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Lepton helicity distributions in the polarized Drell-Yan process
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The lepton helicity distributions in the polarized Drell-Yan process at BNL RHIC energy are investigated.
For events with a relatively low invariant mass of a lepton pair in which the weak interaction is negligible, only
a measurement of lepton helicity can prove the antisymmetric part of the hadronic tensor. Therefore it might be
interesting to consider the helicity distributions of leptons to obtain more information on the structure of the
nucleon from the polarized Drell-Yan process. We estimate the QCD corrections & thg level to the
hadronic tensor including both intermediajeand Z bosons. We present numerical analyses for different
invariant masses and show that théu) andd (E) quarks give different and characteristic contributions to the
lepton helicity distributions. We also estimate the lepton helicity asymmetry for the various proton spin
configurations.
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[. INTRODUCTION such as the invariant mass distribution of lepton pair. Now let
us consider, for simplicity, the virtuay mediated Drell-Yan
The measurement of the polarized nucleon structure fungerocess. The subprocess cross sedtiéris written in terms
tion g;(x,Q?) by the European Muon Collaboratiga] in  of the hadronic and leptonic tensors as
the late 1980s has opened the door to hadron spin physics. In
the last 15 years, great progress has been made both theoretiggo (WS +WA )(LS#7 4 LAY = WS L Skrp WA | Awr,
cally and experimentally that has considerably improved our proR r e

knowledge of the spin structure of the nucleon. Through . . . .
these developments, hadron spin physics has grown up g4'€ antisymmetric part of the hadronic ten$,, contains
Spin information on the annihilating partons. However, for

one of the most active fields attracting considerable attentio ' bl btained aft : he helicit fh
Now our interest has spread out to various processes to egRS€rvables obtained aiter summing over the helicities of the

plore the spin structure of hadrons. In particular, in conjunc-emOn or integrating out the lepton distribution;, this anti-
tion with new kinds of experiments, the BNL Relativistic symmetric part drops out. Furthermore, the chiral structure

Heavy-lon Collider(RHIC) spin project, etc., we are now in of QED and QCD interactions_tells us that only particular

a position to obtain more information on the structure ofN€licity states are selected fqrq annihilation. This obser-
hadrons and the dynamics of QCD. The spin dependeﬁfat'on shows that the polarized and unpolarized DreII_—Yan
quantity is, in general, very sensitive to the structure of in-Processes are governed by essentially the same dynamics. On
teractions among various particles. Therefore, we will ben€ other hand, if we measure the lepton helicity distribu-
able to study the detailed structure of hadrons based ofionS, we can reveal the whole structure of the hadronic ten-
QCD. We also hope that we can find some clue to new physsor. We will show that theu (u) andd (d) quarks give

ics beyond the standard model through the new experimentgharacteristic contributions to the lepton helicity distribu-
data. tions.

It is now expected that polarized proton-proton collisions ~ The article is organized as follows. In Sec. II, we repro-
(RHIC-spin at the BNL Relativistic Heavy-lon Colliddi2] duce the tree level cross section to define our conventions.
will provide sufficient experimental data to unveil the struc- We present our calculations for the helicity distributions of
ture of nucleon. Therefore it is important and interesting tolepton at the QCD one-loop level in Sec. Ill. We adopt the
investigate various processes that might be measured imassive gluon scheme to regularize the infrared and mass
RHIC experiments. One of those is the polarized Drell-Yansingularities, avoiding the complexity in the treatmentygf
procesq3]. The scheme dependence will be discussed in Sec. IV and we

The polarized Drell-Yan process has been studied bghange the scheme to the modified minimal subtraction
many authors for both longitudinall@—7] and transversely (MS) scheme to perform the numerical studies. We give the
[8—12] polarized cases. The/,Z production from polarized numerical results in Sec. V. Finally, Sec. VI contains the
hadrons is also investigat¢di3—15. In this article, we dis- conclusions. The explicit forms for the subprocess cross sec-
cuss the lepton helicity distributions from the polarizedtions are listed in Appendix A. The invariant mass distribu-
Drell-Yan process at the QCD one-loop level. The leptontion of lepton pairs in the massive gluon scheme is given in
helicity distributions carry more information on the nucleon Appendix B, which is used to identify the scheme changing
structure[16—19 than “inclusive” Drell-Yan observables factor.
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fAX)=F2(x, +)+ fa(x,—),

