PHYSICAL REVIEW D 81, 054008 (2010)

Transverse momentum dependent quark distributions and polarized Drell-Yan processes

Jian Zhou,"? Feng Yuan,”> and Zuo-Tang Liang'
'School of Physics, Shandong University, Jinan, Shandong 250100, China
2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

SRIKEN BNL Research Center, Brookhaven National Laboratory, Building 510A, Upton, New York 11973, USA
(Received 11 November 2009; published 11 March 2010)

We study the spin-dependent quark distributions at large transverse momentum in the collinear
factorization approach. The naive-time-reversal-even and k-odd quark distributions are calculated in
terms of a class of twist-three quark-gluon correlation functions. We further calculate the angular
distribution of the Drell-Yan lepton pair production in the polarized nucleon-nucleon collisions. In the
intermediate transverse momentum region, we find that the two approaches, the collinear factorization and
the transverse momentum dependent factorization, are consistent in the description of the lepton pair

angular distributions.
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L. INTRODUCTION

Spin-dependent semi-inclusive hadronic processes have
attracted much interest from both experiment and theory
sides in recent years. These processes provide more oppor-
tunities to study the quantum chromodynamics (QCD) and
internal structure of hadrons, as compared to the inclusive
hadronic processes or spin averaged processes.
Measurements have been made in different reactions. In
particular, the single transverse spin asymmetry (SSA)
observed in various hadronic processes [1-7] has stimu-
lated remarkable theoretical developments [8-26]. Two
approaches in the QCD framework have been most ex-
plored: the higher twist collinear factorization approach
[27-30] and the transverse momentum dependent (TMD)
approach [11-26]. In these two approaches, the spin-
dependent differential cross sections can be calculated in
terms of the collinear twist-three quark-gluon correlation
functions in the collinear factorization formalism and the
TMD distributions in the TMD factorization approach.
Such functions generalize the original Feynman parton
picture, where the partons only carry a longitudinal mo-
mentum fraction of the parent hadron. Further study has
shown that the transverse momentum dependence of the
naive-time-reversal-odd TMD distributions which are re-
sponsible for the SSAs can be calculated and expressed in
terms of the collinear twist-three correlation functions. By
using these results, it was shown that the above two ap-
proaches are consistent in the intermediate transverse mo-
mentum region where both apply [31-33]. In this paper, we
will extend these studies to more general Drell-Yan (DY)
processes, in particular, the lepton angular distributions in
polarized nucleon-nucleon scattering.

The single transverse spin asymmetry in the Drell-Yan
lepton pair production process has been used as an example
to demonstrate the consistency between these two ap-
proaches [31], where the single transverse spin asymmetry
is represented as a correlation between the lepton pair
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transverse momentum ¢, and the transverse polarization
vector S,. For this contribution, the transverse spin-
dependent differential cross section is proportional to
do(S)) « €S ¢, . The transverse momentum of the lep-
ton pair is also the transverse momentum of the virtual
photon which decays into the lepton pair in the Drell-Yan
process. Therefore, this SSA is related to the quark Sivers
function and is the only contribution from the quark-
antiquark channel. However, if we further study the lepton
angular distribution in the Drell-Yan process [34], it will
open more contributions to the single spin asymmetries, as
well as other spin-dependent observables [35,36]. More
recently, by analyzing the general Lorentz structure of
the hadronic tensor, the complete spin and transverse mo-
mentum dependent angular distribution of the lepton pair
has been presented in Ref. [22], and 48 structure functions
contribute. One can calculate some of them which are
leading power in the context of the TMD factorization
and relate them to the TMD distributions [22].

In this paper, we will study the angular distribution of
the lepton pair in the polarized Drell-Yan process at large
transverse momentum of the lepton pair. The relevant
calculations are carried out in the collinear factorization
framework. We mainly focus on the single spin asymmetry
Ayr and double spin asymmetry A; 7, taking into account
the contributions from the twist-three quark-gluon corre-
lation functions from one of the incident hadrons. We will
limit ourselves up to this order. For the single spin asym-
metry Ayr, the corresponding twist-three quark-gluon cor-
relation functions are those studied in [28-32] and the
calculations will be similar. On the other hand, for the
A;r asymmetry, more general quark-gluon correlation
functions will contribute and the calculations will be differ-
ent from those in [28-32]. Following the same procedure
as that in Refs. [31-33], we will compare the predictions
from the two formalisms and check their consistency.

We will calculate the TMD quark distributions at large
transverse momentum k; >> Aqcp, and express them in
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terms of the collinear correlation functions. There are eight
leading order TMD quark distributions [14]: three k| -even
TMD distributions f(x, k1), gi.(x, k1), and h,(x, k| );
two naive-time-reversal-odd TMD quark distributions
fir(x, ki) (Sivers function), hi(x,k;) (Boer-Mulders
function); and three naive-time-reversal-even but &, -odd
TMD quark distributions g,7(x, k), hy.(x, k1), and
hi(x, k1 ). The transverse momentum dependence of these
TMD quark distributions can be calculated from perturba-
tive QCD in the collinear factorization framework. For the
ki -even TMD quark distributions, the results are well
known and can be expressed in terms of the integrated
leading-twist parton distributions (see, e.g., [23]). The
naive-time-reversal-odd TMD quark distributions (the
Sivers function and the Boer-Mulders function) have also
been calculated [31,32]. In this paper, we will extend these
calculations to the naive-time-reversal-even but k-odd
TMD quark distributions g7 and %;;. These results will
depend on the the novel twist-three distributions g(x), /(x)
[20,30], and the general twist-three quark-gluon correla-
tion functions Gp, GD, Hp, and Ep [37]. The last TMD
quark distribution Ai-(x, k) will involve twist-four quark-
gluon correlation functions. We will not discuss it in this
paper.

The rest of the paper is organized as follows. In Sec. I,
we give a brief review on the twist-three quark-gluon col-
linear correlation matrix elements and discuss the relation
between them and the TMD distributions. A general fea-
ture of the TMD quark distributions at large transverse
momentum will be presented in Sec. III. In Sec. IV, we
derive the naive-time-reversal-even TMD quark distribu-
tions g,7(x, k1), hy7(x, k1) in the twist-three quark-gluon
correlation approach. In Sec. V, we calculate the relevant
polarized Drell-Yan differential cross section using the
same collinear factorization and compare to the results
from the TMD factorization. We conclude the paper in
Sec. VL.

II. TWIST-3 CORRELATION MATRIX ELEMENTS
AND TMD DISTRIBUTIONS

In order to extract more information on hadron structure,
various spin-dependent and/or transverse momentum de-
pendent parton correlation functions have been introduced
based on the QCD factorization theorem. They are univer-
sal between semi-inclusive deep inelastic scattering
(SIDIS) and Drell-Yan processes (up to a sign for the
naive-time-reversal-odd TMD parton distributions) and
can be pinned down by a complete set of experiments. It
has been shown that there exist interesting connections
between the twist-three collinear functions and the naive-
time-reversal-odd TMD quark distributions [20,30]. In this
section, we will review the general property of the collinear
correlation functions and introduce two novel twist-three
functions g, i [20]. We will further explore their relations

PHYSICAL REVIEW D 81, 054008 (2010)

to the naive-time-reversal-even but k| -odd TMD quark
distributions g7 and h;.

