do not exist in the reactions of spin-1/2 hadrons.
monics as sifiBg~Y,, and sinB; cosBs~Y,;, SO that these

structure functions are also related to the tensor structure. It

is particularly interesting to find the factor s#gcospBg

= sin(2Bg)/2 in the cross section. It means that the structure = Although the helicity couplings and polarization depen-
functions with sinBs cospBg cannotbe found in the longitu-  dence are clearly shown in the formalism of the previous
dinal (Bg=0) or transverse §g= w/2) polarization experi- section, it is not straightforward to find the physics meaning
ments. In order to measure them, we should use the polaof these new structure functions. It is also important to check
ization condition G< Bg<m/2 or w/2< Bg<r. For example, whether the number 22 is the right one in an independent
Be= /4 is an appropriate choice. We call this polarizationway. A popular method to describe the polarizeg Drell-
intermediate polarizationn the sense that it is between the Yan processes was developed by Ralston and S&® 9]

I1l. HADRON TENSOR AND STRUCTURE FUNCTIONS
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by noting possible Lorentz index combinations in the hadrorHermiticity:

tensorW*”. The RS type formalism is extended to the reac-

tions of spin-1/2 and spin-1 hadrons in this section. [W"(Q;PaSa;PsSp)]* =WH"(Q;PaSA; PeSs),
We expand the hadron tensor

parity conservation:

d*¢ .
W= f oS (PaShPeSelI(0)"(8)|PaSaPeSe). W(Q;PaSA; P5Ss) =W,uu(Q:Pa~SaiPs~Se),
au
(3.1
time-reversal invariance:

in terms of possible Lorentz index combinations including . . *_ S5 e .0 o
the hadron momenta and spins. We use the Lorentz vectors [WHQ:PaSa; PeSe) " =W, (Q:PaSa;PeSe), (3.9
X* Y* andZ* in Ref.[9]:

whereP is defined byP#= (P°,— P). Expanding the hadron

Xt=PLQ2Z. Pg—PLQ2Z- P, tensor in terms of all the possible combinations of the
Lorentz vectors and pseudovectors so as to meet these re-
+Q*(Q-PgZ-Po—Q-PaZ-Pg), quirements, we obtain
YH= E’uaﬁyPAaPBﬁQ'y! VAuAd
WhY= — gh'A— B'+ZzwTC+ZI*TYD
ZZ
ZH=PXQ-Pg—PAQ- Py, 3.2
AQ P PEQ P ©2 + 2SI+ 7S — S S4G — S
where the convention for the antisymmetric tensok ig,s +THSH + SETEHI+QHQ K +QiHZMIL

=1. Then, we define the vectdr as[18] +Q“‘SZ}TM +Q{“S§}TN+Q{“TZ}OJrQ{“TE}P,

Th=ghab7S,2,Q., (3.9 3.6

In addition to the vectors in Eq3.2), Q%, S¢, S&, T, and where the notatio®!“Z" is, for example, defined by

Tg are available for the analysis #¥“". Instead ofS; and
SE, it is more convenient to use the transverse vecBirs Qivz"=Qrz"+QvzZ~. 3.7
and S5+, which are defined by

The coefficientsE, F, 1’, 3, M, and N are pseudoscalar
Q*QY ZrZY quantities sinceSht and S are pseudovectors. We should
M— | qmV 2
Sr=|9""— @z S,. (34 pe careful that thes3 type terms are allowed because the

hadronB is a spin-1 particle, whereas only the linear spin
terms are allowed for the hadraghn As discussed in Sec. Il
Even thoughS* is replaced bys# in Eq. (3.3, T* remains  repeatedly, the rank-two tensors are possibleMty”. Be-

the sameT+=g+*$7S 7,Q =e#*F7S 7,Q., and itis a cause the factor§4Ty, THTH, andSp#Ty are not inde-
transverse vectof#=T#. We should obtain the 108 inde- pendent from the others, these are not included in(E).
pendent structure functions in the previous section by thdhis fact could be seen that the obtained cross sections from
combinations of these Lorentz vectors and pseudovectorghese terms have exactly the same polarization and angular
However, because it is too lengthy to write them down andlependence as the other ones. The hadron tensdr is

all of them are not important in any case, we consider thexpressed in terms of the factofsB’, ..., andP as the

limit Q;—0. As we discuss in the end of this section, thecoefficients. However, in addition to the conditions in Eq.
same number of structure functions should be obtained as tH8.5), it has to satisfy the current conservation

one after integration ove® in Sec. Il. The transverse mo-
mentumQ+ is usually small because it is primarily due to the
intrinsic transverse momenta of the partons. Therefore, it is
roughly restricted by the hadron sirasQ=<1/r.