In this section, we reproduce the tree level result for the

helicity distributions of leptons in the polarized Drell-Yan
process to establish our notation. For the longitudinally po-

larized Drell-Yan process

Na(Pa Aa)+Ng(Pg,Ag)—1(I,N)+1(1" \)+X,

AFA(X)=FA(x,+)— fA(x,—),

Wherefﬁ(x,+/—) denotes the distribution of parton type
with positive/negative helicity in nucleoA with positive
helicity. Based on the factorization theorem, the hadronic
cross section for the helicity distribution of the lepton is

with A (= =) being the helicity of each particle, we intro- given as the convolution of the parton distributions with the

duce the parton distributiorf§(x),Af4 by

fA(X1) F NahaA FA(X1) TE(X2) + AphgATE(Xo)

hard subprocess cross sectid#?® as

dx, E

Ng.Ap

do(AaAgih)=2 fldxl

1
a,b T 7/Xq

where

Q2 (1+1")?
'S (PatPg)?

T=

The helicity dependent cross sectid&®®(\,,\, ;\) for the
subprocess

a(PaNa) +b(Py o) =1 (1) +T(1 N +X
is a function of the partonic invariant variables
$=(PatPp)*=(X1Pa+X,Pp)?=X1X,S,
t=(pa—1? u=(pp—1)?
and

Q%=g’=(I+1")*=zs

The tree level polarized cross section for lepton pair pro-

duction,
A(Pq.Ag) +G(Pg AP — (L) +1(1" N,

is given by

1
d(TT=2N28|MT|2d(D2,
C

whered®, is the two-particle phase space aNd (=3) is
the color factor. The square of the tree amplitude reads

v

4ra\?
|MT|2:5)\Q’_)\55}\’_)\’NC(62_) |f)\Q)\|2L,U-VwT (2)

5 5 do*(Na o), (D)

LEYW],, = 2[ 12+ U2+ N A (U —t2)].

In Eq. (3) and also below, all momentaunder the Tr op-
erator are understood to feand wy=(1+\vys5)/2. In Eq.
(2), a is the QED fine structure constant and the quantity
fAe* depends on the fermion couplings to the photon Znd
boson in the following way:

Q2
M2+iM,T',’

o= —eqt Qp'Ql gz @
whereeg, is the electric charge of the quark in units of the
electron charge, M, is theZ mass, and’; is the Z width.
The helicity labels\4,\ of the quark and lepton take. The
quark and lepton couplings to teboson are

- 3 .
Qa1 = gin O cos¢9W(Tq'I €, SINT ),
sin 6y,
+ —_ — —_—
qu| quCOSHW’

wheree,= — 1, T2 is the third component of the isospin, and
O\ is the Weinberg angle. In the center of méssn) frame
of annihilating quarks, the cross section becomes

AT . 2
do ()‘q'kq')‘): T« |Fha|2
dQ?d cosé M 7ra2N, | Q2
X (1+coS 6+ 2\ \ cos6) 8(1-2),

©)

where 6 is the scattering angle of the lepton produced.
In Eq. (5), the third term that depends on the helicities of

where the tree level hadronic and leptonic tensors are defindf€ quark and lepton comes from the antisymmetric part of

as
W, =Tr(w) PgYuPe¥s):  Lu=Tr(wyl 7, y,), (3)

and

the hadronic tensoV! . For the observable after taking the
spin sum of the lepton, this antisymmetric part appears in the
cross section only through the parity violatidginteraction

in Eq. (4). Therefore, for the events with “small” values of
Q?, the information from the antisymmetric part will be
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2

T e

a Y.Z g MR= 5>\q,xa@\,w(_Egz‘s)f}\q}\m“)?’uvw('/)v_x;(pq)

q 5 1 1 . V

@) ;(b) X YMpq_ Kk yv+ 7qu_q 7;/, T u)\q(pq) Ea(k)i
AN [G66G660666 Lei’?@
% wheree (k) is the polarization vector of the gluon aid is
s — A raannnn the color matrix. We have definap=|+1". The expression
© A ©) ® for the square of the amplitude given below has been

summed over the spin and colors of unobserved particles:
FIG. 1. Parton-level subprocesses contributing to the Drell-Yan
process aO(«): (a,b virtual correction,(c,d) real gluon emission Amag,

2
(e,H quark-gluon Compton. IMR|2= S\, ')\ENCCF(jQ_) |Frar[ZLErwWs

completely lost. Furthermore, the chiral structure of the stan-
dard model interaction forces only particular helicity states
to participate in the process as shown in Eg). These ob- )
servations tell us that for the spin summed over final states, r 2

