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Structure functions in the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons.
[I. Parton model
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We analyze the polarized Drell-Yan processes with spin-1/2 and spin-1 hadrons in a parton model. Quark
and antiquark correlation functions are expressed in terms of possible combinations of Lorentz vectors and
pseudovectors with the constrains of Hermiticity, parity conservation, and time-reversal invariance. Then, we
find tensor-polarized distributions for a spin-1 hadron. The naive parton model predicts that there exist 19
structure functions. However, there are only four or five nonvanishing structure functions, depending on
whether the cross section is integrated over the virtual-photon transverse monﬁ@nmmlhe limitQ;—0 is
taken. One of the finite structure functions is related to the tensor-polarized distribytiand it does not exist
in the proton-proton reactions. The vanishing structure functions should be associated with higher-twist phys-
ics. The tensor distributions can be measured by the quadrupole polarization measurements. The Drell-Yan
process has an advantage over the lepton reaction in the sense that the antiquark tensor polarization could be
extracted rather easilyS0556-282(199)05815-4

PACS numbeps): 13.85.Qk, 13.88te

[. INTRODUCTION study how spin asymmetries can be expressed by the parton
distributions.

Spin structure of the proton has been studied extensively. First, the hadron tensor is obtained in the parton model by
Although it is still not obvious how to interpret the proton finding possible Lorentz vector and pseudovector combina-
spin in terms of partons, it is important to test our knowledgetions in Sec. II. Then, the cross section is calculated by using
of spin physics by using other observables. The spin structhe hadron tensor. Second,awe derive the cross-section ex-
ture of spin-1 hadrons is a good example. In particular, tenpression by integrating ove®; or by taking the limitQy
sor structure exists for the spin-1 hadrons as a new ingredi-, g in Sec. IiI. Third, using théT-integrated cross section,

ent. However, it is not clear at this stage hoy\( to describe it inye express the spin asymmetries in terms of the parton dis-
a parton model although there are some initial stufliestl.  triputions in Sec. IV. Finally, our studies are summarized in
In this sense, the studies of spin-1 hadrons should be a chatec. V.

lenging experience.

On the other hand, the BNL Relativistic Heavy lon Col- Il. PARTON-MODEL DESCRIPTION
lider (RHIC) will be completed soon and new proton-proton OF THE DRELL-YAN PROCESS
(pp) polarization experiments will be performed. As a next-
generation project, spin-1 deuteron acceleration may be pos-
sible[5]. With this future project and othef$] in mind, we Parton-model analyses of the Drell-Yan process with
have completed a general formalism for the polarized DrellSPin-1/2 hadrons were reported by Ralston-Sopef,
Yan processes with spin-1/2 and spin-1 hadrons in R@f. Donohue-Gottliet9], and Tangerman-Mulder§TM) [10].

It was revealed that 108 structure functions exist in the reac! order to clarify the difference from the spin-1/2 case, we
tions and that the number becomes 22 after integrating theiScuss our Drell-Yan process along the TM formalism. We

cross section over the virtual-photon transverse momenturff®nsider the following process:

Q- or after taking the limitQ;—0. A(spin 1/2+B(spin h)—I"1"+X, (2.1

The purpose of this paper is to clarify how these structure
functions are related to the parton distributions in the collid-whereA andB are spin-1/2 and spin-1 hadrons, respectively.
ing hadrons. In a parton model, it is known that the unpolar-They could be any hadrons; however, realistic ones are the
ized distributionf, (or denoted asj), the longitudinally po- ~ Proton and the deuteron experimentally. The description of
larized oneg, (Aq), and the transversity orfe, (A1q) are thl_s paper can be applied to any hadrons with spin-1/2 and
studied in thepp Drell-Yan processes. In addition to these, SPIN-1. _ _ S _
the tensor distributiorb; (5g) should contribute to our _ Although the formalism of this subsection is discussed in
Drell-Yan processes. In the following sections, we obtain theRef.[10], we explain it in order to present the definitions of
cross section in the parton model and then discusslhois ~ Kinematical variables and functions for understanding the

related to one of the structure functions in R@f. We also ~ Subsequent sections. The cross section is written in terms of
the lepton tensok ,, and the hadron tensoW*” as[7]

A. Drell-Yan process

* ; ) ; do a?
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where a=e?/(4m) is the fine-structure constans,is the It is convenient to introduce the light-cone notati@n

center-of-mass energy squared (P,+Pg)?, Qisthetotal —=[a~ a*,a;], where a*=(a’+a%/\2. The transverse
dilepton momentum, anf is the solid angle of the momen- vectora;=[0,0a] is projected out by

tum IZ|+— IZF. The hadron and lepton masses are neglected in WUy m 5
comparison withs and Q% M2 ,M3<s andm?<Q?2. In or- Or =g —hn-—n,n- 29

der to compare with the TM results, we use the same notag i, N, =[0,,0:] andn_=[1/x,0,0:], where k= Xa/Xg

tions as many as we can. Three vectefs y#, andz* are  in the center-of-momentuift.m) frame. The transverse vec-

defined as tor is orthogonal to the hadron momenta;- Py=ar- Pg
=0. Furthermore, we defing{"” as

= -z gr' =gt - QrQ + 247, 2.6
(23 which projects out the perpendicular vectwdt=g/{"ar,. It

whereX#, Y, andZ* are given in Ref[7]. The Z* axis  is orthogonal to the vector® andi: a,-Q=a, -z=0. Be-

corresponds to the Collins-Soper chofdd] and these axes cause the transverse projection is equal to the perpendicular
N H MV __ LV

are spacelike in the dilepton rest frame. In the same \@ay, one if the 1R term can be neglectdd;”=g1"+O(1/Q)],