A In the EasQT—>O, the situation becomes simpler becauseNoting the relationsQ-Z=Q-Sy;=Q-Sg7=Q-To=Q-Tj
|X| and|Y| are proportional toQ; and X°=Y%=0 in the =0, we obtainK=A/Q? andL=M=N=0=P=0. Using
dilepton rest frame. It means that we do not have to take intthese relations and adding the current conserving teyffis
account the vector&* and Y# in analyzingW**. Further- —Q*Q"/Q? andg*’— Q*Q"/Q?—Z#Z"/Z? into the hadron
more, the hadron tensor has to satisfy the conditions tensor, we have

Q,W~¥=0. (3.9

094026-7
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The\, and\ g are the helicities of the hadrodsandB, the

neyv
WHY = — | gh?— Q (3 A momentaP ™ andP~ are defined by~ =(P°+ P3)//2, and
Q 5 is defined bys*=[0,1,0;] and 8* =[1,0,0;] in the ex-
(zezv 1 Q*Q” pression ofa*=[a_,a, ,éT]. The helicity and the trans-
T2 3 T A2 verse vector have the relatiorf+|S;|2=1. TheA, andA,
Z T )P have the relatiorf+|S;|2=1. TheA] andA,
” terms are combined so that the quanti- ) and the
+ZTiC+ 2Ty D + 2k E+ ZirSyL F constantSi=—1 become a typical quadrupole term 2(2
) ] —3\3)/3. TheSE term is not included in the first line of Eq.
| stsy - ESB Sar| grr— Q*Q" Z2fZ G (3.10 because it is merely a constant. In obtaining the last
ToBTT 58T 8T 9 Q2 72 line of Eq.(3.10, the relations
[ 1TeY4 w7V >
| sesg—slgl| g L 22 =(0,0JZ)),
| QZ 22
[ Q,uQV ZHZV §AT: |§AT|(COS¢A1 Sin¢A ’0)’
+| T SH—Ta- Sar| 9#"— Q2 T
Sgr=|Sg1l(cOSg ,Singhg ,0),
S{”“TV}J. (3.9

. ) Ta=Q|Z||Sa7l(singpp,— cOSPA,0),
In this way, we expressed the hadron tendtt” in terms of
the ten coefficient#\,B, ..., andJ. However, these coeffi- - o .
cients could still contain the spin factors in scalar or pseudo- Tg=Q|Z||Sgr|(sin¢g,— cos¢g,0) (3.12
scalar forms. For example, the coefficiehtis obviously a
scalar function. We consider possible scalar combinationare used. Because the coefficidhis in W*” of Eqg. (3.9)
among 1,Z, Sa, Sg, Ta, andTg up to the order o5, and  without multiplication of any spin factor, it is written in the
S, then a structure function is assigned to each combinasame form as Eq3.10:

tion:
MaMg
M M B=Bl+ Z Z'SAZ'SBBZ_SAT'SBTBS
A=A+ 22 = A B 7.5,7-SeAy— Sar- SarAs S
S
8M§(Z'SB)2+4 2B+ Me Z-SgTp-Sp7B
2 . 2 YV a>B AT "5 & A’ TS5
8M3z(Z- Sp) , Mg Z.5,Tx SurA SZ(Q'PB)Z 3 ZZQ.PB
2 2 4 2 B'A T\
s%(Q-Pg) Z°Q-Pg

1 N -
MM =B+ Z)\A7\BBZ+ |Satl|Serlcod pa— ¢p)B3
_Al+ Z Z SAZ SBAZ SAT‘SBTA3
S

2 L e
§ (2|Sg7/2—N3)B4+ Ng| Satl|Serlsin( pa— o) Bs.
BMe(Z So)® 4 Ayt ——7.S5Tx Sg7A
2(Q-Pg)? 3 B |4 72Q- Py Bl A 9BTAS (3.13
1 L In the case of the coefficiel@, the spin factoiS, is already
=Art 7 M aNgA2t [ Sarl|Serlcod ¢a— de)As multiplied throughT, in Eq. (3.9). Therefore, the hadroA-
spin factor cannot be used any longer and it becomes
2 . .
+ = (2|Sg7/2 = N3) A+ Ng|Satl|Se1lSin( pa— Pg)As,
3 |Serl 8)Aq+ Ng|Sarl| Serl AT PB)As - 1 {C |8Mé(Z~SB)2+4 2](;
== 1™ 9B ( -2
(310 Qz2 " | s(Q-Py)? 3
where the spin vectors are decomposed into the longitudinal _ 1 2 2 2 2
and transverse components by - 177 §(2|SBT| —Ng)Cy. (3.19
SA=NaPA/Ma+Sir— 8% (AaMa/PR), The factor 10?72 is multiplied so as to cancel the kinematic
factor which appears in calculating 8/(—kik;)(Z T
SE=NgPgE/Mg+Sgr— 84 (A\gMg/Ppg). +Z;T,;) for obtaining the cross section. Noting that the co-