_ _ =—[2(pg-K)Tr k »)— K°Tr Y
and lowQ? events, the polarized and unpolarized Drell-Yan = *” fz[ (Pg- K)Tr(@ KyuPqy) = <Tr(@) P3Y,uPq7y)]

processes are governed by essentially the same dynamics at
least for theqq initiated process.

ere

2
+ ?[2( pq : k)Tr(wkquMKYV)

Ill. QCD ONE-LOOP CALCULATION - Ksz(wxqpa')’MPq%)]

The principal result of this section will be the polarized 4
Drell-Yan cross section at the QCD one-loop level with the +—[(2pq- Pg—2Pq-k—2pg- k)W,Tw
helicity of the lepton being fixed. At the QCD one-loop level, 1]
infrared and mass singularities appear and we regularize
them by giving a nonzero mass to the gluon[10,2Q to +(Pgut Pg) KWL, + W}, k*(pg, + Pgy) - (7
avoid the complexities from the treatment ¢f and phase
space integrals. To perform the numerical analyses by usinghe tree level hadronic and leptonic tensw§, L, were
the knownMS parametrization for the parton densities, wedefined in the previous section and new invariant variables
have to change the scheme. However, it is well known howgre introduced:
to do it[21]. The diagrams to be calculated are given in Fig.
1. A R
The virtual gluon correctiofiFigs. Xa) and 1b)] to this t=(pg—a? 0=(pg—)
process yields
In Eq. (7), we have dropped terms that do not contribute
whenk2—0. It should be noted that the? terms in the first
doV do’ a and second lines cannot be neglected since the phase space
dQ?%d cosd  dQZd cose( ) integral produces_a &_? S|r_1gular|ty[20].
The cross section is given by
Q2 3 Q2 7 7_[.2

I SN — 4 —
2In K2+2InK2 2t 6}’ (6)

- F

X

doR=

R|2
2N§S|M |*d®3, (8)
where a3=g§/47-r is the strong coupling constant ar@k
=(N2—1)/2N, for SU(N,) of color.

The amplitude for the real gluon emissifffigs. 1(c) and

1(d)],

whered®; is the three-particle phase space. To integrate out
the irrelevant variables in E¢8), we take the c.m. frame of

qa:

Vs Vs
_ _ Pe=— (1,003, pg=-(1,0,0-1).
A(Pg.Ag) +a(Pg. A — (L) +T(17 N ) +g(k), 2 2

Parametrizing the momenta of the leptoand lepton pailg
is given by by
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[#=11|(1,sin# cose,siné sing,cosh), 0 s+Q%— k2

Q°=—F, [a]*=q%%-Q?
2\s

g*=(q°qsin®cosd,qsindsin,qcoss), = Q?

~ 2[q°—|ql(sin@sindcog p— ¢) +cosd cosd)]’

where it is easy to write the phase space elembt; as

|g|Q2d Q?d cos# d dcosd de
dd,

32(27)%\s[q°— |q| (sin 9 sin 6 cog &— o) + cosh cosh) |2

After integrating over the angular variablgs0] and dropping terms that vanish whef— 0, we write the inclusive cross
section for the polarized lepton in the following form:

deR (g Agih) _ dERT(Ng AgiN2) g de" (g AgiN)

2
= + —
dQ°d cosé dQ?d cosé (Q%2) dQ°dcosf ©)
where the first term contains the infrared and mass singularities as well as terms associated with them, and
deRT(Ng AgiN;2) 7 la\? 1 82
= = |52 ‘5 + + 2
dQ?d cosé N "ra2N, | Q2 Ll 2|[1+cosf+ z(l—cosﬁ)]“{(1 Agh) (1 cos0)

872

n . _ 2,2 +
(L= AgM) (1= C0S0) 2+ 7 T+ cosh)

]4{(1+)\q)\)(1+cos«9)222

+(1—)\q)\)(1—c050)2}} (10

with By adding the tree level Eq5) and virtual Eq.(6) con-
tributions to Eq.(9), the double logarithmic infrared singu-
larities cancel out and the cross section from dftginitial

(1 Q? =? states becomes

o
FR(Q%2)= —C¢ | 5In* 5~ €> 8(1-2)