X:U':— g/l’“:—

we use the approximatioa, =~ay in the following calcula-

is defined b . .
y tions. Nevertheless, the perpendicular vectors are often used
Q~ because they are convenient due to the orthogonal relation.
Quz . (2.4)  The lepton tensor is expressed in terms of these quantities as
VQ [10]

2 - a1
L#v=2K{ k|- + 2K/ ki~ — Q%gH"= — % (1+cog6)gh’—2 sirf§z*z"+ 2 sirf§ cos 2¢( XFX+ zgf”)

+ sir? 0 sin 2¢x*y " + sin26 cospz!#x™ + sin26 sin gpzi#y " |, 2.7

where # and ¢ are polar and azimuthal angles of the vectorcount in order to compare with the experimental cross sec-

ki+—k -, and the notatio\{#B" is defined by tion. Its contribution is included in discussing the spin
(ar) asymmetries in Sec. IV. The first process contribution to the
ABY=A*B"+A"B~. (2.8)  hadron tensor in Eq2.9) is
The hadron tensor is given by 1
a'e o= 3 sl [ dtad®hoot ke Q)
W,uv:f eIQ-§ a,b
(2m)*

XTI D o a(PaSa:Ka) ¥ Prys( PeSe ;kp) ¥"],

X (PaSa;PgSs|J*(0)JI"(£)|PaSa;PgSs). (2.10
(2.9

, i wherek, andk,=ky are the quark and antiquark momenta,
whereJ* is the electromagnetic current, and the hadron mosa olor average is taken by the factor 2/ (1/3)?, and
menta and spins are denotedRs, Pg, Sy, andSg. The ’

analysis of the hadron tensor is more complicated than the
one in deep inelastic lepton-hadron scattering because it con-
tains the currents with two-hadron states. The leading light-
cone singularity originates from the process that a quark
emits a virtual photon, which then splits intél ~. However,

it does not contribute to the cross section significantly be-
cause the quark should be far off-shglR]. The dominant
contribution comes from quark-antiquark annihilation pro-
cesses. In the following, we discuss the hadron tensor and
the cross section due to the annihilation procegsn A)
+q(in B)—I"+1" in Fig. 1. Of course, the opposite pro-
cessq(in A)+q(in B)—I1*+1~ should be taken into ac- FIG. 1. Drell-Yan process in a parton model.

P,S, P\Sy
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e, is the charge of a quark with the flavar The correlation  Link operators should be introduced in these matrix elements
so as to become gauge invarighf], although they are not

functions® . and®, are defined by8 > -OTNe ; .
A a/B ¥8] explicitly written in the above equations. It is also known

D o/a(PaSa i Ka)ij that they become the identity in the light-cone gauge. In any
" case, such link operators do not alter the following discus-
Ef § eika~§<PASA|E(a)(O) llf-(a)(f)| PASA), sions of this paper in a naive parton model. Figure 1 suggests
(2m)* J ' that the hadron tensor could be written by a product of

quark-hadron amplitudes. However, the matrix indices in the
trace of Eq. (210 look like [¢@(0)y{?(£)]a
d*s <[P Y (0)]s(7*)j(¥")i, which is not in a sepa-
Ef 2 )4e'ka'§<PBSB|l/fi(a)(o)%(a)(ENPBSB)- rable form. A Fierz transformatiofiL3] is used so that the
i index summations are taken separately in the hadfoasd
(2.11 B. Using the relation

®os(PeSs:ka)i;

Ay (Y i=

1
Li Ly + (i ys) i (Fys)ie— (¥ i (V)= (¥ v8)ji(Ya¥s) it E(igaﬁVS)ji(anBVS)lk g+ (Y5 (v ik

+ (Y y) i (¥ ys) it (10 ye) i (ia™ Lys)ic, (2.12

we factorize the hadron tensor as

1 .. I, _ _
WW=§ ;) 5b§e§f d?K, 1%k, 16%(Ka1+ Ky~ QT)H — Dol Y 1Pl Yol = Paal v* v5]1Poel Yavsl

1 _ _ _
+ Eq)a/A['Uaﬁ75]q)b/8[|0'aﬁy5] 9“7+ D gyal Y1 pyal ¥+ D gyal ¥ ¥5]1 Pyl ¥ s

+®yali o ys1Ppglic” Lys]|+O(1Q). (2.13

The definition of the brace is given in E@.8). For example, as it becomes obvious in the later sections of this paper.
the last term in the bracket is explicitly written as Although it is interesting to study the higher-twist terms

‘Pa/A[iU“{“Vs]q_)ﬂs[itf”}a)’s] =@ a0 ys | Ppplioc”yys]  [14], we leave this topic as our future project.

+ D yali o ys|Pylio* ,,vs]. The functionsd, 1] and
5b/B[F] are defined by B. Correlation functions and parton distributions

The hadron tensor is expressed by the correlation func-
tions in Eq.(2.10. We expand them in terms of the possible
Lorentz vectors and pseudovectors. The correlation function
®(PS;k) is a matrix with 16 components, so that it can be
written in terms of 16 &4 matriceq 13]:

N 1
D T0ckn =3 [ AT @], (214

_ - 1 —
®pe[T](xkr) =5 f diy T Ppe], (219 1 ot b (2.1
] ')’5. 7 ) 7 75’ ag ’YS' "

