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Single transverse-spin asymmetry in the Drell-Yan lepton angular distribution
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We calculate a single transverse-spin asymmetry for the Drell-Yan lepton-pair’s angular distribution in
perturbative QCD. At leading order in the strong coupling constant, the asymmetry is expressed in terms of a
twist-3 quark-gluon correlation functio‘ﬁ(FV)(xl,xz). In our calculation, the same result was obtained in both
the light-cone and covariant gauges in QCD, while keeping explicit electromagnetic current conservation for
the virtual photon that decays into the lepton pair. We also present a numerical estimate of the asymmetry and
compare the result to another existing prediction.
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I. INTRODUCTION The Drell-Yan single transverse-spin asymmetry is de-
fined to be the difference of two spin-dependent cross sec-
It has been known for some time that cross sections intions, do(s7)/dQ?dQ with opposite directions of polariza-
volving a single transverse hadronic spin show significantion, divided by their sum,
asymmetries relative to the spin directiph2]. Because of
parity and time-reversal invariance, single longitudinal-spin .~ 1/ do(sy) do(—sy) 1/do(sr) do(—sy)
asymmetries vanish for most inclusive observables in high"™N™ 21 dQ%dQ  dQ2dQ 21dQ%dQ + dQ%dQ
energy collisions; and single transverse-spin asymmetries
open up a new domain of QCD dynamics: physics at twist-3, dAa(sy) do
which is sensitive to the correlations between quark and = 40%d0 40%d0”’ 2
gluon fields. With the active spin program at Brookhaven
o ot gerethe phase paoé —dcosw.
proposéd and could be observed in the near futB+€9) In Ref. [7], Hammon, Teryaev, and Sdea (HTS) calcu-
' .Jated the Drell-Yan single transverse-spin asymmetry at the

In this paper, we reexamine the single transverse-spif : . : C
asymmetry in the Drell-Yan lepton angular distribution. Al- tree level in perturbative QCD with the light-cone gauge, and

though the asymmetry was studied in Réf5-9], two dif- obtained

ferent analytical expressions were derived. In R@f.a for- dT(X,x)

mal argument, based on gauge vector independence, was . _ T(X,X) =X ——

given in favor of the result of Ref8], however, uncertainty AHTS _ o 3 20sin¢g| 1 dx 3)
about the result remaingdOQ]. This motivates us to calculate N 1+cos 6 |Q q(x) '

the asymmetry in a more transparent way, such that color and

electromagnetic gauge invariance are manifest. whereg= J4mag is the coupling constant for strong inter-
For the polarized Drell-Yan procesA(p,st)+B(p’)  action, and the summation over quark flavor was suppressed.

—9*(Q)[—11]+X we define the lepton-pair’s angular dis- The d(x) is H))e normal unpolarized quark distribution. The

tribution in the virtual photon's rest framed=0). As (X)) =—Tk (x,x)vwas called a twist-3 soft gluon pole

shown in Fig. 1, we choose theaxis along the direction of function, with theT{)(x;,x,) defined ag3]

polarized incoming hadrorx axis along the direction of po-

larization vectorSy, and the observed lepton momenta as AZ
Q ol
I”zE(1,sinesin¢,sin0cos¢,cos€), i
6/ |
— Q o : |
[ #= 5(1,— sin @ sin ¢, —sin# cos¢, — cosh). . > Y
o | 7
(1) AN
The Q is the invariant mass of the virtual photon, and its X(81)
four-momentumQ*=1#+1#, FIG. 1. Coordinate choice for the virtual photon's rest frame.
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dy;dy, . . L II. ASYMMETRY CALCULATED IN QCD LIGHT-CONE
T(FV)(Xl,Xz)=j SaP YL 0o x)P Y, GAUGE
4
_ _ In order to calculate the Drell-Yan single transverse-spin
X(p,Stl¢(0)y [T "F " (y5)] asymmetry,Ay in Eqg. (2), we nezed to calculate both the
= unpolarized cross sectiomo/dQ-d(), and the polarized
Xg(yr)lp.Sp). @ cross sectiondA o (s1)/dQ%d().