1+22 Q2 In(1-2) dgT VR daR7 7 as
2 = ___s —
+(1_Z)+In7+2(1+z )( 1— ) dQ%dcosf dQ?d cosh 1=g 7 Cr|o1=2)
Inz as Q° )
_2(1+22)E_(1_Z) ) +? qu(z)ln7+CF[2(l+z )
In(1-2) Inz
x| =1 —2(1+22)1——(1—z)
The second term in Eq9) gives theO(ay) finite contribu- —Z —Z
tion whose explicit form is listed in Appendix A. It should be d&RF

noted that the firs¢secondl term in Eq.(10) is just the tree t e,
level cross section for thgq annihilation with momenta p,, dQ“d cos¢
andpg (pq andzpg) timesz which arises from the difference

between the flux normalizations. These terms express the

processes with collinear gluon emissions. The funcféh  Where

can be understood to be a probability to emit a collinear

gluon with momentum (% z)p, or (1—2)pg and does not 5
depend on the helicities of quarks because of the helicity P..(2)=C 1+z +§5(1—z)
conservation of QCD interaction. ag Fl(l-2),. " 2 '
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which is the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi The amplitude is
(DGLAP) one-loop splitting functionsP,,. To obtain the
above result, we have used the fact that

. . e’g _ _
doRT(Ng AGIN;2) B1—2)= doT(Ng AgiN) MC= 5xq,xééx,x’( — | T (1) y oy U (Pg)
dQ4d cosd dQ°d cosé Q
. _— 1
Finally, the contribution from the quark-gluon Compton % T Tau a(k.h
procesgFigs. 1e) and if)], y“qurk Ya y”‘pq_q Yu “q(pq)ea( ),

q(Pg )+ (k) =TI+ X)) +a(py Ny,
and its square becomes

where h is the helicity of gluon, can be calculated in the
same way as before. To avoid singularities in the physical

region, the gluon mass is taken to bec? [20] and the spin 4rags)?
projection for incoming gluons reads IME[2=N.C¢ 02 =] [P PLEwWE,
k,h *kh—1 +ih —kypg
calkih)ep (k)= 2| YapT! eaﬁy‘sk-pq ' where

1] 20 1 1
1+ r) Tr(oy PqYuKys) + { —+ g(1+)\qh)+ r(l_)\qh)] Tr(@y P YuPq¥y)
t st t

o 1
wﬂy=g(1+>\qh)

1 0 4 4
— - (1=Agh) 1+;)Tr(wqumpan:(1+Aqh)paﬂpay+g(l—hqh)pqﬂpqy
t t
K2 2Q%— ,
+; 1_)\qh Tr(w)\q(pq_k)')’;;pq')’v)
t
|
with d6"(Agihiz) 7 [ a 2|fqu|2
dQ?dcosfd  2N.\Q?
s=(Pgtk? 1=(pg—@?% 0=(k—0)? 8z 142
a ’ d ' ' X[l—cos¢9+z(1+cos¢9)]4{( aM)
From the cross section formula for this process, X (1+€0560)?2°+(1—Ng\)(1—cos6)?},
(13
R 1
doC=——>——|M%%dP,,

T 2N(NZ—1)s and

we obtain the polarized lepton distribution and write it in the
same form as Eq9):

2
Poo(ZiNg ,h)( In7+ln ?—)

cO2 _|%s
F~(Q%z,\q,h) (277)
da®(\g,h;N)  dGT(Ng;\;2)
dQ’dcosd  dQ?dcosé

daSF(Ng,hiN)

FC(Q%z\q.h)

1
— Z[14\gh(1-22)]

> (12
dQ"d cos¢ The quantityng is related to the unpolarized and polarized
DGLAP splitting functionsPy4(z) and AP44(2) in the fol-
The first term, in this case, is given by lowing way:
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1 tion scheme in Refd5], [7]. Note that the result depends
PSo(ZiNg.h)= 5[Pag(2) =N ghAPqq(2)] also on the prescriptions af in this scheme. We change our
massive gluon scheme to the one adopted in Réfwhich
(1+Xgh)(1-2)%+(1—\gh)Z? can be combined with the known two-loop evolution equa-
= 4 : tions for the parton densities in Ref&2], [23]. We find
Equation(13) again expresses the tree level cross section for WP MSy oy 2 In_z _
the qq annihilation with momenta, andzk where theq is Caq (2)=~Ce| (142 )1—er2(l 2)

emitted collinearly from the initial gluon. In contrast to the )
qq annihilation case, the functioR® does depend on the +(7T__ 2) S(1-2)
helicities of the initial quark and gluon since the emitted 3
antiquark should have the helicity;= —\, to annihilate
into electroweak gauge bosons. The remaining finite contri- 2WE (1-2)%2+72
bution d&“F can be found in Appendix A. Cog " (D)=—| % Inz(1-2)]+1
The cross section for theg subprocess can be obtained
by changing §4.h) to (=X\q,—h) andu—vin WS, inthe  ang
above formulas.
From these results, the unpolarized cross sections are eas- 5 — 27—1
ily obtained. As a check, we have reproduced the results of ACsM(2)= —( 5 Inz(1-2)]+ 5
Ref.[20] by neglecting theZ boson contribution.