L S .
and we assumk, <k, andk, <k, in obtaining the factor-  gecayse the spin-1/2 hadron case was already discussed in

ized expression. The functionBya[1] and ®yaliys] are  Refs, [8-10], we investigate the correlation function for a
obtained asb /[ 1]~O(1/Q) and ®4[iys]=0 according  gpin-1 hadron. We discuss it in the frame where the spin-1
to the calculations in the next subsection, so that they are n¢{;qron is moving in the direction. Because the, , direc-
explicitly written in Eq.(2.13. As it is obvious from Ed. o is taken as the direction of the hadrérmomentum in
(2.13, we do not address ourselves to_the higher-twi_st termsgef. [7], it could mean that we assume the hadfoas if it
Because the Drell-Yan process of spin-1/2 and spin-1 hadere 3 spin-1 hadron in this subsection. Of course, appropri-
rons is not investigated at all in any parton model, we firsty;o spin-1/2 and spin-1 expressions are used for hadkons
discuss the leading contributions in this paper. We found 10854, respectively, in calculating the hadron tensor and the
(22) structure functions in generaafter integration over cross section. The correlation function is expanded in terms
Q1), and most of them are related to the higher-twist physicof the matrices of Eq(2.16) together with the possible Lor-
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entz vectorg an_d pseudovectcﬁ?’.‘_, k*, and S*. Howe_v_er, Tr(y ") =Tr(y ¥y )=0, Ty "y )=Tr(y y')=4,
these combinations have to satisfy the usual conditions of

Hermiticity, parity conser\{ation, anq time-reversal invari-  Tr(y*y1)=Tr(y y1)=0, Tr(yiyh)=—44l.

ance. In finding the possible combinations, we should be (2.20
careful that the rank-two spin terms are allowed for a spin-1

hadron. The reader may look at Ré¥] for the detailed Therefore, the trace Ty("P) becomes Try P)=4P".
discussions on this point. Considering these conditions, wéhen, introducing the momentum fractiorand the helicity
obtain the possible Lorentz scalar quantities. Then, the coet by k™=xP™ andS"™=\P"/M, we obtain

ficient A; is assigned for each term: -
Wy 1= [ di2kP) Artxag (e S07(Au XA

+A675[k:$]+A7kS'}’sP"’Ang’)’sk
+Agk- Sys[ P, K]+ Ao(k-S)?1+Aqy(k- S)%P whereM is the hadron mass. This equation is written as

) (2.21

- - A
_kT'STMAlii

N . 2\
+A12(kS)2|k+Al3kSS (Zln (I)[’y+]:f1(x,|z-|—2)+b1(X,ET2)|:@_g]
kT

>

For simplicity, the subscripta and A in &, momenta, mo- - kT.éT

mentum fraction, spin, and helicity are not written in this + (XK )A — (2.22

subsection. The spin-dependent factdesS)? andk- S Sdo

not exist in a spin-1/2 hadron, so that the terfg, Aqq, with the parton distributions

A1, andA,; are the additional ones to the spin-1/2 expres- R . _

sion in Ref.[10]. It means that the interesting tensor struc- fl(x,sz)zf d(2k- P){A,+k?A11/6+ X(Az+k?A15/6)},

ture of the spin-1 hadron is contained in these new terms.
With the general expression of E@®.17), we can calcu-

late ®[I'] in Eqg. (2.13. Because the new terms contribute

only to ®[ y“], its calculation procedure is discussed in the

following by using the light-cone representation. Thena- Cl(xrlsz): _f d(2k-P)A4;. (2.23

trices are given by12]

bl(x,IZTz)zf d(2k- P)KA(Ap1+XAg0)/4,

Because the integration variablé&-2 is constrained by the

0 o0 i 0 relation k;*+ k?— 2xk- P+x?M?=0, it is of the order of 1
0 ( . ) ;,T:( T ; ) ' despiteP " ~O(Q). In addition to the usual unpolarized par-
o 0 0 oy ton distributionf,, there appear new distributiohg andc,

which do not exist for a spin-1/2 hadron. The correlation

function ®[y*] can be also expressed by the quark prob-
0 -0 ability densityP(x,lzT) according to Ref[10]:

+0° 0

° 1
), ’Yizﬁ(yoiyg). )
(2.18 Py ]=P(X,Ky). (2.24
Integrating over the transverse momentﬁm we obtain

It is necessary to calcula®[y*], ®[y], and(I)[{/T] for 2 .
obtaining the®[y¥] term in Eq.(2.13. Substituting Eq. P(x)=f1(x)+bl(x)§(Z|ST|2—}\2), (2.29
(2.17) into Eq.(2.14), we have the expression fdr[ y*] as

where the relatiom2+|§T|2=1 is used and the functions
P(x), f1(x), andb(x) are defined by

1
oy 1= [ dk Ty @]
. P(x)= f A2k P(x, k),
= EJ dk_Tr[ ’)/+{A2P+A3k+ All(k' S)ZP

_ - 2
+ Ak S)2K+ Ak S (2.19 fl(x)‘f dkrfa(x,k3),

_ 21 2
The traces of the light-cong matrices are bl(x)_f d%krby(x,ky). (2.26
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It is obvious from the spin combination in E(.25 thatb; -,
is related to the tensor structure. Equati@®5 means that g1 (X, Kkt ):f d(2k-P)(A4/M),
the b, distribution is given by

grr(xke?) =~ f d(2k- P)M(A7+xAsg),

L P(X)r- e+ PX)s
bl(X):z P(X)\=0— = +1+ P(X)a 1

2 >
@21 (k)= | a2k P2(As +xAg),
Indeed, this definition of the tensor distribution agrees with hi (x k.2 :J' d(2k. P)2A
the one in the lepton-deuteron studigg On the other hand, 1L (X.k%) ( )2As,

¢, should be related to the intermediate polarization accord- .

ing to Ref.[7]. This distribution has never been discussed as hiT(X,kT2)=J' d(2k-P)2M?A,. (2.30

far as we are aware, so that it is simply nan®d The

interesting point of this distribution is that it cannot be mea-Because the explanations were given for ¢heand h, dis-

sured by the longitudinally and transversely polarized reactributions in Ref.[10], we do not repeat them in this paper.