The unpolarized Drell-Yan cross section can be factorized

The + components of any vectdr are defined in terms of according to the QCD factorization theorga®,13,
two lightlike vectorsn andn ask*=k-n and k™ =k-n.
These lightlike vectors are chosen such that=1. In our  doag_.i1(Q)x , L dTap 1 Q)x
choice of frame, the momentum of the polarized hadvés W:Z‘, f dXa/a(X)dX’ dpp(X )W'
up to a mass term proportional t (6)

In Ref. [8], Boer, Mulders, and TeryaedBMT) also in-
vestigated the Drell-Yan single transverse-spin asymmetry. 'thereEa , run over all possible parton flavors, tls are
similar but .different re:'sult was derived. This result was re-normal p'arton distributions, andé/dQ2dQ are perturba-
expressed in the notation of R¢7] and was found to bES]  jvely calculable partonic hard parts. At the lowest order, the

partonic hard part is given by thggg— v* (Q)—>Il_tree—level
1 T(x,x) diagram, and can be expressed as

sinzasinq')_ .
Q a0 ®

1+co<s 6

BMT) _
Af\] )—

P 2
dogg11(Q)x —e2 %em
dQ%dQ 9\ 48

)H‘”(XD,X’p’)LW(l.Q—l)
which differs fromA{™) in Eq. (3) by the term proportional
to xdT(x,x)/dx.

In this paper, we calculate the leading order contributions X
to the Drell-Yan single transverse-spin asymmetry in terms
'?(I ?e%frlﬁgal'zael? Q(.:D fa_ctorlzaufon theoréﬁlzll]. Indor(_jer th where §=(xp+x'p’)?~xx'S with total c.m. energyS

gauge invariance of our resuft, we derve e 5, o/ The parton level hadronic tensbi is given by

asymmetry in light-cone gauge as well as in covariant gauge
of QCD while keeping the electromagnetic current conserva- 1
tion of t_he virtual photon explicit. The latter also makes the H,uV(Xp,X’p'):(_)[(Xp)ﬂ(x’p’)lq_(Xp)”(x’p’)ﬁ-
calculation much more transparent than the one of F83f. 3
which uses so-called effectivB-odd distribution functions.
In our present calculation we find that the results are inde-
pRee?;i.?g’tgﬁa.f the gauge choices and we confirm the result 0vaith the exp_Iicit color factor(1/3). The corresponding lep-

The derivative term in HTS’s result in E43) has been tonic tensor Is
found in single transverse-spin asymmetries in other pro-
cesses, like prompt photon producti8] and pion produc- Ln(1,Q=D=41,(Q—1,+(Q=1,l,~1-Qg,,]. (9
tion in hadron-hadron scatterind], where the derivative
term arises from collinear expansions of the partonic part§oth hadronic and leptonic tensors show explicit electromag-
while calculations were performed in covariant gauge. How-netic current conservationQ,H*"=0 and Q“L,,=0,
ever, we argue below that in terms of the generalized factowhich will be an issue below when we calculate the twist-3
ization theorem[11], there is no derivative term for the contributions to the asymmetry.
Drell-Yan asymmetry at the tree-level while it can appear in By contracting the hadronic and leptonic tensors, we ob-
higher order corrections. tain the lowest order unpolarized Drell-Yan cross section in

The rest of this paper is organized as follows. In the nexthe virtual photon’s rest frame,

1 2
@) 8(Q%=(xp+x'p")?), (7

—(xp)-(x'p")g"”] 8

[1+cog 0]5(Q°—xx'S)|,

section, we derive the single transverse-spin asymmetry in
the DrgII—Yan Iepton gngular distribution in perturbat_lve doag_iix _ 47m§m 5 .,
QCD with a choice of light-cone gauge. In our calculation, 4%~ 902 > ea| dxg(x)dx'q(x’)
we monitor the electromagnetic current conservation of the d
virtual photon by calculating the strong interaction part and 1/3
the leptonic part separately. In addition, we show explicitly X 4_<Z