We must, therefore, factorize these finite terms together with
IV. FACTORIZATION AND SCHEME CHANGE the singular terms from the subprocess cross sections.

Before proceeding to numerical studies, we must fac'[orize_The final results for the hard part &) level in the

the mass singularities into the parton densities in M@ MS factorization scheme read fgg annihilation from Eq.
scheme since their two-loop evolution, which should be(ll)
combined with the one-loop corrections for the hard part, is ~qa 2 RT )
given in this scheme. do*(ug)  do 1 aSC ™ allsc1

The renormalized parton densities at the factorization dQ?d cosé dQ?d cosé o Fl3 (1=2)
scaleu2 which are relevant to this work are written as

2

+ 50p z)InQ—+C 2(1+2%)
) 1dy x| as x| w? 7 | Pad w2 F (
a(X, ug) = v acy)| é 1—)—/ + 5| Pag y In—>
X In(1-2) 1472 Inz 1
+Caql - }+g(y)ﬁ{P (f)ln“—% A
ad y 2@ a9 y K2 . da_RF 14
‘e f”) dQ’d cosé’ a4
qg ,
and for theqg Compton process from Eql2)
) 1dy x| as X\ o or ,
AQ(X,MF)ZLT Aq(y)| é 1‘; +ﬁ Pqq y |n7 da99% ug) _ do as| ¢
5 , PC (z:hg,h){ IN—
, dQ°dcosf# dQ*dcosf 27| 99774 =
+Cod - +Ag(y)§[AP (f)m& (1-27 1
aaly 27| Wy K? I+ 2[1-20gh(1-2)]
X
+ACqyq —” , do°F
Y * szd cosé’ (15

where C and AC are finite functions depending on the

scheme of factorization. Since the mass singu_lar?ty i_s of uni- V. NUMERICAL RESULTS

versal nature and not affected by the lepton distributions, we

can find the relation between different regularization We are now ready to predict the helicity distributions of
schemes by comparing the results calculated in the corrdeptons in proton-proton annihilation. By denoting the scat-
sponding schemes for the simpler process. We have calctering angle of the lepton in the c.m. frame of protons with
lated the invariant mass distribution of the lepton pair in ourmomentaP, andPg by 6*, the relation between casn the
scheme and the results are shown in Appendix B. The samem. frame of partons with momentgP, and x,Pg and
guantity has been calculated in the dimensional regularizacos¢* reads
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X,(1+C086* ) —X4(1—COSH*) op L TEIRO PR PR

Xo(1+c0osh* ) +x1(1—cosh*)’ A=—
06 | T T 1

cosf=

The hadronic cross section for the helicity distribution of
lepton is finally given by inserting Eq§l4), (15) in terms of

6* into Eq.(1) and changing the parton densities into
dependent ones. We use the rapiditynstead of the scatter-
ing angle cog* of the lepton in this section, which is de-
fined by

do/dQdy,

_1I 1+ cosé*
Y=o M " coso -

We fix the total energys of the proton-proton system to be
JS=500 GeV, which is the planned highest energy at the
RHIC. Although our formulas can be applied to the process Y,

for arbitrary Q, we have chosen two valugg=M; (the Z

boson pol¢ and Q=10 GeV as typical examples. For the  FIG. 2. The cross sections for leptons with negative and positive
strong coupling constant, we use the standard two-loop forrhelicities in the three configurations for the spins of protons with
with A qcp Which is set to the value used in the parton den-respect toy, for Q=M.

sities. The following values for other parameters of the stan-

dard model are used: tributions to the helicity distributions for the lepton. In par-
ticular, the case of the lepton distribution in tRg(+)Pg
a=—, sir? fy=0.2315, (—) configuration forQ=M_, deserves some explanation.
128 Our numerical results show that, in the negative rapidity re-
gion, leptons with negative helicities are mainly produced
Mz=91.187 GeV, I';=2.5 GeV. and these come fronu-quark annihilation. On the other

. . I hand, in the positive rapidity region, leptons with both he-
Denoting the helicities of initial protons by s(*), there jicities are produced; however, the leptons with negative he-
are three cases to be analyzed correspondinBAl0r)Ps  |icities come mainly from the-quark annihilation subpro-
(=), Pa(+)Pg(+), andP,(—)Pg(—) configurations. cesses. These features can be understood intuitively by

We have organized this section as follows. First, we show,pserying the following aspectél) The polarized quark dis-
the numerical results for the helicity distributions of leptonsiptions in the polarized protoR(+) roughly satisfy, for

with respect toy,. Second, we investigate the factorization the relevant scal®?=M?2 and the momentum fractions of
scale and the parton parametrization dependence of the crolggl a2 z
rtonsx;x,=M3/S,

section.