Let us start by introducing the following collinear quark-
antiquark correlation matrix:

N dv~ o _
M ap0) = [ S (P S1 407 OIP.S),
(1)

where P, S are the hadron momentum and spin, respec-
tively, and we have suppressed the light-cone gauge links
between different fields. The hadron momentum P* is
proportional to the light-cone vector p* = (1*,07,0,),
whose conjugate light-cone vectorisn = (07, 17,0,). xis
the momentum fraction of the hadron carried by the quark.
Up to the twist-three level, the above matrix can be ex-
panded as [37]

M
2P+

W) = STAGIP + 81 Aysh + b (Y55 A1+

X [e(x)l + gr(x)ys8, + hL(X)%Ys[li If]:l,
@)

where A represents the helicity for the nucleon for the
longitudinal polarized nucleon, S is the transverse polar-
ization vector, and M is the hadron mass. The first three are
the leading-twist quark distributions: spin average f, lon-
gitudinal spin g, and quark transversity /; distributions.
The twist-three quark distributions e(x), gr(x), and h; (x)
do not have simple interpretations and belong to more
general quark-gluon correlation functions [37]. These cor-
relation functions can be defined through the following
matrix [37-39]:

9 dy” dy; ivPtv— i + -
M, 5% x;) = [—;ﬂ _2y71r e IXPTY pilei 0Py,

X (P, S|4 p(y iDL (1) (O)IP, S), (3)
where we have adopted the covariant derivative as iD’i =
i9P + gA’j_. The expansion of the above matrix contains

the following four twist-three quark-gluon correlation
functions:

. M . v
Mg(X, xp) = F[GD(% xl)lflf_ Si.p

~ M
+ Gp(x, x)STyspl + P
X [Hp(x, xl))WsY}f_I‘ + Epl(x, xl)’}’lf_ﬁ]-
“)

By imposing the Hermiticity, parity, and time-reversal
invariance, we have the following constrains:

GD(X,X1) = _GD(le x), GD(XJH) = GD(XpX),
HD(X; xl) = HD(xb x), ED(X, xl) = _ED(XL x),
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and these functions are real. As mentioned, the twist-three
quark distributions g;(x), e(x), and A; (x) can be expressed
in terms of the above quark-gluon correlation functions
[37,40],

1 -
gr(x) = o [dxl[GD(x’ x1) + Gplx, xp)], (6)
2
() =2 j dx, Hp(x, x1), )
X

2
e(x) = ; [dxlED(xrxl)‘ (8)

Therefore, G, G, Hp, and Ej, functions are more fun-
damental, which becomes evident when we study the scale
evolution for the twist-three quark distributions, and the
next-to-leading order perturbative corrections to the rele-
vant cross sections [40,41].

In terms of the twist expansion, of course, D-type cor-
relations are not the only ones at the twist-three level. One
can also define a set of the F-type twist-3 correlation
matrix elements,

dy” dyy e XPTYT il —x)PTyp
2 2w

X (P, S| p(y7)gFY 7)o (0)IP, S). (9)

Mgaﬁ(-x) -xl) =

Again, the expansion of the above matrix defines the
following F-type quark-gluon correlation functions:

R M , 3 ,
M#(xr xl) = T[TF(X’ xl)EJ_MSJ.VIﬁ + TF(xx Xl)lSli’}/515]
M~ _
+ E[Tfr)(x, x)idysyL p

+ T (x, x))ivh B (10)

where, for convenience, we have used different normaliza-

tion factors for Tr(x, x;) and Tl(f)(x, x) as compared to
Refs. [31,32], with a relative factor 277M. Similarly, the
parity and time-reversal invariance implies

Tr(x, x;) = Tp(xy, x), TF(X, xp) = _TF(xl! x),

T4 (x, x,) = TV (x;, %),
(11)

The F-type correlation functions are usually regarded as an
alternative but not independent functions in the calcula-
tions of the inclusive DIS structure functions, such as the
gr structure function [41]. On the other hand, it has been
found that the F-type correlation functions are more rele-
vant for the single transverse spin asymmetry and have
been intensively studied [28-30]. By using the equation of
motion, these two types of the correlation functions can be
related to each other [20,30],

T (x, x)) = =T (x), x),
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Gp(x,x1) = P——Tr(x, xy), (12)
X X1
Gplxx) = Px — Tr(x x;) + 8(x — x)g(x), (13)
1
1 a
Ep(x,x) = P——T (x,x)), (14)
X — X

| R -
Hp(x, x) = P——T7(x, x)) + 8(x = x))h(x), (15)
X — Xy
where P stands for the principal value, and g, / are given
by [20,30]
dy~
2m

~ig [Tar O pOIPS)

e (P, Sl iD)

= S BWShysh + KAy AL (16)

From the above results, we find that indeed the F-type and
D-type correlation functions are not completely indepen-
dent, and they form an overcomplete set of functions.
However, we still need g and & to completely describe
the associated physics at this order, in particular, for the
calculation performed in this paper. In practice, we can
either use D-type or F-type plus g and / as a complete set
of twist-three functions.

In the following, we will further reveal the physical
meaning of g and /# and build the connection between
them and the transverse momentum dependent quark dis-
tributions. The TMD parton distributions are an important
generalization of the conventional Feynman parton distri-
butions. Because of additional dependence on the trans-
verse momentum of partons, these distributions open more
opportunities to study the partonic structure in the nucleon.
The nontrivial correlations between the parton transverse
momentum and the polarization vectors of the parent nu-
cleon or the quark itself provide novel consequences in the
transverse component in the hadronic processes, for ex-
ample, the single transverse spin asymmetry. Of course,
upon the integral over transverse momentum, these TMD
parton distributions will naturally connect to the leading-
twist and higher-twist parton distributions. In this paper,
we will focus on the TMD quark distributions, which are
relevant to the Drell-Yan lepton pair production. The TMD
quark distributions can be defined through the following
matrix [18,19,42]:

dy—dzyl e*ixP*
Qm)?
X LI, y1)L,0)4,(0)|PS), (17)

where x is the longitudinal momentum fraction and &, is

M s ky) = VHELTLPS (v, y 1)
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the transverse momentum carried by the quark. The gauge
link £, is along the direction represented by v which is
conjugated to p. In the case that we need to regulate the
light-cone singularities, we will use an off-light-cone vec-
tor, v~ > v" and v, =0, and further define > = (v -
P)?/v?*. Compared to the integrated parton distributions
definition in the above, we find that the two quark fields are
not only separated by light-cone distance £, but also by
the transverse distance &, which is conjugate to the
transverse momentum of the quark &, [42]. Because of
this difference, the additional transverse gauge link for the
TMD parton distributions has to be contained in order to
make the above quark matrix gauge invariant [19], and the
gauge link direction depends on the process [18,19]. Since
we will study the Drell-Yan lepton pair production in this
paper, in the following we will adopt the TMD definition
for this process and the gauge link will go to —oo [18,19].
The gauge link plays an essential role in the naive-time-
reversal-odd TMD parton distributions.