(3.11 efficient D is multiplied by the spin factoBg, we have
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Do [D MaMs o S.D,— Sar-SuD
QZZ{ 1 > AL SDo—Sat1- Sp1D3
+ ! [D +l)\ AgD
=T 55 YiT 7 AaANBY2
Qzpl 4
+|Satl|Serlcos pa— ¢g) D3| (3.19

PHYSICAL REVIEW D 59 094026

Now, we are ready to calculate the cross section by sub-
stituting the coefficient#\,B, ..., andJ into Eqg. (3.9 and
then by using Eq(2.7). The lepton momentunk is ex-
pressed in the polar coordinate as

(3.17

Calculating the cross section, we find redundancy in the
structure functions. As the coefficient of the 2 8icos6
term in the cross section, we have the factor

k=|K|(sin 6 cos¢,siné sin¢, coss).

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

other coefficients:

QMg 1
= Z-SgE1=— =g E4,
72Q.P, SeE1 7e
QMa QMg
=— = ARt 3 Z-SgF»
Z°Q-Py Z°Q-Pg
1
T2 Ta-Sp1Fs

1 = =
— = [NaAF1+AgF2+|Sat||Sprlsin( ¢a— ¢e) F3l,

|1Z]
G=2G,, H=H, l=——"& ;g _ "8,
1 1 ZZQ.PB B'1 |2| 1
Ma Aa
J= A 7.80,= A3, (3.16
Z?Q-Pa QlZ]

where the coefficientg, F, |, andJ are pseudoscalar quan-
tities.

Sin(¢— )| Sarl[C1+2(2| Srl?~A3)C,/3]
+ | Sat]|Se1/2[SiN( ¢ — p) COL pa— ) D3
+ cog ¢— ¢p)Sin(da— ¢pp)F3]
=sin(¢— ¢p)|Satl[{C1+ (D3~ F3)/6}
+2(2|Sgr|?~N§){Co+ (D3~ F3)/4}/3]

+|Sarl|Sar|? sin( ¢+ pa—2¢5) (D 3+ F3)/2.
(3.18

This equation means that only three of the functi@ns C,,
D5, andF5 are independent because we could redefine the
functions asC;=C,+(D3;—F3)/6, C;=C,+(D3—F3)/4,
and D;=(D3+F3)/2. This is the same as taking;=Dj
without losing generality, therefore we simply usg=D in
our formalism. In this way, the hadron tensor is written in
terms of the 22 structure function8; ,A,, ..., andJ;. In
order to avoid confusion, we mention that the functiéns
F,, F3, andG; are nothing to do with those structure func-
tions in the lepton-nucleon scattering.

The physics meaning is not clear in the notations
Ai,A,, ..., andJy, so that they are expressed in terms of
the notations similar to those in Ref®,11]:

A=Wy, A2—V0 o A= Vo 0 A4=V§,§°: ASZVg,(gl’

Bi=W,o, Bp=Vz5, Bs=Vyp, B4:Vg§01 BS:V;EI’

Cl_U21r C2:U;c1207 Dl_U211 D2:U|2_317 D3:UZ,?2'

El_U21v U21' FZZULZJ,?l'

Gi=Uy%% Hy=UJJ, 11=U;3, J=U,%. (3.19

The functionsW, V, andU indicate an unpolarized structure the unpolarized reaction. The superscripts indicate the polar-
function, a polarized one without the spin fact@sandT# ization states oA andB, e.g.,UP & The superscripts,

in Eq. (3.9), and a polarized one with the spin factor. The L, andT indicate unpolarized, Iongltudlnally polarized, and
subscripts of these structure functions indicate, for exampletransversely polarized states. The quadrupole polarizations
thatW,_\ is obtained by/d€ Y,y do/(d*Q dQ) Wy in Qo, Q4, andQ,, are specific in the reactions with a spin-1

094026-9
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hadron, and they are associated with the quadrupole terms in Q, for sir Bg~Yq,. (3.20
Sec. II:
Qo fortheterm 3 co$B8g—1~Yy, Using these structure-function expressions, we finally ob-
Q, for sinBgcosBg~Y,, tain the hadron tensor as