T u(h)=d(])~u())=d(H)=u(1,1)~d(1,]),
A. The lepton helicity distribution

Here we use th&1S parametrization of the parton densi- Pa(+) Po(=) Pa(+) Po(+) Pu(=) Py(=)
ties in Refs.[24], [25] and take the factorization sca}e- N S
and the renormalization scaleg to be ug=ug=Q. The
scale dependence will be discussed later.

We give in Fig. 2 the results &= M for both distribu-
tions of leptons with negative and positive helicities in the
three PAo(+)Pg(—), Pa(+)Pg(+), and Pa(—)Pg(—)
configurations. The unit of the cross secti@ertical axis is
pb/GeV. The dotted line is the total contribution. The solid
line is the contribution from thes quark, namelyuu and
ug (ug) annihilation subprocesses, whereas the dot-dashed
line is from thed-quark sector: we write simply for the d
ands quarks. The long dashddashedl line is the contribu-

tion from the tree leveliu (dd). We plot in Fig. 3 similar

results forQ=10 GeV. Some comments are in order for Y SRk AN NSRS ol S
these results. First, the main effect of QCD corrections is just 2-101 2-2- 3 12-2-101 2
an enhancement of the tree level cross sectionKtfator is '

1.5-1.8. It does not change the shape of the lepton distribu- FIG. 3. The cross sections for leptons with negative and positive
tions significantly from the tree level one. Second, we segelicities in the three configurations for the spins of protons with
that theu andd quarks give different and characteristic con- respect toy, for Q=10 GeV.

do/dQdy,
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whereT and | denote the quark’s spin parallel and antipar- g L PPE) PRl PR
allel to the parent proton’s spin. This relation implies the
dominant subprocesses in tRg(+)Pg(—) configuration to
be (i) ua(T)ug, (i) Uaug(T), (i) da(l)dg, and (iv)
dadg(l). (2) From the angular momentum conservation, the
spin of theZ boson produced is aligned with th&, (Pg)
direction foruaug anduug (dadg andd,dg) annihilations
and the negativépositive helicity lepton from theZ decay
has a higher probability of production in the oppogiame
direction as theZ boson’s spin.(3) The third point to be
noted is that thev—A coupling is larger than th&/+ A
coupling for the quarkZ boson interaction. This suggests
that among the four subprocesses 1y, (ii) and (iii) even-
tually dominate the proces@l) Finally, since the momentum ool
fractions of quarks are bigger than those of antiquarks, the 2-1012-2-1012-2-101 2
distributions of negative helicity leptons frofii) and (iii) Y
are Lorentz boosted to the negative and positive rapidity re- FiG. 4. The helicity asymmetry in the three configurations for
gions, respectively. The fact abov® also explains that the the spins of protons with respect yp.
d (u) quark contribution is larger than that of tbed) quark
for the PA(+)Pg(+)[Pa(—)Pg(—)] configuration. For =M. This is consistent with the previous observation that
these configurations, the lepton distribution is symmetrigpartons with smalk that do not have enough spin informa-
aroundy,; =0, as it should be. tion about the parent proton contribute to the process at
At the lower value ofQ (Q=10 GeV), theZ-boson con- smallerQ.
tribution can be safely neglected and the electromagnetic in-
teraction becomes dominant. In this case, the situation is not B. The scale and parametrization dependence

so simple as the previous onQ{My). At first sight, only Physical quantities such as the cross sections or asymme-
the point (3) "%bove S.hOUId be dropped. 'f_ so, the SUb_prc_"tries are obviously independent of the renormalization and
cessesi) and(ii) dominate the process, which leads to Simi-he tactorization scales. However, the truncation of the per-

lar distributions to those for thQ =M case. However, the ,rhaive series at a fixed order induces a dependence on
distribution takes a somewnhat different shape for the follow-ese scales which leads to uncertainty in the theoretical pre-
ing reasons. FoRQ=10 GeV, partons with very small mo- gjctions. We study the scale dependence of the cross section
mentum fractions participate in the processx,= 1079).  and asymmetry by comparing the results obtained with three
Therefore, for the “dominant” processes for tf@=M;  jitferent choices for the scalm§=2Q2, Q2 and 0.8)2.