The leading order expansion of the quark distribution
matrix M contains eight quark distributions [14,15,21],

A

1 1
M= El:fl (x, kp)p+ th(x, ky)o*"k,p,

1 > >
+ g1(x k) Aysp + Mng(x’ ki)yspky -Sy1)

1
+ MhlL)‘ia'/u/)/Sp'uki + hy(x, kyio,,ysp*ST

1 , L 1
+ i kDo yspt (R Suky - st

1
o KBy, p kS | (1)

Out of the eight TMD distributions, three of them are
associated with the k)-even structure: f(x, k),
gi.(x, k1), and h(x, k). They are a simple extension of
the above integrated quark distributions in Eq. (2). The
other five distributions are associated with the k-odd
structures, and hence vanish when k; are integrated out
for M, . For an unpolarized nucleon target, one can
introduce the unpolarized quark distribution f;(x, k)
and naive-time-reversal-odd transversely polarized quark
distribution A7 (x, k| )—the Boer-Mulders function. For a
longitudinally polarized nucleon, one introduces a longi-
tudinally polarized quark distribution g, (x,k;) and a
transversely polarized distribution hf-L (x, k). Finally, for
a transversely polarized nucleon, one introduces a quark
spin-independent distribution fi-(x, k), the Sivers func-
tion, and a longitudinally polarized quark polarization
gir(x, k1), a symmetrical transversely polarized quark
distribution 4, (x, k| ), and an asymmetric transversely po-
larized quark distribution ht(x, k).

If we weight the integral of M,z with linear dependent
transverse momentum, the & | -odd quark distributions will
lead to the higher-twist quark-gluon correlation functions
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[20]. Four of them will correspond to the four quark-gluon
correlation functions introduced above, including fi;, hi,
g1, and hy;. The last one hf—T, as we mentioned, will
correspond to a twist-four correlation function. First, the
two naive-time-reversal-odd quark distributions fi. and
hlL lead to the following quark-gluon correlations' [20,43]:

d*ky KL
Tr(x, x) = E WfllTlDy(xy ky), (19)
o dzlzl lzﬁ_
Tl(p )(x, x) = ? thlDY(xy kJ_), (20)

where the TMD quark distributions follow their definitions
in the Drell-Yan process. Similarly, the two naive-time-
reversal-even but & -odd quark distributions g and A,
can be related to the following twist-three matrix element:

72

B -k
3(x) = f PRy g k), @1)
I’l(X) = [dzkl Wh”‘(x’ kJ_) (22)

Here, because they are naive-time-reversal-even distribu-
tions, they will not change sign between DIS and Drell-Yan
processes. In summary, the four k| -odd TMD quark dis-
tributions correspond to the four twist-three quark-gluon
correlation functions introduced above Eqgs. (12)-(15).
From these relations, we can further study the scale evo-
lutions for the above twist-three correlations [44—46].

The above relations are only one aspect of the connec-
tions between the TMD quark distributions and higher-
twist quark-gluon correlation functions. In the following
section, we will explore another aspect, i.e., the large
transverse momentum behavior of the TMD quark distri-
butions in terms of the collinear leading-twist or twist-
three quark-gluon correlation functions.

III. QUARK DISTRIBUTIONS AT LARGE
TRANSVERSE MOMENTUM

When the transverse momentum k,; is the order of
Aqep, the TMD parton distribution functions are entirely
nonperturbative objects. However, the transverse momen-
tum dependence can be calculated in perturbative QCD and
related to the collinear matrix elements when &k, is much
larger than Agcp. The collinear matrix elements are the
relevant integrated leading-twist parton distributions or
higher-twist quark-gluon correlation functions. For the
k | -even quark distributions, they will depend on the inte-
grated leading-twist parton distributions. However, for the
k | -odd quark distributions, they depend on the twist-three

!These relations Egs. (19)—(22) are valid at the leading order in
perturbative expansion which we will use in this paper. They
may differ from these forms at higher orders.
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(or twist-four) quark-gluon correlation functions. In gen-
eral, we will have the following expression for the quark
distributions at large transverse momentum [23]%

1

(k)"

where ¢(x, k| ) represents the TMD quark distribution we
are interested in, f; represents the integrated quark distri-
bution for the k, -even TMDs, and the higher-twist quark-
gluon correlation function for the k| -odd TMDs. For the
latter case, x’ should be understood as two variables for the
twist-three quark-gluon correlation functions as we dis-
cussed in the last section. The overall power behavior
1/(k3)" can be analyzed by the power counting rule
[48]. The hard coefficient g/i(x: ') is calculated from
perturbative QCD. In this paper, we will show the one-
gluon radiation contribution to this hard coefficient.

The kj-even TMD quark distribution functions,
filx, k1), gip(x ky), and hy(x, k), can be calculated
from the associated integrated quark distributions [23].2
For the nonsinglet contributions, they are expressed as [23]

d /
S RO H i x), (23)
X

q(x, kJ_)IkL»AQCD =

filen k) =5 Cr [T

X [% +8(1— f)(lnxgz - 1)] (24)
giulen k) = Cr [T

X [% +6(1— §)(1nxl%2f2 - 1)] (25)
e ) =75 2 € [0

% [& +6(1— §)<lnxl%§2l§2 - 1)] (26)

where the color factor Cp = (N2 — 1)/2N, with N, = 3,
& = xg/x, and {* = (2v - P)>/v?. Here, we have adopted
an off-light-cone vector v to regulate the light-cone singu-
larity associated with the above calculations [23].

In the same spirit, the naive-time-reversal-odd TMD
distributions, the quark Sivers function f f-T, and the
Boer-Mulders function 4{ at large k; can be calculated
perturbatively. The contributions come from the twist-

three correlation matrix elements Tr, Tp, and va”).

>This is not a rigorous factorization formula. However, we
shall be able to construct a QCD factorization formalism in the
im})act parameter b space for the TMD distributions [23,42,47].
Mixing with the gluonic contributions will have to be taken
into account for f; and g; distributions. In this paper, we will not
discuss these contributions.
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Furthermore, it is known that the time-reversal-odd TMD
distributions are process dependent because the difference
on the gauge link directions will lead to a sign difference
between the SIDIS and the Drell-Yan processes [17-19],

firloy = = fizlbis, hiloy = —hilps. (27)

The quark Sivers function and the Boer-Mulders function
have been calculated [31,32]* as

a, M?> [dx
firloy(xg, ky) = = [—[ i+ CpTr(x, x)

™ @r ) x
2 42
X 8(1 — g)(lnxff - 1)] (28)
k1
a, M? dx p
hitloy(xp k1) = P ) f;l:Ahf- + CFTI(V '(x, x)
L
22
X 8(1 — g)(lnxﬁf - 1)] (29)
k1
where A factors are defined as
_ 1+ 52 CyT1+ €
AfllT = CFTF(X, X)m + 7[?5 TF(X, XB)
1 + &2 Cy =
1 _é; Tr(x, X)] + TATF(xBy x), (30)
26 CuT 2
7D (2 LG 2 e
Ap = CeTy (x,)c)(1 — 5. "2 [1 — fTF (x, xp)
2 a
- ?ffn‘c ) | G1)

where the color factor C4 = N,.