. . . o
why there is no derivative term. As a cross check, we use the
method developed in R3] to calculate the same Drell-Yan (10)
single transverse-spin asymmetry in a covariant gauge in
Sec. lll. An identical result is obtained. Finally, we present awhereX runs over all quark and antiquark flavors and the
numerical estimate of the asymmetry and our conclusions ifactorization scale dependence of the parton distributions is
Sec. IV. suppressed.
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The single transverse-spin asymmetry is a twist-3 effect.
In contrast to Eq(6), the Drell-Yan single transverse-spin Tg(Xl,Xz;ST):f
asymmetry has the following generalized factorization for-
mula[3]

prdy; pTdy, .
2T 2T

Wlp+YIeWX2—XﬁP+Y5

X(p, S| ¥q(0)
+

2%) A%(y5) g(y1)|P.57), (14)

dAoag_i(x(ST) y
dQ%dQ ZaE’b f dx; AXTHA(X1 X3 S7)

where A? is the gluon field. The partonic paH‘” in Eq.
Xf dx’ ¢p(X") (13 is given by the four Feynman diagrams in Fig. 3 with
the quark lines contracted by /2p, and antiquark lines
1 dAGap.11(Qx(ST) contracted by 1/2-p’ [3,11,14. As we will demonstrate
Xa dQZdQ ' (1D pelow, the inclusion of all four diagrams are very important

for preserving electromagnetic current conservation. The dia-

grams 3c) and 3d) play the same role as the twist-3 contri-
where TA(x,,%,;S7) are twist-3 three-parton correlation pytion of diagram Fig. 1 of Ref15] in the calculation of
functions with a dimension of mass awmid &(st)/dQ%d() Ref.[8].
are perturbatively calculable partonic parts. The explic@ 1/ It is important to note that th&{ (x,,X,;s7) in Eq. (14) is
factor in Eq.(11) is a signal of a twist-3 effect and takes care not necessarily a twist-3 matrix element, and the hadronic
of the mass dimension of the twist-3 correlation functions. Intensorw®" in Eq. (13) could have twist-2, twist-3, and even
order to extract the lowest order contribution to the Drell-higher twist contribution§14]. In the rest of this section, we
Yan single transverse-spin asymmetry, we need to start witghow how to extract the twist-3 contributions to the single
lowest order diagrams with two-fermion and one gluon linesyansyerse-spin asymmetry from té” in Eq. (13) in light-

from the polarized hadron, as shown in Fig.®11,14. Be-  cone gauge. We will present a similar derivation in a cova-
cause of the virtual photon of the Drell-Yan process, contri-jant gauge in the next section.

butions from Fig. 2 can be written in general as In n-A(y, ) =0 light-cone gauge, the leading contribution
of the gluon fieldA” comes from its transverse components

1\? (i.e.,0=1,2) [16], and the corresponding gluon field strength
=] G2 WHQL.0.0-1) (12 s given by

FT 7y, )=nd,A%(y;). (15)
with the leptonic tensok ,, given in Eq.(9). After collinear
expansion of the parton’s momenta, and separation of ferFherefore, in the light-cone gauge, we need to make the fol-
mion traceq 3,11,14, the leading contributions to the had- lowing replacement:
ronic tensorW*” from the diagram in Fig. 2 can be ex-
pressed in the following factorized form:

A%(yz)— F o(yz) (16)

(Xa=Xx1)p*

WHY(Q) = er dx,dX,T7(Xq X0 :S7) in the matrix elemenfT?(x;,X,;Sy) to convert the gluon
(@ % a 10z Tq(x0 Xpisr field A’(y,) into the gluon field strengttF“(y,), the
same as that in the twist-3 matrix elemd@’(x, ,x,) in Eq.