case,(i) and(ii), the Lorentz boost effect is fairly large and We also mention the dependence on the various parton pa-
the Jacobian factod=sir? ¢ apparently diminishes the rametrizations in this subsection.

cross section in the, distributions. Furthermore, at this We give the results only for the case of tRg(+)P
scale, all subprocesses seem to contribute equally to the cro 8

) dth ith Ih | i ) F§) configuration withQ=M_ since the results for other
section, and the partons with smalhave less information gy configurations of protons and the valueQfre found
on the spin of the parent proton. One can see, nonethele

h bution f h ) - ¢ the hadroni ' be essentially the same. The scale dependence of the lep-
the contribution from the antisymmetric part of the hadronic, ), distributions(the upper two graphsas well as the asym-

tensor, which causes the.asym.metric distributions of Ieptonﬁ1etry (the lower left graphare shown in Fig. 5, where the
forvt\;le PlA(JF)PB(_) (r:]or}flguratfr}_. _ hich dashed line corresponds jg2=2Q?, the solid line tou?
is de(;:ezobistlmatet € lepton helicity asymmegy whic =Q? and the dotted line tw2=0.5Q2. In this calculation,
we use the parton densities in REZ4]. One can see that the
_ _ variation is less than 10% in the central rapidity region.
= do(A=—1)—do(A=+1) ) For the parton parametrization dependence, we calculate
do(A=-1)+do(A=+1) the asymmetry with the three sets in Rgf6] since the dif-
ference appears more clearly in the asymmetry than in the
This asymmetry is plotted in Fig. 4 for the three spin con-cross sections. The results are shown in Figthe lower
figurations for protons. The upper three graphs show theight graph. The solid line, dashed line, and dotted line cor-
asymmetry for theQ=M, case and the lower three for the respond to the Gehrmann-Stirling set(@&S-A), GS-B, and
Q=10 GeV case. The solid line is th@(«a,) result and the GS-C, respectively. The dependence on the parton parametri-
long dashed line is the tree level one. In these results, weations is similar to the scale dependence in size and not so
recognize that there are non-negligible effects from the QCDarge. The reason will be that the process is dominated by the
higher order corrections other than just the enhancement efuark and antiquark annihilation in the RHIC energy region
fects of tree level results. This asymmetry amounts to aroundnd the gluon initiated Compton subprocess, in which the
20-30% in the central rapidity region fa@@=Mj. The ambiguity of the gluon distribution appears, gives a tiny cor-
asymmetry forQ=10 GeV is much smaller than that f@  rection to the cross section.
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B We have also studied the dependence of the cross section
and the asymmetry on the scale and parton parametrization.
Since theqq subprocess is dominant in the RHIC energy
region, we will not be able, unfortunately, to find a clear
difference between various parton parametrizations which
have big ambiguities in the gluon distributions.

From the experimental point of view, it seems rather dif-
ficult to measure the helicity of the produced muon and/or
electron in the Drell-Yan process. However, if we can ob-
serve ther lepton produced from the Drell-Yan process and
its decay, we will be able to compare the experimental data
and theoretical prediction presented in this paper. We believe
that our calculations and numerical studies may provide in-
formation complementary to the existing results for the in-
2 1 0 1 2 2 21 0 1 2 variant mass and rapidity ot dis_tr_ibutions of lepton pair in

I the polarized proton-proton collisions.

do/dQdy,

FIG. 5. The scale and the parton parametrization dependence. ACKNOWLEDGMENTS
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qualitatively the lepton helicity distributions from the various

proton spin configurations. We have defined and estimated The explicit forms for the finite contributions to the cross
the lepton helicity asymmetry which amounts to around 20-sections are listed in this appendix. We use the abbreviation
30 %. c=cosé.