From the above results, we can see that the large trans-
verse momentum TMD quark distributions have a generic
structure. They contain two parts: one part is similar to the
splitting kernel for the relevant collinear functions, and one
part is a delta function associated with a large logarithm
In{?/k3 which comes from the light-cone singularity regu-
lated by an off-light-cone gauge link. The splitting kernel
may be different for different TMD quark distributions.
However, the logarithmic term is the same for all of them.
This is because this term is related to the soft-gluon radia-
tion and is spin independent. We can also use this as an
important consistent check for all the calculations. In the
next section, we will calculate the k| -odd but time-reversal
even quark distributions g7 and 4;;, and we will find that
they have the same structure.

The energy dependence of the TMD quark distributions,
the derivative with respect to 2, is controlled by the so-

“The derivative terms in these results [31] have been trans-
formed into the nonderivative terms by partial integrals. The
associated boundary terms were canceled out by the same
boundary terms from the derivative terms [45].
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called Collins-Soper (CS) evolution equation [42,49].
These evolution equations can be used to perform soft-
gluon resummation for the final k| distribution in the cross
section and the TMD quark distributions. It is more con-
venient to study this resummation in the impact parameter
b space [42,49]. We will address this issue in the future.

IV. TRANSVERSE MOMENTUM DEPENDENT
QUARK DISTRIBUTIONS g, AND h;;

In this section, we will calculate the large transverse
momentum behavior for the naive-time-reversal-even but
k | -odd quark distributions g7 and %;; . These calculations
will follow the previous calculations on the naive-time-
reversal-odd quark distributions fi; and /;-. However, they
differ in a significant way. As shown in [17-19], for the
naive-time-reversal-odd distributions, the gauge link con-
tributions play very important roles. For example, these
time-reversal-odd distributions will have opposite signs
between SIDIS and Drell-Yan processes, because the
gauge links go in different directions. In the practical
calculations, we have to take pole contributions from the
gauge links in these TMD quark distributions [31,32]. The
calculations for g, and &, are different. Because they are
naive time reversal even, we do not take the pole contri-
butions from the gauge links. That makes the calculations a
little more involved, as the two-variable dependent corre-
lation functions will enter explicitly. As we mentioned
above, these two TMD quark distributions will depend
on the correlation functions, Gy, (Tr), Gp (Tr), and Hp
(T;”) ). Moreover, they will have contributions from the
twist-three functions g and .

The twist expansion will be the key step in the calcu-
lations. The technique used to calculate these contributions
has been well developed in the last few decades [28-
33,37,38,40,41]. In the following, we will sketch the
main points of our calculations for the TMD quark distri-
butions g7 and % ;; and the Drell-Yan lepton pair produc-
tion cross section in the next section.

In the twist expansion, a set of nonperturbative matrix
elements of the hadron state will be analyzed according to
the power counting of the associated contributions. At the
twist-three order, from a generic power counting we have

contributions from the following matrix elements
[38,39,41]:
(o), (YALY), (o A" y), (32)

where the quark field spin indices have been suppressed for
simplicity. The relevant Feynman diagrams can be drawn
accordingly. We illustrate the typical diagrams for the
associated contributions from the above matrix elements
in Fig. 1. For comparison, we have also shown the diagram
corresponding to the leading-twist contribution from the
matrix element (i ) in Fig. 1(a). Figures 1(b)-1(d) rep-
resent the contributions up to twist-three quark-gluon cor-
relation matrix elements. Figure 1(b) corresponds to the
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E 7PE
P 'S
(a) (b)
P P @
P
()

FIG. 1. Generic diagram interpretations for the twist expan-
sions in the high energy scattering amplitudes up to the twist-
three level: (a) corresponds to a leading-twist matrix element
(i ); (b)—(d) for twist-three contributions, (b) for (fd | ), (c)
for (YA ), and (d) for (39, A" ). An additional A* gluon
connection between the hard partonic part and the nonperturba-
tive nucleon structure part can be added to these diagrams. This
is because they do not change the power counting in these
diagrams. The contributions from these diagrams (b)—(d) are
not gauge invariant individually. However, they will combine

into the gauge invariant results in terms of the correlation
functions introduced in Sec. II.

contributions from the matrix element (/9 | ), Fig. 1(c)
from (A | ), and Fig. 1(d) from (/9 | A" ¢). Because of
additional gluon components in the matrix elements for
Figs. 1(c) and 1(d), there will be gluon attachment from the
nonperturbative part to the perturbative part as shown in
these diagrams. To calculate the contributions from
Figs. 1(b) and 1(d), we have to do a collinear expansion
of the partonic scattering amplitudes in terms of p¢{ and
k‘gf‘ | = p5, — p{, respectively. These expansions, com-
bining with the quark field and gluon field, will lead to the
contributions in terms of the matrix elements (/9 | ¢) and
(9 AT ). The calculation of Fig. 1(b) is straightfor-
ward, without expansion in terms of the transverse mo-
menta of the quarks and gluon. Furthermore, all these
calculations have to be combined into the gauge invariant

matrix elements, such as Gp, GD, Hp, Ep, Tp, TF, Tl(é’),

T}U), g, and A.

However, these functions form an overcomplete set of
correlation functions at this order (twist-three) as we dis-
cussed in Sec. II. Therefore, we can express the results in
terms of either D-type or F-type correlation functions. For
example, in the calculations of the twist-three g7 structure
function [40,41], one has to combine the contributions
from (9, ) and (HA, ) into the gauge invariant
form (D, ¢) which is associated with G, and Gp.
Meanwhile, for the single spin asymmetry observables
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(or the naive-time-reversal-odd TMD quark distributions)
[28-32], it is more convenient to calculate the contribu-
tions in terms of (19 | A* i) matrix element. Such matrix
element is part of the gauge invariant matrix element
(Y FLT ) which is associated with the twist-three corre-
lation functions Tr, Tx, and T(F"). The contributions from
the diagrams associated with (#/9"A | ¢) have also been
shown to exactly coincide with those from (9 A" ) to
form a complete result into the form in terms of (f F+* /)
[30].