tions. The optimum way of observing it is to polarize the TheA,,term contributes t@[ 1] as an additional term to the

spin-1 hadron with angles 45° and 135° with respect to thgpin-1/2 case; however, it is proportional @(1/Q). The

hadron momentum direction. However, as we mention inerms with®[1] and®[iys] are excluded from our formal-

Sec. 1V, it is difficult to attain the intermediate polarization jsm because the relatiods 1]~ O(1/Q) and®[i ys]=0 are

in the collider experiments if the deuteron is used as a spin-gptained by the similar calculations.

hadron because of its small magnetic moment. It is not |n calculating the Drell-Yan cross section, the antiquark

unique to express; in terms ofP(x,IzT). For example, it is ~ correlation function should be also expressed in terms of the

written by the distributions in the intermediate polarizationsantiquark distributions. It is obtained by using the charge-

I, andl; of Ref.[7] as conjugation property10,15. The antiquark correlation func-
tion in the hadrorA is related to the quark one in the anti-

hadronA by the charge-conjugation matr=i y2y°:
Dga=—C H(Pyn)'C, (2.3D

§ . ke .
POxke)i, = POk, = - sindiea(xke?), (228

whered, is the azimuthal angle of the vecﬂE)f. Because its where the superscrift indicates the transposed matrix. Be-
cause the quark distribution in the antihadron is equal to the

contribution vanishes by integrating the correlation function>" T TR . .

N ] o ) antiquark distribution in the hadron, the antiquark correlation
over Qy or by taking the limitQ+—0, it could be related to  f,nctions are expressed as
higher-twist distributions. This point should be clarified by
our future project. At this stage, we should content ourselves
with the studies of leading contributions because there exists
no parton-model analysis of the Drell-Yan process with a

4k Sp)? 2
k2 3

cIT[y*]:f_l(x,EfHa(x,ﬁTz)[
g

spin-1 hadron. The same calculations are done for the func- L K §T

tions®[ y~ ] and®[ y;]. However, these are proportional to +c1(x,kT2))\ TM ,

0O(1/Q), so that they are ignored in the following discus-

sions. |ZT,§T

The other correlation functions are calculated in the same  ®[ y" ys]= — g1, (X, k)X — Grr(X,K2)

way; however, the results are the same as those in[ Re}f. M
. , Pio"" ys]=har(x ki) Sy
DLy" ys]=PX k)N (X,Kr) =91 (X, k)N .-
P | > — -, K- Sr| Ky
. Kr- Sy +| hy (k)N + hi(x, k%) YRR
+ 917Xkt )T’
(2.32
Dlio* ys]=P(x,kp)S7 (X, k1) = hyr(x,k2) S, Furthermore, the anticommutation relations for fermions in-
T dicate ®;; (PSk) = —®;;(PS —k), so that the distributions
- -, k-S| k i i
/bt (RN +h (xR D) TMST VT iansfy the relation
f(x,ki%)
(2.29

_[_f(_x,'sz): f=fy, by, 917, hyr, and hiT!

Here,\ (x,ks) ands; (x,ky) are the quark helicity and trans- L2 _ 1
verse polarization densities. The longitudinally and trans- F=xke), f=cn gu, and hy, .

versely polarized distributions are given as (2.33
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In this way, we have derived the expressions of the cortributions exist in the same way as those of a spin-1/2 had-
relation functions in terms of the quark and anthuark distri-ron.

butions. As new distributions, the,, b, ¢;, andc, distri-
butions appear in the correlation functions. In particular, the
b, distribution is a leading-twist one and it is associated with
the tensor structure of the spin-1 hadron. On the other hand, Because the correlation functions in Eg8.13 are calcu-

the c, distribution is related to the intermediate polarizationlated, the hadron tensor can be expressed in terms of the
of Ref.[7] and it could be associated with higher-twist phys-parton distributions. Neglecting the higher-twist contribu-
ics. The other longitudinally and transversely polarized distions, we write the hadron tensor as

C. Structure functions and the cross section

v 1 2 20 A2 S2(L " = +1d - + y - m
WH :_§ ;) Opas | d°Kard Ky (KartKpr— QT){(q)a/A[V 1Pyl Yy 1+ Payal v sl Puil Yy vs1)OF

+®yali o' sl Poyali o) " ysl(ar gy = gr )} (2.39

The correlation functions in the previous subsection are substituted into the above equation. Then, the integ}@Isander

k,T are manipulated by using the equations in the Appendix of [R6él. The calculations are rather lengthy particularly in the
transverseh; part. However, because tlgg and h; portions are the same as the ones in a spin-1/2 had@hand the
calculations off, by, andc, terms are rather simple, we do not explain the calculation procedure. Noting that #melc,
terms do not exist for the spin-1/2 hadrénwe obtain

1 2 . . .
“AahgVEE— §V$Q°(”— 282, VP4 (. 55, )2V )\ k. S VI N aX- Sy VAT

WH= — gl Wt 5

1 “ ~
“Aal BVE,Lz_ AaX- Sg; Vli,Tz_ X-Sar A BV-ZI—,IE

—X-Sp NgVIE =Sy, - S, VAT 4. S, X- S, VIT2) 2

sy Lo,
—| x#x +5090

—Sa. S Vo X +X- Say X- Sy VR XA [+ (XI#SK —X- Say g4 (X Sp, Ug 3 —AgU75) + (X{“SY, — - Sg, ")

X(X-Sp U 5B =N AU D) — (S SEL —Say - Se1 04" U7 5. (2.395

The structure functions are expressed by the integral whereQ? is given byQ? (noteQ2+ — Q2) and the variables