2
BMB(Z'SB)2 i 2 VUQO
$(Q-Pg)? 377/ 00

14 14 QMQV MAM B
WHY = — { gy — Wo ot ?Z SaZ- SBVB,%— Sat* SBTVH)_

Zrz7 1

zz 3

Q*Q”
Q2

wv_

MaMg
:| [ W2,0+ ?Z * SAZ * SBVE,LO_ SAT' SBTV-ZI—I)

8M3(Z-S5)2 4 Mg
| e SR W 7.5, Ta SV
2(Q-Pg)2  37°) 20 72Q.Pg 20
205 a2
—Z{"T;} 1 |U;li_ M_,_i é)U;?O]
Q222 7 | QP 3777

1 M AM VQ?M
—zlety [y uyT+ SAZZBz-sAz-sBU;fflanAT-sBTu;‘fZ]+z{ﬂs,§}TZZQQ PBz.sBu;L1
B

7z

VQ*Ma VQ*Msg 1
v LT uQ TQ
+Z{'MSB}T[ _mz SAU21+Z ~PBZ SeUpp Jo%z2 Ta-SgrU,3°
, , QFQY ZFZ™ |y , QFQY ZFZ”
- ZSgTSBT_SéT( 9" Q? T2 Uz,gz_ el — Sat- Ser| 9% Q2 T2 22
Q*Q" Z¥Z")\| Mg T
—| THSE—Ta- Sar| g~ — Z-SgU ot
ASBT 1A BT(g Q2 22 | |z20.p, B
+S{B“TTB} Q.P. Z SAULQZ (3.2

Substituting this expression into E.7), we obtain the Drell-Yan cross section

do a?

d*Qd0  2sQ?

1 o -
( 2{Wo,o"‘ Z)\A)\ BVI(S,IE)+ |Satl|Se1| cOS pa— d’B)V-lO—,-{)

+= <2|sm|2 N3V oo+ |SatiN gl Serlsin( ga— ¢B>VTQl}

+

1 1 .
53— cos e) [W2,0+ 7N aeV5 ot [Sarl|Ser] cos A= e) V3G

+= (2|SBT|2 NIV 30+ SarlNal Serlsin( pa— ¢B>VTQ1}

+2 sinf cosé

- 2 .
sin(¢—¢A>|sAT|(u;‘i+§<2|SBT|2 B>UTQ°)

. = 1 H a S
+sin(¢— ¢>B)|SBT|( UST+ 7haksU53" | +SiN(6+ da—2¢5) Sarl|Serl U5 37

+cog ¢— ¢A)|§AT|)\BU;,L1+ cog ¢— ¢B)|§BT|()\AU 1t )\BUUQl)
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+5ir? 0 [cOS2¢—2¢g)| Sp1/2U; 52+ COL 26— a— bg)| Sarl | Ser|UT )

+ Sin(2¢p— pa— )| Satl el Sorl Uz 51+ SiN26h — 2¢he) MalSerl U5 321 (3.22
|
Using  Aa=|Salcosfs,  Ag=|Ss|cosbg, |Syy| ~ asymmetries are not taken into accol@)]. As it is obvious

& e & 1@ |ei . . from the cross section in Eq3.22), there are many other
tthﬁLSIl;ti%Ar{s?gSLSEﬂ ZBLS?AQB I;Biq%(_sg:" aarr\]((jj r:;:ilg spin combinations in the reactions with spin-1/2 and spin-1
N . - ' ! hadrons(proton and deutergn

ag, We obtain essentially the same equation as(EQJ). : X . L
In this way, we find that 22 structure functions exist in the First, the expressm.n of our unpolarized cross section is
Drell-Yan processes with spin-1/2 and spin-1 hadrons in théhe same as thep one:

limit Qr—0. We can repeat the analysis of this section by do o?
taking the integral oveQﬁT first. However,X* and Y* are < >=2 7
s

%— cog G)Wz,o}.

averaged away by théT integration. It means that exactly 42
the same formalism can be applied without taking into ac- '
count the vectorX* andY* except for the replacemeri8]  The longitudinal double asymmetry may be defined in the
WOO_)WOOZIdQTWOO! WZOHWZO:fdQTWZO! and others. Similar Way as the pp case: A{_L:[O'(T,_l)_O'(T,
This is the reason why the same number of the structure-1)]/[o(7,—1)+o(T,+1)]. However, this is not an ap-
functions are obtained after taking the ling—0 as dis- propriate way to investigate the longitudinally polarized par-
cussed in this section and after the integration d{)er(or ton distributions because the tensor distributipncontrib-
®) as discussed in Sec. Il. utes to the asymmetnA | . This asymmetry definition is