In the above two examples, it seems that the g and &
functions are not necessary in these calculations, because
they do not appear in the final results. This is only because
in these calculations one has chosen a particular set of
correlation functions for the final results. Otherwise, g
and & functions will show up if we choose a different set
of correlation functions. For example, the structure func-
tion g can be solely expressed in terms of G;, and Gp.
However, if we rewrite the g7 structure function in terms of
Tr and T, we will have to introduce the g function,
because of the relation of Eq. (13). Similar arguments
apply to the single spin asymmetry calculations.

Furthermore, the necessity of g and / will be manifest in
the following calculations of the TMD quark distributions
gir and hy;. As shown below, their roles become so
essential that we have to include them in the first place.
This can also be seen from the relations between g7 (h)
and g (h) discussed in Sec. II.

We will take the g7 calculation as an example to show
how we perform the computation at the twist-three level
with the quark-gluon correlation functions G, (Tr), Gp
(Tr), and g. The calculations for the TMD quark distribu-
tion &, and the Drell-Yan cross sections in the next section
will follow accordingly. As outlined above, we first draw
the associated Feynman diagrams for the large transverse
momentum g7 quark distribution. In order to calculate the
large transverse momentum behavior for the g, function,
we have to radiate a hard gluon. The relevant diagrams are
plotted in Fig. 2, where the probing quark carries the
momentum k = xgP + k; and the nucleon momentum is
denoted by P. The double lines in these diagrams represent
the gauge link expansion from the quark distribution defi-
nition in Eq. (17). Again, these diagrams include the con-
tributions from the matrix element (9 ), Figs. 2(al)-
(a4); from (Y A* i), Figs. 2(b1)—(e4). To obtain a complete
result, we have to attach the gluon to all possible places as
shown in the diagrams of Figs. 2(b1)—(e4). This also guar-
antees that we will obtain the gauge invariant result. The
mirror diagrams of (b1)—(e4) where the gluon attaches to
the right of the cutting line of these diagrams were not
shown in Fig. 2, but included in the final results. Part of the
diagrams of Figs. 2(b1)—(e4) correspond to the contribu-
tions from (/A | ), whereas all of them contribute to that
from (9 AT ).

PHYSICAL REVIEW D 81, 054008 (2010)

To calculate the TMD quark distribution g, at large
transverse momentum, we first compute the individual
contributions from the matrix elements shown in
Eq. (32). Then we will combine the individual results
into the gauge invariant twist-three quark-gluon correlation
functions defined in Sec. II. We can parametrize the asso-
ciated matrix elements in Eq. (32) which correspond to our
calculations. For example, the relevant (9 ) matrix
elements are parametrized as

Mg, () = [ ?—;e""“’”ﬂﬂ SIg(y™)io" ¢ (0)IP, S)

M -
= ?[TBJ_ (x)ie’iVSJ_,,]f + TaL (X)S’f_ 7’515]: (33)

where T, and T, , correspond to the relevant parts in the
gauge invariant functions G, and Gp, respectively.
Similarly, we can define the associated (/A | i) matrix
elements,

dy~ dy;y . .~ . .
MXL(X,xl)E 2)}7%771_67”1) Y il —x)P Ty

X (P, Sl (y")gA () (0)|P, S)

M v
= F[TAL(% x1)l€li SJ.I/ﬁ

+ Ty, (x, xS ysp] (34)

Notice that because of additional gluon attachment to the
nucleon state, the above matrix elements will depend on
two variables (x, x;) which represent the momentum frac-
tions carried by the quarks from the left and right sides of
the cut line in the diagrams. In the case where there is no
gluon attachment like that in Eq. (33), they are equal and
become one variable. From the above matrix elements we
can easily define those of (/0" A | ),

dy* dy; —ixPTy” Li(x;—x)Pty;
2@ 2 ¢ ¢ 1
X (P, Sl (y~)gat AL (y7) g (0)IP, S)
M v
= 7[T8+AL(X: x1)€J_MSJ.V15
+ Ty a, (6, x,)iST ys Bl (35)

At the same order, we shall also have the following matrix
elements:

MSL+AL(X, xl) =

dy7 dyf —ixPry il — + .-
— - e (2 y el(-x] X)P Yy
27 2

X (B, SIBO g AT OO, )
= O Ty (o xS 1,
+ Ty a0 (x, x0)iSY s Bl (36)

From the definitions in Sec. II, we find that the above
matrix elements can form the following gauge invariant
correlation functions:

M('/;LLAJr(x’ xl)
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FIG. 2. Feynman diagrams for the TMD quark distributions at large transverse momentum calculated from the twist-three quark-
gluon correlation functions. The mirror diagram_s of (b1)—(e4) are not shown, but included in the final results. (al)—(a4) correspond to
the contributions from the matrix elements of (9 | ¥); (b1)—(b4), (e1)—(e4), (c1), and (c3) correspond to the diagrams contributions

from (A ); and (bl)—(ed) for (fd AT ).

Trlox) =T, a(xx) +Top (xx),  37)

Tr(x, x1) = Ty, a+ (6, x1) + Tyeg, (x, x7), (38)

1

X — X

500 = Ty, (x) + f A P—— T, s (ox),  (39)

where we have used the time-reversal invariance to derive
the last equation. There is no similar relation for 7, ,
which, on the other hand, can be related to 7 (x, x) depend-
ing on the choice of the boundary conditions for the gauge
potential [50],

Adv: — Tp(x,x) A (+00) =0,
T, (x) = {Ret: Tr(x, x) A (—00) =0,
PV: 0 AJ_(+00)+AJ_(—00)=O.

(40)

It has been shown that the final results on the single spin
asymmetries do not depend on the boundary conditions for
the gauge potential, although they correspond to different
relations between the matrix element T (x) and Tx(x, x),
and different contributions from individual diagrams [50].

Having sorted out the above relations, it is relatively
straightforward to perform the calculations. As outlined
above, we will calculate the Feynman diagram contribu-
tions in terms of the matrix elements at the right-hand sides
of Egs. (37)—(39). These results will be combined into the

054008-8



TRANSVERSE MOMENTUM DEPENDENT QUARK ...

gauge invariant correlation functions at the left sides of
Egs. (37)-(39). In the following, we will calculate these
contributions separately and show how we will combine
them into the gauge invariant results.

A. Contributions from T, cand Ty,

The contributions from T, . and T; come from the
diagrams of Figs. 2(al)-(a4). As mentioned above, we
will perform the collinear expansion to calculate their
contributions. That is, the hard partonic part illustrated in
the upper parts of these diagrams can be expanded in terms
of the transverse momentum of the quark connecting to the
nucleon state in these diagrams [see also Fig. 1(b)]. This
momentum can be parametrized as

pHt =xP* + p, (41)

where x is the longitudinal momentum fraction of the
nucleon and p is the transverse momentum. In the col-
linear expansion, we take the approximation that p; <
k|, and only keep the leading nontrivial terms which are
relevant for our calculations. For example, the hard par-
tonic part H can be expanded as

dH(k, p)
api p=xP

H(k, p) = H(k, p)l )=cp + P9 e

’

(42)

where the ellipsis stands for higher order expansion terms,
and « is a transverse index a = 1, 2. The first term in the
above expansion does not contribute to the TMD quark
distribution g7(xp, k) at large transverse momentum.
The second term will lead to the contribution from the
matrix elements 7', cand Ty .