_ 1 - - - - - : _L 2 _L2
_ = 2| 42 2 2 B a and B are defined bya=Kk,7 and 8=Kk,7. The tensor
Ildydz]=3 % 5bgeaf d*Kard k70" (Kar+ ko1 = Qr) structure functions become

I - UQo(1) _ h.
X dy(Xp Ko7 do(Xg , kyF). (2.36 Ve =11y,
First, the unpolarized structure function is given b [ —B)?\ f1b;
P ~ e VY= (—Q$+2(a+ﬁ)—@)g’
Wr=1[f4f4], (2.37) _ T )28

where the subscript of W corresponds to the index com- UQ(3) (a—B)?\ f,1b;

inati i i V2= Qi -2+ ——— | ==
bination of (0,0)-(2,0)/3 in the expressions of R¢¥]. The T T Q2 B |
structure functions associated with the facterg/” and - T
z*7" in W*” are denoted a¥V; and W, . Obviously, W, ! [ fic,
vanishes in the parton model. The longitudinal structure VTQ1= (Q%—a+ﬁ)2M o (2.39

L BT

functionsVi- and V35 are

LL — The superscriptdJ, Qqy, and Q; indicate the unpolarized
Vi =—4llgu0u ], stateU, quadrupole polarizatio®,, and quadrupole polar-
) ization Qq, respectively[7]. For example,V#JQl indicates
(2= p) that the hadrorA is unpolarized and is polarized with the
Q% quadrupole polarizationQ,. The longitudinal-transverse
(2.389  structure functions are

Ahyhy

MaMg

V5;= a+pB—
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VLT= IS Q2+ a _ﬂ);\lﬂng}

V$L_| ( Q2 a+'3)29|\1/|Tg(12L}

VEL:l-(aQ$+BZ+“ﬁ—2a2+(a_f)a hiﬁjT -,
I Q% |MAM3Qq]

(

_ hyh (a—B)°| hy by
ULT_I 1L 1T ( 2 . —9 2 52 1
TL_ 1T 1L 2 _ _ 2_ 2 (a_B)3 hiTWiL

In the Drell-Yan process of identical hadrons, the structure functiitsandU ™ are equal tov"T andUT. However, they
are different in our reactions, so that both types are listed. The transverse structure functions are

ngElT
4AMp Mg |’

(a—p)?

2
T

VARORS (—Q$+2a+23—

- B)? ngElT
T2 | | _
o | ( “ B+ .2|. 2M Mg |’

3(a+B)(a—B)? (a—pB)*\ hihy
Ko '(QT(a+B) (a2l A Q? JGE 4&2\;%’
V=] ( 82— 2(at p)(a ﬂ)2+(a—ﬂ)4 hirhir
“ Q7 Qf |MAM3)

—B)?\ hyrhy
U}E(A’=IHQ$—2a+(a f) | (a- B)QE+ (@ B)2—dala—B)
Q% | 2M3
| 2e(a=pt(a=p)A(atp) (a=p)*| hirhir
Q2 Qf /8MAME[
—B)?\ hirh,
UEL‘B’=IHQ$—26+(“Q5) ;;Af —(a—B)Q2+(a—B)2+A4p(a—p)
T A
| 2Bla=p*t(a=p)(atp) (a=p)*| hirhir
Q2 Qf /8MAME[
— (a—B)?\ [ hithyr  hyrhy

Substituting the hadron tensor of H@.35 and the lepton tensor of E¢R.7) into Eq.(2.2), we obtain the cross section
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do a?

d*QdQ  2s

1 2 U 1 =~ U 2 ~ U 3 ~ U
Wi+ 2 AahgVi = §VTQ0( )4 2| Sgq| VY0 1 2| Sy1]2c08 VI 0D 4\ | Sarlcos gV 2

(1+cos6)

+\al Sar]cosdpVET+ N g| Sar|cOSPAVT -+ |Sat]| Sar|coL da— ) VI M +|Sa1||Sar|cospacospeV
. 1 1 LL - LT -> TL - -
+sint 5 Cos 2 1 NaNgV35 5+ NalSpr/COShEV; 51 Ng|Sat|COSPAV; 51 | Satl|Spr|cod pa— dg)

X (V;,Tz(l)+ U;,Tz(A) + U;,Tz-(B)) + |§AT| | éBT| COS¢ACOS¢BV£T2(2) + |§AT| cog2¢— ¢A))\BU-2I—,I§

- 1. ..
+|Sarlcot 26— dg)\ AU o+ 5 i 26| Sul | Sarl sin( pa— ) (U3 5V~ U3 Z®)

+|Sat]|Sa1/COS 26— pa— be) (U b+ UT A2+ UZBB)/z)] } : (2.42

This equation indicates that;;, U7, U35®, and  integralfd?k,;d%kyF(K,2 k.2)k% k%, in terms of the pos-

U3} cannot be measured independently. Only the combinasible Lorentz-vector combinations. We calculate the hadron

tions V35 +UJ T A+ Ul I® Ul AUl T® | and U]} tensor in the similar way with the one in Sec. Il C. However,

+UJTW72+ U ®)2 can be studied experimentally. In our the calculations are much simpler because we do not have to

previous papef7], we predicted that 108 structure functions take into accoun@¥ . It does not make sense to explain the

exist in the Drell-Yan processes of spin-1/2 and spin-1 hadealculation procedure again, so that only the final results are

rons. According to Eq(2.42, there are 19 independent ones shown in the following.

in the naive parton model. It means that the rest of them are 1,4 éT

related to the neglecte@(1/Q) terms, namely the higher-

twist structure functions. Although thV$Q°(1) term may

seem to contribute to the unpolarized cross section, it is can-

celed out by the othe Q,-type terms in taking the spin

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

-integrated hadron tensor is expressed as

WA= f d2Q W+, (3.1)