XJdx’ﬁ(x’)Hg‘”(xl,Xz,X';Q), (13 @.
m Xop
0 i
\ b b4
xp
(@ (b)
© (d)
FIG. 2. General diagram contributing to the Drell-Yan single  FIG. 3. Lowest order Feynman diagrams contributing to the
transverse-spin asymmetry. Drell-Yan single transverse-spin asymmetry.

whereX , runs over all quark and antiquark flavors. The had-
ronic matrix elemenﬁ'g(xl,xz;ST) is given by

=]

>

2000000
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Because of different behavior of the fermion propagatorscorresponding field strength as in Ed.6), we derive the
we derive the partonic tensét“” in Eq. (13) in two steps. twist-3 contributions to the hadronic tensé”(Q) in Eq.
We first calculate the contributions from the two diagrams in(13),

Figs. 3a) and 3b). With the Lorentz indexs in the trans-

verse direction, we obtain wer(Q)=S esf dx'I*FV)(x,x)f dxqx")
q q
Xp—X v
Hﬁ”<a+b>=g(xfx—ji ol 5) 8(Q2=xx'S) g
2 1 € X % 6(Q2_XXIS)§€STU'HH)
p »
+0,| 7| A(QP=xX'9) . 17 b op'\? o p'\A
X X195\ 5 7) + 3(7—7 (21)

Clearly, the partonic part from the two diagrams violates

electromagnetic current conservation. In deriving the above result, we took the imaginary part of
After the collinear expansion, the fermion propagators inthe single pole,

the other two diagrams in Fig. 3 are on mass-shell and con-

tributions from these two diagrams are divergent. As shown 1

in Refs.[11,14], the divergent part of these propagators cor- m

responds to the long-distance contributions that should be

included into the twist-2 quark distribution; and these propasuch that theé from the imaginary part cancels theén Eq.

gators also have a finite contact contribution, which is ong16) to ensure a real contribution to the single transverse-spin

twist higher. The concept of special propagator was introasymmetry{3]. The apparent factax,—x; in numerator of

duced in Ref[14] to identify the high twist piece of each Eq. (20) cancels the 1K,—x;) in Eq. (16), which is the

propagator. Graphically, the special propagator is representedsult of converting the matrix elemef” to the twist-3

by a normal propagator line plus a bar as shown in FigS. 3 correlation functionT!”). It is clear that the leading order

and 3d). The Feynman rule for a special propagator dependgyist-3 hadronic tensow*“*(Q) in Eq. (21) respects electro-
on the gauge choice because of the nature of high twist cofnagnetic current conservation,

tributions. In light-cone gauge, for example, the rule for a
special quark propagator, merged from incoming quark and WH(Q)Q,=W*"(Q)Q,=0, (23
gluon lines in Fig. &), is given by[14]

— =7 (X, —Xy), (22)

with the virtual photon’s momentur@*= (xp)*+(x'p’)*.
By contracting the hadronic tens@#*"(Q) with the lep-
tonic tensor. ,, in Eq. (9), and using Eq(12), we derive the

leading order twist-3 contributions from the general diagram
where the 1€” can be either derived following the example in Fig. 2,

given in the next section, or obtained directly from the pre-

scriptions given in the Appendix of Rdf17]. With the spe- 1\2 —
cial quark propagator in Eq18), we derive the twist-3 con- 119)= o2 zq: e(zJ dXT(F\;)(X1X)J dx"q(x’)
tributions from the diagrams in Figs(6 and 3d),

iy-(X2p) iy-n
(X,p)°+ie 2x,p-n

X2—Xq
Xo—Xq+ie€

, (18)

g . :
Xo— X1 p'\” X| — =S@(sin26sin$)8(Q*—xx'S)|, (24
v _ pml 5 2_ '
Ho' (C+d) g X2_X1+i€ go( XZ) 5(Q XX S) Q
"o whereX, runs over all quark and antiquark flavors. Multi-
+g” — L 8(Q%—x.x'S)|. (199 plying the twist-3 contributions in Eq24) by the overall
X1 flux, coupling, and phase space factor,aﬁ,(/48)