Because there exist 11 structure functions after(ihe used in analyzi_ng ;c]he p(_)larized Iepton-d(_aut.eron scattering
integration in the Drell-Yan processes of spin-1/2 hadronsdata for extractingy . Strictly speaking, this is not an ap-
there are 11 new structure functions in the reactions of spinPropriate way of handling the data. In order to avoid this
1/2 and spin-1 hadrons. In thep Drell-Yan processes, the Kind of confusion, we use(2r) in the denominator for de-
structure function&)]4 andU$1 are identified withus% and ~ fining the spin asymmetry. From the relation
UEL{ Ther.efore, there exist essentig!ly nine structure fu_nc— 2y =0(1,+1)+0(1,—1)
tions. In this sense, there are 13 additional structure functions
in our Drell-Yan processes. As it is shown in £§.22), the 1
11 new structure functions are related to the quadrupole po- + §[ZU(T’O)_U(T’Jrl)_U(T’_l)]’ 4.3
larizationsQq, Q1, andQ,. In order to measure these struc-
ture functions, various longitudinal, transverse, and intermethe term Zo) agrees with the usual denominaie(l —1)
diate polarization reactions should be combined. These are ¢(7+1) if the quadrupole asymmetry can be ignored:
key structure functions to clarify the tensor structure of thel20(1,0)—o(1,—1)—o(T,+1)|<6(c). In this way, we

| ow, ot
d*Q dO A

spin-1 hadrons. define amodifiedspin asymmetry by using the denominator
2{o). Then, the longitudinal doubleL() spin asymmetry
IV. SPIN ASYMMETRIES becomes
In the previous sections, we have derived the expressions o(TL,—1)—a(TL,+1)
for the Drell-Yan cross sections in Eq&.31) and (3.22. A= 2(c)
However, it is not straightforward to see how each structure
function can be measured. In this section, we discuss the 2Vt (1/3— cogo)V5

(4.9

relations between the structure functions and possible spin =
asymmetries. Because the Ralston-Soper type notations seem

to be more popular, we use the cross-section expression Where the subscripts of_, +1,, and —1, indicate the

Eq. (3.22 for discussing the spin asymmetries. P o : ; .
In the proton-proton Drell-Yan cross sections, there areIong|tud|nal polarization. Experimentally, it may be easier to

: . o . obtain the usual asymmet#, rather than the above one.
merely the following spin combinatiori$,10,19: Because the quadrupole effects are considered to be small,

(o), AL, Arrs Aurs Ar (in pp), (4.1) fthe_result would not bel changed significantly even if Auy _
is simply replaced byA/, . However, the tensor structure is
where(o) is the unpolarized cross sectioh,, (Aq) isthe  the major point in studying the polarized spin-1 hadron, so
|0ngitudina| (transvers}gdoub]e Spin asymmetr)A,LT is the that its contributions t(A(_L should be Carefu"y taken into
longitudinal-transverse spin asymmetry, ahgis the trans-  account. If the cross section is integrated o@ar, the de-
verse single spin asymmetry. Here, the parity-violatingnominator of Eq(4.4) is expressed in terms of the unpolar-

A[2Wo ot (1/3— co20)W, )
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ized quark and antiquark distributiorfs and f, as AW, :th'(ﬁ"g isrnAot ?It‘aedi\ier)‘ if trﬁ spjrnla%//r\(wgget;)y isHtaken in
1 v YVl 1 —_— . e adro . o\l L)~ OU|L> L ag)). ow-
+(3— CoS )Wp0=(1+ oS’ )We=(1+ cos’ 0)?Eae§f1f1 N ever, the situation is different in the transverse double spin
a parton mod_e[ll]. Our pa_rton-model ana|y5|s of the reac- asymmetry. If the asymmetry is taken in the hadBwith a
tions with spin-1/2 and spin-1 hadrons will be reported Nfixed transverse polarization of the hadranthe transverse

Ref.[21]. )
In theLL asymmetry, the structure-function expression ofdoUble (T'T) spin asymmetry becomes

_U(¢A:0!¢B:O)_U(¢A:Oa¢8277)
Amr= 2(0)