In the calculations, we substitute Eq. (42) into the
hard partonic part H(k, p) in the Feynman diagrams of
Figs. 2(al)—(a4), and take the linear term in the expansion.
One particular contribution is the so-called derivative term,
which comes from the expansion of the on-shell condition
for the radiated gluon k; = p — k. To calculate this con-
tribution, we only keep the p; dependence in the delta
function of the on-shell condition, and set p; = 0 for all
other factors in the hard partonic scattering amplitude. The
final result will be proportional to the corresponding Born
diagram in the collinear limit [28],

Cr [ x it )a + &),
(43)

a; 1
2

Xp, k D _— _
gir(xp J_)lTM - ki

where £ = xp/xand 1/ k‘i behavior comes from the power
counting for the k&, -odd TMD quark distributions.

For the nonderivative terms, we keep all p | dependence
in the hard partonic scattering amplitude and expand to the
linear term in p | . Although it is tedious, the calculation is
straightforward, and we obtain

PHYSICAL REVIEW D 81, 054008 (2010)

a, 1 dx - £ — & +29)
_ZkicF/ Tai()[ (1-é).

+8(1 — §)<ln ;52 1)]

1

(44)

where {2 has been introduced in Sec. III. After partial
integrating for the derivative term, we can add these two
terms Egs. (43) and (44) together,’

a d - 1 2
+6(1 - f)( XB§2 1)] 45)
J_

Similar calculations can be performed for the contributions
from T, , and we find that it does not contribute to the
TMD quark distribution g,7(xp, k).

B. Contributions from TAJ_ (TWAJ and Ty (Ty+4,)

Because the attaching gluon is transversely polarized
(A ), the contributions from the matrix elements 7', , and
T,, come from the diagrams of Figs. 2(bl)~(b4), (el)-
(e4), (cl), and (c3). To calculate the contributions from
these diagrams, we take the kinematics illustrated in
Fig. 1(c), where the quark and gluon lines connecting the
hard partonic part and the nucleon state only contain col-
linear momenta,

py = xP*, ¢ = (0 — x)PH,

(46)

pg = x2P,U«,

where k, is the attaching gluon momentum. These calcu-
lations are straightforward, and we obtain the contributions
from 7y ,

a, 1 dxdx,
TkT[TTAL(x xy)
“lofe-32)

xx ox
xl)}, 7)

gir(xp, kl)lfﬂ =

Ca (x% + xx))(2xg — x —
2

(xp — x)(x — x1)xy

where we have used the symmetric property for T (x, x;)
to combine the results from Fig. 2 and their mirrors.
Because of additional gluon attachment in these diagrams,
we will have two contributions from two different color
factors, Cr and C,. Similarly, we have the contribution
from Ty ,

>Note that the boundary term when we partially integrate the
derivative contribution was canceled out by the boundary term
when we compute the derivative term in Eq. (43) [45].

054008-9



JIAN ZHOU, FENG YUAN, AND ZUO-TANG LIANG

x5
2 k4 /dxdxlTAL(x xl){CF< L +

—X—B—1)+
X

Moreover, the above results can be translated into the
contributions from 7'+, . and T4+, . This is because we
have the following relations between the above matrix
elements:

gir(xp, kL)lTAl =

Ca X3 — xx| } 48)

2 (x — xp)xy

- 1 .
TAl(xr X)) = P—TWAL(X,M),
X — X

(49)

Ty, (x,x;) =P ] Tyea, (X, x1),
X — X

where the imaginary parts in the right-hand sides of the
above equations have been dropped, because they do not
contribute to the g,y and h,; calculations here. However,
when we calculate the single spin asymmetry observables
(such as the time-reversal-odd Sivers and Boer-Mulders
functions), we have to keep these imaginary parts in the
above equations [50]. Substituting the above results into
Egs. (47) and (48), we shall obtain the contributions from
the matrix elements 7+, and Ty, .

C. Contributions from TaL a+and Ty 4+

For these contributions, it is the A* component connect-
ing from the nucleon state to the hard partonic part, and the
gluon can attach to the gauge links in the Feynman dia-
grams. Therefore, we will have all diagrams in Figs. 2(b1)—
(e4) contributing to the final results. Moreover, since these
matrix elements involve 9 | AY, we have to perform the
collinear expansion of the hard partonic parts in terms of
the gluon transverse momentum. In doing so, we keep both
transverse momenta for the two quark lines connecting the
hard part and the nucleon state,

py = xP* + pk. (50)

= (xy = x)P* +
— pf'|. The corresponding collinear

pl =xP*+ pl,
Clearly, the kinematics tell us that k%
kifl and kiﬁ = p5,
expansion of the hard partonic part takes the following
form:

H(k;pl’ p2) = H(k) P p2)|p]l=pu=0

-y 6H(k;1;p P2)
ale_ P1L=P2L=0
« OH(K; py, p) L
i ang P11=p21=0

D

Again, the expansion coefficients in the above equation can
be calculated following the same method as we discussed
in the above for that of the 7', , contribution. For example,
there is also derivative terms associated with fh 4+ Matrix

PHYSICAL REVIEW D 81, 054008 (2010)

element. This contribution also comes from the expansion
of the delta function for the on-shell condition for the
radiated gluon k;. The derivation for this part is similar,
and we obtain the following result:

k4
X fdle

where the same hard coefficient as that for 7', appears as it
should due to the gauge invariance. As we mentioned
above, this derivative term comes from the delta function
expansion for the on-shell condition of k. To calculate this
contribution, we only keep the p;, dependence in this delta
function, and set p;; = O for all other factors in the hard
partonic amplitude. Because of this and the fact that it is
the A" insertion in the hard part, we can use the Ward
identity argument to summarize all diagrams into a simple
factorization form: a product of the hard partonic part in
the Born diagram without the gluon insertion and the factor
1/(x — x;) representing the gluon insertion.

Because they have the same hard coefficient, we can
combine the derivative contributions from 7, and Ta A
together. In particular, by using Eq. (39), we can add the
results from Eqgs. (43) and (52),

2 kﬂ Cr [0+ e-x1lgw)

a, 1 dx 0
el kl? =% e [T 52)(—x—
0y X 0x

1 -
Tal/ﬁ (x, x1)>,
—x

(52)

gir(xg k)I2 =
(53)

in terms of the gauge invariant correlation function g. This
shows how we obtain the gauge invariant results from the
individual contributions. Moreover, it also demonstrates
that g is an independent contribution to the large transverse
momentum g7 quark distribution.