=1/(2S)e*(1/327?), as well as a color factatl/3), we ob-

Combining the short-distance twist-3 contributions from all,_: . . .
tain the leading order polarized cross section,

four diagrams in Fig. 3, we obtain

_ "o dAco Tox(s)  AmaZ _

Xp— X1 p p AB—11(Qx(ST) em zf V) —

pv_ ul PP 2y = e? | dxT(x,x)dx'q(x
M =0l G xrie g“(x’ x2> AQ xS 4Qd0) 5q7 & &) XTe (XXX

+q” PP M(g 2 'S 20 xi(ﬁ)[—gsinzasimﬁ
ds T—X_l (Q —X1X ) . ( ) 47\ 4 Q
The partonic parH%4” with complete twist-3 contributions X 8(Q2—xX'S)|. (25)
from all four diagrams in Fig. 3 clearly respects the electro-

magnetic current conservation. » o _
Having the partonic parti”” in Eq. (20) and the matrix ~ USe Tq(x,X)=—Tg '(x,x), and divide the polarized cross
elementT? in Eq. (14) with its gluon field replaced by the section in Eq.(25) by the unpolarized cross section in Eq.
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e) and thei/(x,—x,)p " in Eq. (16) from the gluon attached to
”Y the polarized hadron in light-cone gauge. In terms of the
generalized factorization theordi®,11], momenta of all par-
tons entering the partonic short-distance hard parts have only
components collinear to their respective hadron momenta.
For the leading order Drell-Yan process, the incoming quark
x and antiquark lines in Fig. 3 have to be contracted with
1/2y-p and 1/2y-p’ to ensure the twist-3 contributions and
color gauge invariance at this twist. Any other combination
will result into power suppressed correctidrist]. Because
the indexo in Fig. 3 is transverse in light-cone gauge, the
~ k 1/2y-p' from the twist-2 antiquark line eliminates the
v-p’ term of the quark propagator, and leaves the partonic
contribution proportional to Xo—Xx4)/(Xo—x;+i€). The
vanishing numerator factorxf{—x;) cancels the potential
1/(x,—X;) pole from the incoming gluon, and leaves a single
(10), we derive our result for the single transverse-spinS0ft-gluon pole. The derivative term in EG}) was obtained
asymmetry for Drell-Yan lepton angular distribution, because the authors did not contract the incoming quark and
antiquark lines with the 142-p and 1/2y-p’. For a detailed
discussion on this issue from the perspective of gauge vector
1 3465/ dxTy(x,x)q(Q?/xS) (n) independence, see R4

Q Z,e2fdxq(x)q(Q%xS)
(26)

FIG. 4. Sample Feynman diagram generating a double soft
gluon pole.

sin260sin¢
1+cos 6

An= Vi Tag

IIl. ASYMMETRY DERIVED IN A COVARIANT GAUGE

where 2 runs over all quark and antiquark flavors. If we
suppress the sum over quark flavors, as what was done
Refs.[7,8], the asymmetnAy in Eq. (26) is reduced to the
ABMT in Eq. (5).

With three partons from the polarized hadron, the gener
Feynman diagram in Fig. 2 can have both soft-gluon as we his section
as soft-quark polef3]. Because of the infrared behavior of ’

. . Similar to our calculation in light-cone gauge, we start
soft gluons, the soft-gluon poles from the general diagram N ith the general decomposition in E62), and a complete
Fig. 2 can be either a single pole, like thext/{-x;+i€) in 9 P ’ P