1. The real gluon emission process

2 Qs
|f>\q>\|2(i)
Cr

doRF(Ng AGN)
T PP WS vl ey
dQ-dcos# a "a2N.\ Q

1+2% [(L+AN)(1+0)%Z2+(1-AM)(1-¢)?  [[1-c+2z(1+c)]?
x| 4z7? 2 In
1-z [1-c+z(1l+0)] 4z
(L+ NN (1+0)2+(1—A\)Z%(1—c)? [l+c+z(1—c)]2)]
+ In —2z(1-2)
[1+c+z(1—-c)]* 4z
42(1-2)(1+2%){(1+2)?—c?(1+ 62+ 2%} 8N\ AZ%(1-2)C
+ {(1+2)%(7—4z
[1+c+z(1—c)][1-c+z(1+c)]? [1+c+z(1—c)]*[1-c+z(1+c)]®
22(1-2)

+772%)—2¢%(3+ 14z+ 102%+ 1422+ 32%) — c*(1-2)4(1+ 22)} + " Z
3[1+c+z(1-¢)][1—-c+z(1+cC)]

X{—(14+2)%(1+ 14z— 182°+ 142°+ 7*) + 2¢?(1+ 2)%(1+ 4z+ 23%°— 562°+ 23%* + 47°+ 26) + 8¢*z(3
—A457—1517%2— 1183 — 1512* — 452°+ 32%) — 2¢8(1— 2)2(1+ 8z+ 712+ 4823+ 712* + 82°+ 2°) + c8(1

—2)%(1-2z+622-223+ 7} |.
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2. The quark gluon Compton process

2
o
| frat|2 f x| 42%PS(Z:N g )

da“"(\g,hiN) 7 (a (1+ XM (1+€)2Z%+ (1—\\)(1—c)?
dQ?dcosd  2N.|Q? [1-c+z(1+c)]*

([1—c+z(1+c)]2> 22(1-2)[1-Z°—c(1+6z+7%)]

xIn 4z [Ttcrz(l-ol[l-ctz(lto)]

><([(1—)\q)\)(1—c)+(1+)\q)\)z(1

+c)]Pqu(z;)\q h)— ;{(1—)\qh)z(l—c)+(1+)\qh)[1+ c+ z(l—c)]}] + %(1+xq>\)(1—>\qh)zz(1—z

22(1-2%)CP5y(Z;N g, h)

—cln Z)+ [1+C+Z(1_C)][1_C+Z(1+C)]

3

+GstAGAGa
where

2(1-2) 5 2 5.3 o4 2
GS:12[1+c+z(1—c)][1—c+z(1+c)]4X{(l_z )(L—=Ngh)(1+52+212°—72°—22") = 2(1+ \gh)(1+ 22— 42z

+22°+2%]—c[(1—N\gh)(4+ 162+ 612°+982° — 34z* + 22°— 32°) — 4(1+ N gh) (1 - 32— 9223~ 3Z*+ 2°) |+ c?[ (1
—N\gh)(5+17z+652°+ 20823+ 137* — 172°— 32°) = 72(1+ N\ 4h) 2%(1— 2%) ] - 2¢3[ (1 — N gh) z(4 + 132+ 382% + 167°
—27*+32°) +2(1+ N\ gh)(1-2)3(1- 22223+ 2%) ] - c*(1 - Z2)[(1— N gh)(5— 72+ 722+ 132%) - 2(1+ A gh)(1
—2)%(1-4z+7%)]+c(1—\gh)(1-2)%(4+ 32+ 423+ 32") —c®(1—-\h)(1+2)(1-2)3%(1—z+ Z2)},

z(1-2)
GA=4[1+C+2(1_C)][l_C+Z(1+C)]3{(1—22)(1+4z+22)[—(1—)\qh)z+2(1+)\qh)(1—z)]+2c[(1—>\qh)z(1+22

+4724 2% = 2(1+ N gh) (1432 =323~ 2°) |+ 2¢%(1—2)[ (1 — N gh) 22 (1 - 22— %) + (1 + A gh)(1— 2% ] - 2¢32(1~2)
X[(1=Ngh)(1+2+32%+2%) + 2(1+\gh)(1-2)]+cH(1-\gh)z(1-2)%(1+ Z2)}.

APPENDIX B: THE INVARIANT MASS DISTRIBUTIONS
Here we present the invariant mass distribution of the lepton pair in the massive gluon scheme before factorizing the mass

singularity. Comparing these expressions with those in the dimensional regularization, we can find the relation between the two
regularization schemes.

1. The quark and antiquark annihilation process

dﬁ'ﬂ\”R_(S A7 [ « foxz 1 7aSC i1 +as
dQZ - )\q,—)\ach QZ | q | z 4 T F ( Z) P

2. The quark gluon Compton process

2

Pgq(2)In =zt Ce{ 2(1+2%)

In(1—z))
1-z .

Inz
—2(l+zz)E—2(l—z)]

Q.

C Q2 1 2 2
Pgao(Z:Ng,h) In;z+|n—22— —5(1—22+32 +A\gh{3—-2z-32%)

~C 4 2
f o o] 1P 2]
> 3N.|0 2

o
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