. Qr INTEGRATION AND THE LIMIT  Q;—0

— 1 — 1\ —
Because the 108 structure functions are too many to in- W#"= —gf”[ W+ Z)\A)\BV-:—'L—Z(SB?J_*F 3 VTUQO}

vestigate seriously and many of them are not important at
this stage, the cross section is integrated o@gror it is _(S{Alisg}l_SAL'SBLgfv)UzT; 3.2
calculated in the limitQ:—0 [7]. There exist 22 structure
functions in these cases, and they are considered to be phygihere the structure functions are written in terms of the par-
cally significant. On the other hand, the cross section of Edgn distributions as
(2.42 is obtained at finit€Q+. In order to compare with the
results in Ref[7], we should investigate the parton-model 1 o

= _ 2
cross section by taking th@; integration or the limitQ Wr=3 ; exf1(Xa)f1(xs),

—0.

2 . ULL 4 2 -

A. Qr-integrated cross section Vio=— 3 E €591(Xa)01(Xp),
a

First, we discuss the integration of the cross section over

(5T. If the hadron tensor Eq2.34) is integrated oveéT,

___ 1 _
N N N TT__ 2
the delta functions?(k,r+k,1—Q7) disappears. It means Uz2=3 Ea: €aN1(xa)h1(xg),
that the integrations ovéq,t andkyt can be calculated sepa-
rately. Ttlen, tbe izlteg[als with odd functions lof vanish: YR V(1) _ 7UQ0(2)_ } S €21 (%) (xe)
e.g., [ d?k,tF (k% k,2)kar=0. Furthermore, the vectd®¥ T T T 34 T nTATLRTRE
cannot be used any longer in expanding, for example, the 3.3
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The quark distributions are defined in tkgintegrated form  Nitude is roughly restricted by the hadron siz&=<1/r. In
as this respect, it makes sense to consider the Iipyit>0 for

finding the essential part.
The structure functions in Eq$2.37)—(2.41) should be
f(x :J d2k.f(x.k2) for f=f,. _ and b, , evaluated in this limit. As an example, we show how to take
) T (k) 1 (=0 ' the limit for V?QO(Z) in Eq. (2.39. The integration variables

34 = - > -
34 k,t andkyt in Eq. (2.36) are changed fokr andK+, which
- are defined byky=(Ky1—kp7)/2 andK=ky+kpt. Then,
Ky the 6 function is integrated out and the structure function is
hl(x):f d kT th(X k )+ hiT(X k ) (35) expressed as
. . . . . - -> 2
and in the same Wfay for the anthtjar!( dlstrll?ut|ons. The VUQo(Z):E o2 [4IZT2—4(kT'QT) ]
. = —_—
other structure functions vanish by tRE- integration: T 34 2(ky— Q+/2)2 Q%
V_IEJQO(3):VTUleV_II__T:V_I]'L:v_l'_FT(l):VJT(Z):VZLE —Vi] X f1(Xa, (k1+ Q1/2)2)by(Xg , (kT — Q1/2)?)
VL=V IOV =G = U= U™ =lo[fibs] in Qr—0, 3.8
:Uz 2T(B) 0. (3.6) where the functior is defined by
With the expression of the hadron tensor in KEg8.2), the — 1 - - — -
cross section becomes lo[d1dz]=3 é e;f d2krd;(Xa ki) do(Xg ki),
(3.9
do a? — 1 —LL e 2 )
T dxg 00~ 202 (1+cog6)|{ Wr+ Z)\A)\BVT andkyki/k;” in the second term of E3.8) is replaced by

&Y/2. The other structure functions are calculated in the same

2 . 2 = UQ way. The finite ones are obtained as
+§(2|SBT|2_)\B)VT 0]

o B Wr=1o[f1f1], VE-=—4l4[g101],
+ i 0] Sarl| Se7lcog 2~ pa— ¢B)U2T,2T}'

U 1 - U 2 U
(37) VTQO( ):IO[flbl]:VTQO( )EVTQO,
The tensor distributiorb, coitributes to the cross section - 5
through the structure functio‘mTUQO. Because it is given by vITW | k
- i — — i . T 0 ZM M ngng )
the multiplication off, andb, (f; andb, in the opposite

process in Eg. (3.3), the quark and antiquark tensor distri-
butions could be measured if the unpolarized distributions in

s k2
the hadronA are well known. Theb, is paired with f;; U3 b=lo| hyrthyr+ —-

hirhir  hythiy

|

however, it is not withg;, and h,. This is because of the 2\ M Mg

Fierz transformation in Eq(2.13: ® [ y"] is multiplied

by ®,,5[ ¥~ ] and not by the other factod,,z[ ¥y~ v5] and [ R4 1

®yelio) " ys], and the tensor distributions appear only in UIT® = | ——— hihi | = =UTI® =~ ZvITm),
i Doy b. ' | 4M3AM3 2=

the functions® [ y*] and ®,,g[ v~ ]. Therefore,b, can

couple only withf,, by, andc,. Since the hadrom is a (3.10

spin-1/2 particle, the distributiorts; andc, do not exist. In
this way, the only poisible combinationfig(x,)b4(xg) for
the procesg(in A)+q(in B)—I*+1~

The following ones vanish in th@—0 limit;

UQo(3) _,UQ LT _\/TL_\/TT(2 LT _\/TL
V0 R T I = vITE = VL= VT =T
B. Cross section in the limitQ+—0 _VTT(2) U ;,Lzzo- (3.11)

The transverse momentu@y is generally small in com-
parison with the dilepton mas3. It originates mainly from  The hadron tensor is expressed by the finite structure func-
intrinsic transverse momenta of the partons, so that its magions as
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XHXY+ = g‘“’ Sa.-Se. Va3