Eq. (20), or a double pole, such as t4—x;+i€)2. The S(_et of partonic Feynman diagrams at the orda'r_)ogagm) ir_1
single pole leads to a dependence B(x,x) while the Fig. 3. Due- to the ctlar?ge of the gauge, one difference is that
double pole results into the derivative tema T(x,x)/dx.  the gluon fieldA?(y;) in the matrix elemenTg(x,,Xz;st)
For example, consider a diagram in Fig. 4, which gives dS no longer dominated by its transverse components. In-
higher order correction to the Drell-Yan single transverse-sStead, the leading contribution of the gluon field is from the
spin asymmetry if the photon is virtual. If the photon is real,component parallel to the direction of its momentuff,
it gives a leading order contribution to the single transverse«p“ [16]. Therefore, we can get the leading contribution
spin asymmetry in prompt photon productif). In light-  from the gluon field in a covariant gauge by the following
cone gauge, this diagram potentially has a double soft-gluoreplacement:
pole: one from the gluon propagator and the other from the
gluon attached to the polarized hadron. However, in general,
one of the two potential poles might be canceled by a van-
ishing numerator. But, if the outgoing gluon in Fig. 4 has 1
nonvanish transverse momentum, both soft poles could sur- A%(y; )— —AT(y;)p’. (27
vive and lead to a double soft-gluon pg&. P
However, the potential double poles never survive at the
lowest order single transverse-spin asymmetry in the Drell- I i i
Yan angular distribution calculated in this paper. Consided™ Order to convert theA”(y,) to the corresponding field
the diagram in Fig. @), we have potential poles from the StrengthF**(y;), we need to give the gluon field a small
quark propagator, transverse momentuik:, and then converk?A™(y,) into
F™(yz) [3].
) , With the gluon carrying a small transverse momentum
i (X1 =Xz)y-p—X'y-p kt, the hadronic tensdW*”(Q) in Eq. (12) has a slightly
—(X;—Xy)X'S+ie ’ different expression,

. In deriving the single transverse-spin asymmetry in the
Brell-yan angular distribution in the last section, we kept
explicit electromagnetic current conservation. In order to test
ﬁhe color gauge invariance of our result, we present a deri-
ation of the same asymmetry in a color covariant gauge in

034008-5
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We(Q)= 3 ¢ [ dxae, [ d%eTx ke iso)
q

Xf dx"q(x")H*"(xq,X5,kt,X";Q), (29
where2 runs over all quark and antiquark flavors. The hadronic matrix elemgix ,x,,ky;st) is defined as

“dy; ptdy, d?ys
2a 27 (2m)?

P
Tq(X11X2|k;ST):f

N +
X 5 6 817 0.0 |

X Wq(y1)|P,S7). (29)

1 _
p_+A+(y2 ayT)

The partonic parH*”(x4,X,,k7,x";Q) is again given by the ¢
four Feynman diagrams in Fig. 3, except the incoming quoW H#Y
momentum is now X, —X;)p+Kky, and the gluon polariza- T
tion o is contracted withp?.

In order to extract the twist-3 contributions from these ( 1

p\" ,
diagrams, we need to get one powerkgffrom the partonic = gﬁf<—) 8(Q%=xoX'S)
part to convert the gluon field* in the matrix element into
corresponding gluon field strengfB]. Expand the partonic

part atk;=0, +g,

X/

g Xo—Xq+ie€

p

v M5(Q2—X1X’S) : (32

H# ~H""(Xy, X5, kr=0X";s7) Again, the contributions from these two diagrams do not

9 respect electromagnetic current conservation, and are exactly
+WH“”(xl,xz,kT:O,x’;sT)k$+ O(k%). (300 the same as what we calculated in the light-cone gauge.
T Therefore, we need to find the other half of the contributions

. . . from the diagrams in Figs.(8 and 3d).
The first term in the above expansion corresponds to the In a covariant gauge, the gluon polarization indexn

eikonal line contribution to the twist-2 quark distribution. Fig. 3 is contracted wittp”. For the two diagrams in Figs.