1
/ |:2W0’0+

3= cos G)Wz,o}-

V3 o+ sin? 9 cos 2pU; y+2 sinf cose singUs |

1
=[2vg},+(§—co§0

(4.5

Hereatfter, if¢, or ¢g is indicated in the expression of pol, ,pols), it means that the hadrghor B is transversely polarized
with the azimuthal angleb, or ¢g. It should be noted that the transverse asymmetry is not equal tG4ESy.if the spin
asymmetry is taken in the hadrén-

0(hpa=0,05=0)—0(pa=7,¢5=0)

A= 50a) V} 0+ sirfg cos 2pUJ )

3

1
/ [2W0,0+

1
=[2vg})+(——co§0

4
3

=— cos?@)wz_O . (4.6)

+ 2 sind cos# sin ¢ U;l{Jr 3

TQo TQ,
U 21 +U 2,1

It is cumbersome to handle the above transverse-transverse asymmgtreandAr () because other structure functions mix
with the TT-type ones. In order to separate tha type, the following parallel transverse-transverse asymmetry should be
studied:

1 [U(¢A:Oa¢B:O)+U(¢A:7Ta¢B:7T) 0'(¢A:771¢B:0)+U(¢A:Oa¢8:77)}

T 2(a)| 2 2
2V{ o+ (1/3— cog 0)V; o+ sir? 6 cos 2pU3 ) @
2Wj o+ (1/3— cog )W, ' '
Furthermore, théJ ;TZ part can be separated by the perpendicular transverse-transverse asymmetry
N 0(Ppa=0,dpg=72)+ o(Ppp=m,dpg=372) o(Ppp=m,pg=72)+ (Ppp=0,pg=37/2)
ATT: 2 - 2 (2<0->)
sir? 6sin 2¢UJ T
¢ 2,2 4.9

" 2Wo ot (1/3— Co20)Wo o

The situation is also complicated, for example, in the longitudinal-transvé&rse §symmetry in the sense that different
types of the structure functions could contribute if the asymmetry is taken either in the hadmoimm-B. The optimumLT
andTL asymmetries are given by

1 [U(TLnff’B:O)‘*’U(lLvQﬁB:ﬂ')_ U(TL!¢B:7T)+0-(J,L1¢B:0)} 2 sind cosf cospU3 |

A = = = (4.9
tT2(0)| 2 2 2Wo ot (1/3— cog )W, 49
A 1 [o(pa=0,+1)+0o(pa=m,—1) o(¢a=0,—1)+0o(pp=m,+1)] 2sindcosfcospUs;
T 2(o)| 2 2  2W o+ (1/3— cog )W, o
(4.10
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by combining both spin asymmetries in the hadrérendB.  where the subscripts denateomponents of the hadron spin.
In the case of the asymmetAy, , we could have defined it The quadrupole asymmetf, is, therefore, defined by
in a simpler form aAr =Aq) =[0(pa=0,+1) —0o(Pa

:o,—lL)J/(2<a)), which becomes th_e saTnL1e equation as 1 o(s,+1)+o(*,— 1))
Eq.(4.10 in terms of the structure functiots, 7, Wy, and Aug,= 2o o(*,0)— >

W, . However, we should be careful about the definitions of

the LT and TL asymmetries. If the asymmetries are calcu- 2Vg§°+(1/3 co g)VUQO

lated by A yr=[o(TL,¢g=0)—a(TL,ds=7)1/(2(0)), = ’ (4.13
Aun=Lo(1L.¢a=0)—o(lL.ds=0)1/(2(a)), and A, 2Wp,* (113~ cog )W

=[0(pp=0,+1)—0o(Ppp=m, +1L)]/(2<(r>) there are

other contributions in addition tUz 1 0r U Therefore the where the average is taken over the ar@@n‘] the po]ar-
asymmetriesA( )7, Ay, and Ag, are not appropriate jzation state Q. If we wish to specify the azimuthal angle in
quantities for studying exclusively tHeT and TL structure  defining the asymmetry, it could be written as
functions. In the following discussions of this section onAyq,=[{o(*,¢s=0)+o(*,pg=m)2—{o (s, + 1) + o (e,
various asymmetries, the details are no longer discussed q L) }21/(2(a)). The situation is illustrated in Fig. 4. The
about a number of different possibilities. We simply showq, polarization is related to the difference between the lon-
the optimum asymmetries. gitudinal and transverse cross sections. This is a new asym-
In the single spin asymmetries, we express the unpolametry which does not exist in thgp reactions. We will show
ized state explicitly, for example, as,1 which is the trans- in Ref.[21] that this asymmetry is related to the distribu-
verse single spin asymmetry for the hadi®nlt is because tion. This quadrupole asymmetry is one of the interesting
Ayt andAqy are in general different in our case although it quantities to be investigated in our reactions. Thestruc-
does not matter in thpp. Then, the single spin asymmetries ture function will be studied in the polarized lepton-deuteron
become scattering by the HERMES Collaboratip22]; however, the
experimental accuracy may not be good enough to find the
small quantity. Therefore, the idea is to use an accelerator