1 1
W#Y= —git"s We+ Z)\A)\BV'IF_L_ 2( Sa.t §) Vr 9= Su S VT +

+(XI# S —X- Sa g4")X- S U3 0 + (XI#SY, —X- Sg, g")X- Sa U X&) — (S B — S - Se. g4 UT L

(3.12
Defining U3} by
03 5=U35+ U ™2+ U] XB2=1[h;hy], (3.13
we obtain the cross section as
do o? 1 L, 2 012 12 120U, (& [1& TT(L)
d*Q dO ZZSQZ (1+cos6)| W+ Z}\A)\BVT + §(2|SBT| —Ng)V7 0+ |Satl|S7lcos pa— dp) Vr
+SirP 6| Sar]| Sar| oS 26— pa— ) 0T (3.14

Even thoughV] 5" is finite, it does not contribute to the  In Ref.[7], 15 spin combinations are suggested . How-
cross_section. It is canceled out by the tetdf}®  ever, most of them vanish in the parton model by Gg

+ UTT(B’ As is obvious from the results of this subsectlonmtegranon There are only four finite structure functions, and
and Sec Il A, the expressions of the hadron tensors and thiaree of them exist in thep Drell-Yan processes. First, the
cross sections are slightly different in tm} integration and  Unpolarized cross section is

in the Q;—0 limit.

Among many structure functions in E¢R.42, we have do
extracted the essential ones by taking the li@yjt—0 or by dxa dxg dQ)
the éT integration. According to the expressions of the cross
section in Eqs(3.7) and(3.14), merely the four or five struc-
ture functions remain finite: the unpolarized structure func-
tion Wy, the longitudinal onevi", the transverse of® -
Ul% (VI™), and the unpolarized-quadrupole ok, +f1(Xa) F1(xg)]- (4.1)
Most of them are already known in thgp Drell-Yan reac-
tions. The last quadrupole structure functkziﬁQO is new in
the Drell-Yan process of spin-1/2 and spin-1 hadrons.

a2 J—
> =4Q2(l+c0520)WT

_ 2 12 2[f1(xp) 5
—4—(22(1+C0 0)§ ~ ea[ l(XA) l(XB)

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

o(l . +1)-o(lL.+1) Vit

IV. SPIN ASYMMETRIES AND PARTON DISTRIBUTIONS A= o) =L
o AW,

We have derived the expressions for the Drell-Yan cross

section in the parton model with finit®+, (5T integration, E ez[gl(XA)El(XB)+51(XA)91(XB)]
and Qt—0. Because the spin asymmetries are discussed in @

Ref. [7] in the latter two cases, they are shown in the — _ _ '

- 2
Qr-integrated case as an example in this section. The polar- ; €l f1(Xa) f1(Xp) + f1(Xa) Fa(Xp)]
ized parton distributions for a spin-1 hadron are illustrated in

Fig. 2. As is obvious from Eq2.29, the longitudinally po- (¢p=0,¢p=0)—0(Ppa=m,¢g=0)

larized (transversity distribution is defined by the probabil- ATT:U
ity to find a quark with spin polarized along the longitudinal
(transversgspin of a polarized hadron, minus the probability Sir?6 cos 2% uIT
to find it polarized oppositely. On the other hand, the tensor- = ~ 22

polarized distributiorb, is very different from these distri- 1+cos6 Wy

butions according to Eq2.27). It is not associated with the

quark polarization as shown by the unpolarized mark ¢ in 2 h. h.

Fig. 2. It is related to the “unpolarized”-quark distribution sirfd cos 2p 3 2 edlnOwhi(xe) +ha(xh(xe)]
in the polarized spin-1 hadron. The tensor distribution is es-  —
sentially the difference between the unpolarized-quark distri-
butions in the longitudinally and transversely polarized had-
ron states as it is given in EQ.27). (4.2

2(a)

1+cog6 E a[f Xa) (XB)+f_1(XA)f1(XB)]
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where we have explicitly written the contribution from the 13
processq(in A)+q(in B)—Il*+1~ in addition to the one hadron

+ A A
from q(in A)+q(in B)—I"+1". The subscripts off,
1L, and+1, indicate the longitudinal polarization. {6, or

¢g is indicated in the expression of(pol,,polg), it means 3 —
that the hadronA or B is transversely polarized with the quark Dl
azimuthal anglep, or ¢g. The above asymmetries are given

by the spin-flip cross sections in the hadrdnso thatAr -

corresponds t@y in Ref.[7]. However, the other asym- S adron )T ——

metry expressions of Ref[7] become the sameA];

=Am)t=Aq(T) In the parton model. Furthermore, the per-

pendicular transverse-transverse asymmetry is simply given (L) (T) (Q )

by A{r=tan 2¢AﬂT. It should be noted that our definitions 0

of the asymmetries are slightly different from the usual ones F|G. 2. Polarized parton distributions in a spin-1 hadron are

in the pp andep scattering. The asymmetries are defined sdllustrated. The figuresL(), (T), and Qo) indicate the longitudi-

as to exclude thé; contributions to the denominator. If the nally polarized, transversity, and tensor-polarized distributions. The

usual definition [o(T-1)—a(T+D)/[o(T—1) mark ¢ indicates the unpolarized state.