The second term in E30) is responsible for the twist-3 d3d). the al . . ) directl
contribution, while the remaining terms correspond to even3(c) and 3d), the gluon interaction vertices are directly con-

) o N hected to the incoming quark lines, which are to be con-
higher twist contributions.

Substituting the second term of the above expansion int(ggr?:ﬁgut\i,vol ;hs lf%/mp thl:;;vetlzl\;o woe"awrc;l:rl:is ci/c;%c;lsl:]debetggltjse
Eq. (28), and integrating ovefd?k;, we obtain the twist-3 9

g . 2: i 1 i -
contributions to the hadronic tensor in a covariant gauge, P°Ly,1/2y-p]op®=0. But, due to the vanls_hmg denomina
tor of the quark propagators of these two diagrams, we actu-

ally have a “0/0” situation for the contributions of these two
WHEY(Q) =, eéf dxldsz(FV)(xl,xz)f dx'q(x’) diagrams.
a K Same as in the light-cone gauge, these two diagrams have
i 9 not only twist-3 contributions but also long-distance twist-2
P EpSTn n___ H,uv ,
o

5 P (31 contributions. In order to extract the correct twist-3 contribu-
™ T

tions from these two diagrams in covariant gauge, consider a
simple and generic diagram in Fig. 5, where the incoming

where the twist-3 correlation functiol \;)(xl ,X») is given in

Eq. (4). Therefore, calculating the twist-3 short-distance con- X1p
tribution is equivalent to extracting the terms linearkin
from the Feynman diagrams in Fig. 3 with incoming gluon
momentum K,—X;)p+kr. c > M
As in the previous section, we calculate the short-distance k
partonic contributions to the asymmetry in two steps. We
first evaluate the contributions from the diagrams in Figs. FIG. 5. A generic diagram for extracting the special quark
3(a) and 3b), and find propagator.
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quark of momentunx,p is on mass-shell, and the gluon’s IV. NUMERICAL ESTIMATE AND CONCLUSIONS
momentumk— (X,—X1)p+ky. The contribution from this

generic diagram can be written as In order to estimate the numerical size of the single

transverse-spin asymmetry in the Drell-Yan lepton angular
iy (XD +K) distribution in Eq.(26), we need to know the size and sign of
Iy-(X1p . ist- - i i V)
H=Tr| M(x,p+k) = +k)2+ie(_'7")7'(X1p)}p0’ the twist-3 quark-gluon correle-ltlon functiof: ; (%,X). .
1P 33 Fortunately, the same twist-3 quark-gluon correlation
functions T(,:\Q(x,x) appear in a number of other single

where M represents the blob in Fig. 5. Since we are inter-ransverse-spin asyn_’nmetne@S,G].. In p”.“c'p'?’ ;elf-
ested in the twist-3 contribution in a covariant gauge weconsistency of the twist-3 correlation functions in different
- : ’ hysical observables is a test of QCD and its factorization
need only the terms linearly proportional kg, P . , ;
y y prop ® theorems beyond the leading twist physics.
) In Ref. [6], single transverse-spin asymmetries in had-
X1P ronic pion production were calculated in perturbative QCD
H—H®=Tr[M(x,p)y-k : ronic pion p . per ;
- [M(x2p) y-kr] (Xo—X1)(2x,1p?) +ie in terms of the same generalized factorization theorem that
was used in this paper. The same twist-3 quark-gluon corre-

1 lation functionsT(F\;)(x,x) dominate the leading contributions
=THIM(P) y-krl 5

m- (34) to the asymmetries. Although the existing data on pion asym-
metries have relatively low pion transverse momenta, the
general features of the data are naturally explained by the
theoretical formula$6]. By comparing the theoretical calcu-
lations with the existing data on the difference between

and 7~ asymmetries, it seems that the twist-3 correlation
function T(F\:)(x,x) for valence up quark has an opposite sign

to T (x,x) for valence down quark. In addition, a positive
d

In deriving the first line in Eq(34), we dropped &3 in the
denominator and thk; dependence iM, because they cor-
respond to twist-4 or higher contributions.