o(*,pg=0)—0o(*,pg= ) with enough beam intensity. A realistic possibility is to mea-
Aur= 2(a) sure it in the ELFEEIlectron Laboratory for Europeroject
[23] or in a similar ong24]. However, these projects have
2 sin®@ cosé sin ¢UUT not been approved yet. It would take several years to start

(4.1 investigatingb, experimentally by considering the present
situation. The polarize@d reactions are the timely and pio-
neering works if they are studied in the next generation
RHIC-SPIN project.

A= 0(pp=0,%)—o(pa=,*) In the same way, transverse-quadrup®le (TQ,) asym-

v 2(o) metry is given by

 2Wo ot (1/3— cof )Wo'

; ; TU
2 sinf cosf singU, 3

= , (4.12
2Wo o+ (1/3— coS )W, o 1
ATQy= m[{a( $a=0,0) — o(pp=,0)}/2
where the solid circle indicates the unpolarized case. _ _
— 0,+1,)+ 0,—-1
In defining the quadrupole spin asymmey, we con- {o(da L olda L)
sider the parton-model definition of tig structure function —o(pa=m,+1)—a(pa=m,—1)}/4]

with the tensor distributiof5] 6q=[do—(d+1+09-1)/2]/2, T
2 sindcosfsinpU, 7 Q

z  2W o+ (1/3— cog 0)W2,0'

(4.19

Here, the o(¢,,0.) term cannot be replaced by
[0(Pa,Ppg=0)+0(da,pg=m)]/2 as was discussed just
y after Eq.(4.13. If we would like to specify¢g, it should be
replaced by[o(pa,dg=0)+0o(Pa.dp=m/2)+0(Pa,PB
=m)+o(dp,pg=3m/2)]/4 in order to cancel out the
Q,-type structure functions.
We find other peculiar asymmetries and structure func-
FIG. 4. Quadrupole asymmetfy,. The arrows indicate polar- tions. There are structure functions which do not exist in the
ization directions of the hadroB. transverse and longitudinal polarization reactions; however,

X b
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pA
12 I]
n/4 | /4
3/4, 3m/4 y y
/I; """""""""""""""""" L
X X
FIG. 5. Quadrupole asymmetfy;. The polarization vectors are FIG. 6. Quadrupole asymmet(,.

in theyz plane.

1
o _ _ o o R _ N _
they can exist in the intermediate polarization reactions in Aro, 8(¢r>[ 7($a=0.11)+0($a=0.l2)

Fig. 5. The single spin asymmetry for the intermediate po-
larization is to(pa=m11)—o(pa=m12)+0(pa=0,l3)

—0(Ppp=0,l) —o(pa=m,13)+o(pa=1,14)]

. . uQ,
a(s,11)—o(,13) sing cosdsingU, ; 0 T _ T
Auo. = = v 2V A+ (1/3—~ co )V, 2+ sir? 6 cos 26U
v 2(a) 2Wo o+ (1/3— cog )W, _ 2Voo WVag 222
(4.15 2[2W, o+ (1/3— cog 6) W, g

where the intermediate polarizations are denoteld asid| ; (.17
and they are shown in Fig. 5. The longitudinal-quadrupole There are other interesting asymmetries which are related
Q; (or intermediate asymmetry is to the quadrupole polarization in the transverse plane. There
are structure functions with the sinfg) or cos(2pg) factor
in Eq. (3.22. These terms vanish if the cross-section differ-

A,_le %[U(M J)—a(li ) —o(lL.13) ence is taken between those of the opposite transverse polar-
izations, pg=0 and ¢g= . They are associated with the
+o(l i d)—a(TL ) +a(TL, 1)+ o(TL,13) difference betweenpg=0 and ¢g=m/2 cross sections as
illustrated in Fig. 6. The single quadrupole asymmedxyis
—o(TL,14)] defined and it is expressed in terms of our structure functions
sin 6 cosé cos¢pU ;gl .16 as
= ' : 1 |o(s,¢g=0)+o(*, =)
A[2W, o+ (1/3— cog )W, o] Aug,= 2<U>{ 5
where the additional polarizations andl, are also shown a(e,pg=7l2)+o(*,pg=37/2)
in Fig. 5. The asymmetry definition is more complicated than B 2
the one in Eq(4.15 in order to cancel out other contribu- . vo
tions. In the same way, these intermediate polarizations sin? 6 cos 2pU 2,22
should be combined with the transverse polarization states of = 2W o+ (1/3— cog 6)W. : (4.18
the hadrorA for obtaining the transverse-quadrupQe (or 0.0 20
intermediatg asymmetry: In the same way, the oth€), asymmetries are given as