+o(7+1)] is used, théb; contributes, for example, to the

longitudinal asymmetryA | . The tensor distribution can be f{(x,). Then, the cross section is dominated by the annihi-

investigated by the unpolarized-quadrupQg asymmetry  |ation process|(A) +q(B)—|* +1~, and the asymmetry be-
comes

O'(‘,+1|_)+O'(‘,_1L)
2

AUQOZW o(*,0)—

; egf 1(XA)E.(XB)

(4.5

Juas S Elfi(xa)by(xe) +Ta(xwbs(xe) ] Aug,(largexe)=
T a

Ea: egfl(XA)f_l(XB)

WT 2 re ra
es[ f1(Xa) F1(Xg) + f1(Xa) F1(X
; al (X Ta(Xe) 11 (X0 T (Xp) ] This equation means that the antiquark tensor distributions

4.3 could be extracted if the unpolarized distributions are well
' known in the hadron®\ and B. We note in the electron-
scattering case that th® sum rule is written by the parton

where the filled circle indicates that the hadis unpolar- model ag3]

ized. The other asymmetries vanish

5 t
ALT:ATL:AUT:ATU:ATQOZAUleALleATleAUQZ f dx b‘f(x)z lim— 3 MFQ(I) + 0Qea (4.9
t—0
=A0.=A10.=0 by theé integration. (4.4
LR TR, ' whereM is the hadron mass$;,(t) is the quadrupole form

. . .. factor in the unit of 12, and & is the antiquark tensor
The only new finite asymmetry, which does not exist in W Qsea q

the pp reactions, is the unpolarized-quadrupQlg asymme-  Polarization, - for - example 5Qseq= fdX[85u(x) +245d(x)

try Aygq,- In order to measure this quantity, we use a longi-* 85(x) + 85(x)1/9 for the deuteron. The first term of Eq.

tudinally and transversely polarized spin-1 hadron with ar(4-6 vanishes, so that the difference from the sum rule

unpolarized hadroi. Then, the quadrupol®, spin combi- Jdx bf=0 could suggest a finite tensor polarization of the

nation[7] should be taken. Thie, andb, distributions could antiquarks. Although the sum rule is valid within the quark

be extracted from the asymmetA,, Measurements with model, the nuclear shadowing effects should be taken into
i ] y . Qo o account properly4] as far as the deuteron is concerned. On
the information on the unpolarized parton distributidpnéx)

niorm o partol ) the other hand, the antiquark tensor polarization(or b,)
andf,(x) in the hadron#\ andB. If it is difficult to attain the  ¢oyld be studied independently by the Drell-Yan process. As

longitudinally polarized deuteron in the collider experiment,the violation of the Gottfried sum rule leads to the light

we may combine the transversely polarized cross sections .. i .
) . , i - antiquark flavor mmetr nd the difference w
with the unpolarized one without resorting to the Iongltudl—g tiqua avor asymmetryi#d and the difference was

o : . confirmed by the Drell-Yan experimeni$6], the antiquark
nal polarization. Al_ternatlvely, the fixed deuteron target MaYtensor polar)i/zation could be ir?vestig:%ed] by both ?nethods:
be used for obtainingq,- the sum rule of Eq(4.6) in the lepton scattering and the

There is an important advantage to use the Drell-Yan propye|l-yan process measurement. However, the advantage of

cess for measurin; over the lepton scattering. In the 1arge the Drell-Yan process is that the antiquark distribuia(x)
Feynmanx (xg=X,—Xg) region, the antiquark distribution js directly measured even though it is difficult in the lepton
f1(xa) is very small in comparison with the quark one scattering.
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Furthermore, the flavor asymmetry in the polarized anti-andc,, which are specific for a spin-1 hadron, are involved

quark distributions 4u=Ad, Atu#Ad) could be investi- in the correlation flinCtiO@[f]_- '_I'+he expressions of the
gated by combiningp andpd Drell-Yan data. It is particu- ~ Other functions®[y™ ys] and ®[ic'" ys] are the same as
larly important for the transversity distributions because thehose of the spin-1/2 hadron in terms of the longitudinal and

ATU/ATEasymmetry cannot be found in tNg* production t_ransversehd|str|bu|t|or|15. ggﬂg tr:ledobtalned corre(ljatlrtl)n fDun(I:I-
processes due to the chiral-odd nature. tions, we have calculated the hadron tensor and the Drell-

In this way, we find that a variety of interesting topics are Yan Cross sec_tion. _We found that there exist 19 independent
waiting to be studied in connection with the new structuresStructure functions in the parton model. Next, we studied two

>

functions for spin-1 hadrons. In particular, we have shown ircases: theQr int_egrf?ltion ar_1d the limitQ+—0. In these

this paper that the tensor distributiobs andb; could be  cases, the, contribution vanishes, and there are only four or

measured by the asymmetdy,o_in the Drell-Yan process five finite structure functions: the unpolarized, longitudinally
0

of spin-1/2 and spin-1 hadrons. A realistic possibility is thepolarized, transversely polarized, and tensor polarized struc-

proton-deuteron Drell-Yan experiment, and it may be real_ture functions. The last one is related to the tensor polarized

ized, for example at RHIES5]. In order to support the deu- distributionsb, andHl. Although the tensor structure func-
teron polarization project in experimental high-energy Spmnon could be measured in the lepton scattering, the Drell-

physics, we should investigattheoretically more about the Yar_l measurements are valuable for fjr)ding particularly _the
spin structure of spin-1 hadrons. antiquark tensor polarization. In addition to these topics,

there are a number of higher-twist structure functions in the
Drell-Yan processes, and they should be also studied in de-
tail.
We have investigated the Drell-Yan processes of spin-1/2
and spin-1 hadrons in a naive parton model by ignoring the
Q(1/Q) terms. First, the quark and antiquark correlation
functions are expressed by the combinations of possible Lor- S.K. was partly supported by the Grant-in-Aid for Scien-
entz vectors and pseudovectors by taking into account thefic Research from the Japanese Ministry of Education, Sci-
Hermiticity, parity conservation, and time-reversal invari- ence, and Culture under Contract No. 10640277. He would
ance. Then, we have shown that the tensor distributipns like to thank R. L. Jaffe for discussions on spin-1 physics.
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