The nonderivative contributions from 7 a,4+ can be cal-
culated accordingly, by keeping all the p; | dependence in
the partonic amplitude. The final result is

dxdx; 1

X x—x

T@A*(X,xl)

A T |

at 4
L T kJ_

el

X (mx]%zfz - 1)]

X3 xp  2x%  x
+CF(B+B B—£—1)
X2 x xx  x

+6(6—-1)

Ca (x2 + xx;)(2xp — x — xl)}
2 (xp = x)(x = xp)x
(54)

In the above results, there are two terms with the color
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factor Cr. Clearly, one term will be combined with that of
T, in Eq. (44) to form the contribution from the gauge
invariant function g(x), similar to the case for the above
derivative contributions. The other term will be combined
with that of T+, , from Egs. (47) and (49) to form the
contribution from the gauge invariant function 7r(x, x;).

Similarly, we can calculate the contributions from the
matrix element T 4+,

a, 1 dxdx, 1
gir(xp, kL)|Tr,,LA+ == i f P—— Ty, a+(x,x1)
e
X1 X
Cy x% — xx } 55)
2 (x; = xp)x

Again, this result will combine with that from T+, from
Egs. (48) and (49) to form the gauge invariant result in
terms of Tx(x, x;).

Combining all these results together, we will obtain the
final results for the TMD quark distribution g;7(xp, k| ) at
large transverse momentum,

M?  (dx
airten 1) = 73 g [ A+ Cra@ate -1
2
x (1n ";jf )} (56)
where A, is given by

b= oo [ £

TF(x, x1)

ol )
F)C X1 X1 X X

+P

N Cy (% + xx)(2x5 — x — xl)]
2 (XB _X1)(x_x1)x1
1 2
+ P TF(.X,)C])[CF<X—I2;+X—B_X—B_ 1)
X — X X X1 X

Cu x5 — xx; :I}
+ == 57
2 (x; — xp)x

and we have partially integrated the derivative terms.
Using the identities Egs. (12) and (13), A, , can be trans-
formed into the D-type correlation functions,
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Gyt &
2 1-¢

1+ &
(1-9)-
XB ZX% XB 1) CA

2
‘I’GD(.X',XI)[CF()C—g‘I‘—_—_— + —
X X; X x X 2

Ay, = [antaw| ¢ Jotx =

(x% + xx))(2xg — x —

(xpg — x)(x — x1)x,
X3 _Xp _
[CF(X + X1 X 1) 2 (xl - xB)xl
(58)

This result can also be obtained by directly combining the
contributions from 7'; in Eq. (45), T4, in Eq. (47), and
T,, in Eq. (43).

For TMD distribution A ,; (x, k), the perturbative cal-
culation follows a similar procedure. It receives contribu-
tions from Tfp”) (x,x;), h(x). We skip the detailed
derivation, and list the final result,

xl)] + Gplx, xp)

Cp xj — xxy ]}

M?  (dx
aten 0) = 75 g [ {An, + Criate =1
2
X (mx]’jf ~ 1)} (59)
1
where A;, ~is defined by

2
AhlL = fdxl{CF[ﬁ(x) &]6()&'1 - .X')
| O 2(x — x; — xp)
—x Ty (x, xl)[CF%

N Cy 2xp(xpx + xpx; — x> — x%):l}
2 (xp = xp)(x = x1)x,

Similarly, it can be expressed in terms of the D-type
function as

+P
X

(60)

_ - 26 Cy 28 _
Ay, = fdxl{h(x)[CF(l — 5. 21— ]6()(1 X)
+ HD(x,x,)I:CFm
X1
Cy 2xp(xpx + xpx; — x% — x3)
* 2 (xg — x)(x — xp)x; ]} 61

Indeed, the above results for the naive-time-reversal-even
but k, -odd distributions also have the same structure as
those discussed in Sec. III.

V. SINGLE SPIN A, AND DOUBLE SPIN 4,
ASYMMETRIES IN THE DRELL-YAN LEPTON
PAIR PRODUCTION

In this section, we will calculate the angular distribution
of the lepton pair in the polarized Drell-Yan process,
especially the Ayr and A;r asymmetries: One of the
incident hadrons is transversely polarized and another is
unpolarized or longitudinally polarized. We focus on the
lepton pair production in hadronic scattering,
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H,+H,—y"+X—{t{ +X, (62)

where the lepton pair comes from the virtual photon de-
cays. In the leading order, the virtual photon is produced
through quark-antiquark annihilation, gg — " in the par-
ton picture [34]. In the rest frame of the lepton pair, we can
define two angles [35]: one is the polar angle 6 between

|

dowr,.Lr _ o
d*qdQ) 2(2m)*S?

PHYSICAL REVIEW D 81, 054008 (2010)

one lepton momentum and the incident hadron’s momen-
tum, and the azimuthal angle ¢ is defined as the angle
between the hadronic plane and the lepton plane. The
general formalism has been worked out for the angular
distributions in the polarized Drell-Yan process [22]. For
our calculations of Ay and A, r, one can write down the
following structure in the CS frame [22]:

e {1S,7l[sing,((1 + cos?@)WET + (1 — cos?0)WIT + sin26 cosp W{T + sin?6 cos2¢p W{T

+ cosep,(sin26 sing WU + sin?@ sin2p W) + |S,r|Syr[cos (1 + cos?)WET + (1 — cos?O)WET
+ sin260 cospWAT + sin’6 cos2p WL ) + sing,,(sin20 sing W/ET + sin?6 sin2p WIED) ]}, (63)

where the orientation of the transverse polarization of the
hadron a is expressed through the CS angle ¢, and ¢ and
6 have been introduced above. In the above expressions,
S,r and S}, are the hadron a transverse polarization vector
and hadron b longitudinal polarization vector, respectively.
The angular-integrated cross section is expressed in terms
of the W¥T, WYT, WET  and WET as [22]

dO'(UT,LT) a? .
d4q = 1277_36:5,sz2 {ISaTl Sln¢a(2W7qT + WgT)
+ |SaT|ShL COS(f)u(ZW%T + WleT)} (64)

In particular, the structure function 2W¥7 + W has been
calculated [31], which represents the Sivers contribution to
the single transverse spin asymmetry. From the above
expression, we also see that the Sivers contribution is the
only contribution to the single spin asymmetry when we
integrate out the lepton angles.

In the following, we will calculate the structure func-
tions WY and WX in Eq. (63) in the intermediate trans-
verse momentum region Agcp K ¢; < Q, and will
compare the predictions from the collinear factorization
and the transverse momentum dependent approaches. For
the single spin asymmetry WU, we follow the previous
calculations [31]. The only difference is that the calcula-
tion in [31] is equivalent to the virtual photon production in
single transversely polarized nucleon-nucleon scattering,
whereas we will contract the hadronic tensor to the lepton
tensor to obtain the angular distributions of the lepton pair
in this process. However, the technique is the same. Again,
as discussed in [31], we will have soft pole and hard pole
contributions,6 and they will have cancellation in the in-
termediated transverse momentum region. For the double
spin asymmetry part W, we will follow the procedure in
Sec. IV to calculate the twist-three contributions. The
corresponding correlation functions will be Gp (Tr), G

The so-called soft-fermion pole will also contribute to the
cross sections [31,51] which have been neglected in our calcu-
lations. However, these contributions do not change the conclu-
sions of the consistency between the two approaches [31].