1
ALQ2: W[U(TL1¢B:0)+U(TLv¢B:7T)_0'(TLu¢B:7T/2)_U(TLv¢B:37T/2)_0'(lLv¢B:0)

sir? 6 sin Z(bU;gZ

— = =7/2 =3ml2)]= .
o(lL,pg=m)+o(lL,dg=m2)+0(|L,pg=37/2)] 2Woot (13— 002 )Wy (4.19
1
ATQ2:W[U(¢A:Oa¢820)+U(¢A:oa¢B:77)_0'(¢A:01¢’B:77/2)_0'(¢A:0a¢B:37T/2)
—0(pa=,0g=0)—0(Pp= 7, pg=m) + 0(Pppa= 7, Pg=7/2) + 0 (pp= 7, pg=37/2)]
2 sinf cosé sin ¢U;?Z
: (4.20

" 2Wo ot (1/3— co20)W, o
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We have found that there are a variety of polarizationuntil our studies. It is now possible to discuss the relation
asymmetries in our Drell-Yan processes in comparison wittbetween the polarizedd Drell-Yan asymmetry and the po-
those in thepp reactions. We propose that the following larized flavor asymmetry.
asymmetries be measured for finding the structure functions: Because the structure functions of the spin-1 hadrons have

not been well studied, it is important to investigate more
about their spin structure theoretically. Furthermore, the ex-

(o), ALL, Art, AL, Aqe, perimental possibility of the polarizegd reactions should
be discussed seriously, especially at RHI2].

Aut: Atus Augy Aty Aug,: V. SUMMARY

We have shown that 108 structure functions can be stud-
ALo.. Ao, Auo., ALo., Aro.. (427 ledin the polarized Drell-Yan processes with spin-1/2 and
QT Q2 Q2 TR, spin-1 hadrons. Because the number is 48 in the reactions of
The new structure functions with tensor structure could be&Pin-1/2 hadrons, there are 60 new structure functions. After

found by the quadrupole polarizatio®, Q,, andQ,. For  integrating oveQr or after taking the limiQr—0, we have

asymmetryA o in Eq. (4.13. It should be associated with methods with the requirements of Hermiticity, parity conser-
Qo vation, and time-reversal invariance. Because the number is

the unobserved structure functiti, so that it is important 13 i, the processes of spin-1/2 hadrons, there are 11 new
to measure it in the hadron-hadron reaction. In additiongycyre functions in the reactions of spin-1/2 and spin-1
there are interesting quadrupole polarizations. There exig{adrons. We have shown that these are related to the tensor
structure functions for the intermediate polarizat@p and  strycture of the spin-1 hadron and they can be measured by
one of them could be investigated, for example, by the asymthe quadrupole polarization experiments. A number of spin
metry Ayg, in Eg. (4.19. The Q; structure functions are asymmetries were shown for extracting the new structure
related to the quadrupole polarization in the transverse planénctions. The quadrupole spin asymmetries with @

and one of them could be measured by the asymni&jgy, Q:, andQ, polarizations are valuable for measuring the ten-

in Eq. (4.18. In this way, it was revealed that there are manysor structure functlons_. Itis als_o interesting to f|n_d the struc-
ture functions for the intermediate polarizations in the sense

unexplored topics in the DreII-_Yan processes with a .Spm'.lthat they do not contribute to the longitudinally and trans-
h_adron. A parton-model analysis of the structure fL_mct|ons I%/ersely polarized cross sections. In this paper, we have dis-
discussed in Refl21]. However, .further investigations are cssed generally what kind of structure functions is investi-
necessary on the structure of spin-1 hadrons and relations {0 in the polarized processes with spin-1/2 and spin-1
various reactions with them. o _ _hadrons. We hope that our studies will be materialized ex-
A bonus of our formalism is the possibility of discussing perimentally as the polarized proton-deuteron reactions in
the u/d asymmetry{25] in the longitudinally polarized and the RHIC-SPIN project and also other future projects.
transversity distributions by combining tipg andpd Drell-
Yan data. It is well known that the proton-deuteron Drell- ACKNOWLEDGMENTS
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