Following this approach, we derive the twist-3 contribu-
tions from the two diagrams in Figs(@ and 3d),

I 1 AP T(F\ﬁ)(x,x) is favored.
,9_|<¢H - (c+d)=-g X,— X, +ie 9p Xy If we adopt the model introduced in Ref6] for the
=0 twist-3 quark-gluon correlation functions,
J PV
X 5<Q2—x2x'5>+gp( - X—l) T (%)~ kqh A(X) (37

with k,=+1=— k4, k=0, andA~100 MeV, we estimate
: (39 the single transverse-spin asymmetry in the Drell-Yan lepton
angular distribution as follows. Taking the angle-90°, we
have the angular dependence,

X 8(Q%?—x;x'S)

By adding all twist-3 contributions of the four diagrams in

Fig. 3, we obtain in a covariant gauge sin26sin¢g

K29 Y B S | PR
kg g Xo—Xqt+ie€ 9 X" Xy Because the valence up quark is about twice the valence
kr=0 . .
down quark, and the fractional charge squefe=4/9 is a
T\ factor of 4 larger thare3=1/9, we approximate
X 8(Q2—x,x'S) +g” 5— E—) J ‘ PP
! 3 4€5S dXTo(X,x)q(Q%/XS)
X 5(Q2—X1X'S) , (36) qugdeC](X)a(QZ/XS)
JSdxu(x)u(Q?/xS)
which clearly respects electromagnetic current conservation. JAUEOU(QXS) +U(x)u(Q*/x9)]
By substituting Eq.(36) into Eq. (31), and contracting N
with the leptonic tensoL ,,, we derive the same polarized ~——, (39
Drell-Yan cross section in Eq25) and the same asymmetry 2

in Eq. (26) in a color covariant gauge. Therefore, we can ) o _

conclude that our result in E¢26) for the single transverse- Wh?\rf; the minus sign is due to the definitidiy(x,x) =
spin asymmetry in the Drell-Yan lepton angular distribution ~ T, (X,X). Because of the assumptidg,=0 [6], we have
not only respects electromagnetic gauge invariance, but alsanly one term in the numerator in E€39) in comparison

is the same in both color light-cone and color covariantwith the two terms in the denominator. The 2 in the second
gauges. line of Eq. (39 is due to the fact that the two terms in the
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denominator are equal for proton-proton collision. Taking theproduction asymmetries. A future measurement of the size of
maximum value from the angular dependence in(B), we  the asymmetry can therefore clearly distinguish between the
estimate that the magnitude of the asymmetry in[6) can  model predictions off4] (asymmetries between 20% and

be as large affor V4mas~2) 40% for the wholexg range and the estimates presented
here.
A i i -
Ay ~0.7~. (40) In conclusion, we have calculated the single transverse

Q spin asymmetry for the Drell-Yan lepton-pair’s angular dis-
tribution in perturbative QCD. We found that our result at
For A~100MeV, we haveAy of about 3.5% atQ l|eading order in the strong coupling constant, given in Eq.
=2GeV, and 1.75% aQ=4 GeV, where we chose tH@  (26), is consistent with what was derived in R¢8], but
values to be just below and above the) resonance. Con- different from what was found in Ref7]. We derived our
sidering that RHIC’s sensitivity to double transverse-spinresult in both color light-cone and covariant gauges while
asymmetries in Drell-Yan is at the percent ley#8], these  keeping explicit electromagnetic current conservation. With
values for the single transverse-spin asymmetry might be model of the twist-3 correlation function, our calculated
detectable. asymmetry predicts both the sign and magnitude of the
The numerical values for the single transverse-spin asymasymmetry.
metry in Drell-Yan lepton angular distribution are small,
Wh_ich is consis_tent with th_e fact that the single_ transverse- ACKNOWLEDGMENTS
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