[

(Tr), &, and so on. The similar Feynman diagrams can be
drawn accordingly, which can be organized into the con-
tributions from the twist-three matrix elements (9 | i),
(A ), and (9 A" ). These contributions are then
combined into the contributions from the gauge invariant
correlation functions Gp, GD, g, and so on. In order to
calculate the different terms in the angular distribution
Eq. (62), we choose the Collins-Soper frame [35], where
four orthogonal unit vectors are defined as [52,53]

TH = q—/;, R [q,P" — q,P"]
Vo Jor+ o2
Q 2 7 DM
Xv=—2 S [q,P"+q,P"]
01 o*+ o2
Y, = e""PT,Z,Xp, (65)

where g# is the virtual photon momentum, P and P are
momenta for the incoming hadrons, and we further define
Pr =[Pt —(P-q)/q*q"1/V5S, Pt =[Pr—(P-
9)/4*q*1//S with g, =P - q/S, g, =P+ //S and §
is the total hadronic center of mass energy square. The
structure function can be obtained by contracting the had-
ronic tensor W*” with six symmetric tensors constructed
by the four orthogonal vectors [52,53],

Wy = {XEXY + YEY' )W,
W, =ZMZ"W,,,

Wy = —3(Z+X" + Z'XF)W,,,, 66)
Waa = H=XHX" + YEY")W

v
WUT = —X(yrz" + Y"ZMW,,,

WU = J(YEXY + Y' XMW,
and similar expressions hold for the UT and LT structure
functions.

Furthermore, we are interested in the cross section con-
tributions in the intermediate transverse momentum re-
gion, Agecp < Q) < Q, where we only keep the
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leading terms in Q | /Q, and neglect all higher order terms.
With this power counting expansion, six leading order
structure functions survive and can be simplified as

_aM €2 (dx dz B
W= TS [ e - 4
+ By (08(1 = O} (@), 67)
e" i @a0 - )
+ Bh]i(z)rﬁ(l — (), (68)
Wil = - f i @{Ahl@a(l )
+ Bhll(Z)a(l - fA)}/ﬁ(x), (69)
WET = e‘f S 09501 - &
+ ngx)a(l - H12,(2) (70)
Wiy — f =, 050 - 8
+ BhlL(z)rS(l — M, (x), (71)
Wi - S s [, a0 - o
+ BhlL(z)(S(l — My (v), (72)

where & = xp/x, € = z3/z, xp, and z are defined as x; =

Q//Se¥ and zy = Q/+/Se™ with y the rapidity of the

lepton pair in the center of mass frame, respectively. The

functions Af , A1, A, , and Aj,  have been defined in
1

Sec. III with appropriate variable replacements. The func-

tions BflJ_T, Bhll, o> and B;, =~ are given by

)
BfliT(x) = CrTr(x, x)[% +258(¢ - l)an—j}

1
(73)
(@) 2¢ Q@
B = GV, z)[ T2 l)anL:I
(74)
B, (x) = ch(x)[ﬁ +28(€ - 1)an—2], (75)
o (1-é. Q4
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P 2¢ _ §
By, (2) = Crlia) =g~ + 20(¢ 1>1n@], (76)

respectively.

Meanwhile, the transverse momentum dependent facto-
rization can be applied at low transverse momentum
0| <X Q. The relevant structure functions can be written
as [22]

Wit = [T o k)i kor), ()
WIUT _ WUT g, - k _
88 WA = [ by (g, k) e i),
(78)
- ]
Wil = - ql]wilng(xB)kal)glL(ZByka_)) (79)

WIED + Wit :ffu'kbl

) hl(-xB;

kaJ_)EIL(ZB’ kbi),
(80)

a

where the integral symbol represents a convolution in
transverse momentum

|- —ze [ @kosdh @500 HQ)
X 8%(kyy +kpr AL —qy1),

and S(A ) and H(Q?) are the soft and hard factors, respec-
tively. In addition, the combinations of structure functions
W W MR T Wi
2 ’ 2
also receive the leading power contribution from the prod-
uct of TMD distributions ht; X Ai and his X hi;, which
is however beyond the scope of the present paper.

When the transverse momenta k,; and k;, | are of order
Aqgep, the TMD quark distribution functions are entirely
nonperturbative objects. But in the large transverse mo-
mentum region k, ,; >> Aqcp, we can calculate the trans-
verse momentum dependence, as shown in Sec. IIl. To
compare with the results from the collinear factorization
calculation, we let one of the transverse momenta k| , kp, | ,
A be of order ¢, and the others are much smaller. After
integrating the delta function, we will obtain

asM dx d
o [ LI

Ur —
Wt =

+ Bfllr<x)5(1 - (@), 81)
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wil = wit aM < e; (dxdz
= 4] = 2{A,.(z)8(1 —
2 T i%Nc[X Z{ hll(z)( &)
+ B (2)8(1 = Oy (x), (82)
2
LTz_aSM ﬁf@%/‘ S(1 = &
WH = =g 2, ) A 020 =8

+ By (08(1 = O}z, (2), (83)

WET + WAL o M <« €2 (dxdz

+ By, (2)8(1 — &)}, (x). (84)

It is evident that the above results reproduce the differential
cross sections we derived in the collinear factorization
framework.

VI. SUMMARY

In this paper, we have calculated the naive-time-rever-
sal-even but k;-odd TMD distributions g;7(x, k),
hy(x, ki) at large transverse momentum, and they are
related to a class of collinear twist-three matrix elements.
We further studied the angular distribution of the lepton
pair produced in the polarized Drell-Yan process for the
single spin asymmetry Ay and double spin asymmetry
A;r. We found that the transverse momentum dependent
and twist-three collinear approaches are consistent in the
intermediated transverse momentum region.

PHYSICAL REVIEW D 81, 054008 (2010)

These calculations are not straightforward extensions of
the previous studies for the naive-time-reversal-odd TMD
quark distributions [31]. In the previous case, we take the
pole contribution from the initial/final state interactions,
which simplifies the calculations. In this paper, we have to
deal with more complicated kinematics, similar to next-to-
leading order perturbative calculations for the g structure
function [41]. To carry out the calculations, we have set up
the twist expansion framework, and,, in particular, we have
shown that the contributions from twist-three matrix ele-
ments will combine into the gauge invariant form. This
shall encourage further developments in the higher-twist
calculations. For example, an extension to calculate the
remaining TMD distributions Ai(x, k1) would be pos-
sible. The formalism we developed in this paper can also
be extended to other semi-inclusive processes, such as the
semi-inclusive deep inelastic scattering and back-to-back
two hadron production in e "¢~ annihilation processes. We
will address these issues in future publications.
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