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QCD evolution of the transverse momentum dependent correlations
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We study the nonsinglet evolution for the twist-three quark-gluon correlation functions associated with
the transverse momentum odd quark distributions. Different from that for the leading-twist quark
distributions, these evolution equations involve more general twist-three functions beyond the correlation
functions themselves. They provide important information on nucleon structure and can be studied in the
semi-inclusive hadron production in deep inelastic scattering and Drell-Yan lepton pair production in the

pp scattering process.
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L. INTRODUCTION

Semi-inclusive hadronic processes have attracted much
theoretical interest in recent years, where the so-called
transverse momentum dependent (TMD) parton distribu-
tions and fragmentation functions can be studied [1-9].
These functions generalize the original Feynman parton
picture, where the partons only carry longitudinal momen-
tum fractions of the parenting (final state) hadrons. They
provide important information on nucleon structure and are
crucial in understanding the novel spin phenomena, such as
the single transverse spin asymmetry (SSA) [1-3,9-11].

Important aspects of the TMD parton distributions have
been explored in the last few years, such as the gauge
property and the crucial role of the initial and final state
interactions for the nonzero Sivers quark distribution lead-
ing to the SSA in semi-inclusive hadron production in deep
inelastic scattering (SIDIS) and Drell-Yan lepton pair pro-
duction processes [1—4]. Further study has shown that the
transverse momentum dependent approach is consistent
with the twist-three quark-gluon correlation approach for
the SSA phenomena [12-16]. In particular, these two
approaches are unified to describe the same physics in
the overlap region where both apply [17].

At the leading order, there are eight independent TMD
quark distributions, depending on the polarizations of the
nucleon and the quark [7,8]. Three of them are called
k | -even distributions, where k| is the quark transverse
momentum. After being integrated over transverse mo-
mentum, these & | -even distributions lead to the integrated
leading-twist quark distributions: the spin averaged, the
longitudinal polarized, and the transversity quark distribu-
tions [18]. The remaining five are called k ; -odd distribu-
tions and vanish in the quark correlation matrix upon
integral over the transverse momentum. These TMD quark
distributions are defined from the following matrix:
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where x is the longitudinal momentum fraction of the
proton carried by the quark and k | is the transverse mo-
mentum. The nucleon momentum is defined as P =
(P*,07,0)), and S is the polarization vector. The field
operator ¥, (¢) is defined as ¥, (&) = L,(—00; &) (€),
where ¢ (£) is the quark field and L, is the gauge link [3].
We have chosen it going to —oo, indicating that we can
adopt the definition for the TMD quark distributions for the
Drell-Yan process [1-3]. The k| -odd TMD quark distri-
butions can be obtained by the following expansion of M
[7,8]:
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where M is the nucleon mass. The interpretations of the
four k, -odd TMD quark distributions are as follows: g7
and fi represent longitudinal polarized and unpolarized
quark distributions in a transversely polarized nucleon,
respectively; and &, and hf- represent transversely polar-
ized quark distributions in longitudinal polarized and un-
polarized nucleon targets, respectively. The last k| -odd
TMD quark distribution 475 represents a correlated trans-
versely polarized quark distribution in a transversely po-
larized nucleon target. They are called k;-odd
distributions, because they will vanish if we integrate out
the matrix M over the quark transverse momentum.
However, if we weight the integral with transverse mo-
mentum, the first four distributions will lead to a set of
quark-gluon correlation functions at the twist-three level,
whereas the last one leads to a twist-four quark-gluon
correlation function. These correlation functions are trans-
verse momentum moments of the corresponding k | -odd
TMD quark distributions.
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In this paper, we study the first four k;-odd TMD
distributions defined in Eq. (2). The transverse momentum
moments of these distributions define the following corre-
lation functions in nucleon':

[ex ’” o i k) = Tr(),
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From the definitions Egs. (1) and (2), it is straightforward

to show that the correlation functions 7 and T(F") can be
defined from the following quark-gluon correlation matrix

[4]:
dy” dyy
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where w is a transverse index, F', , the gluon field tensor,
and the gauge links between different fields have been
suppressed for simplicity. The expansion of the above
quark-gluon correlation matrix contains the contributions

from Tr(x) and Tfp") (x),

My, 5(x) = [TF(x)e “S1,B+ T Wiy% Bl (6)

We notice Tr(x) and TI(.-‘T)(x) are diagonal parts of the
general quark-gluon correlation functions Tr(x;, x,) and
T}”) (x1, x») which are responsible for the single spin asym-
metry in the hadronic process [13,19], ie., Tp(x) =
Tr(x, x) and T,(é’)(x) = T}”)(x, x).2 Similarly, the correla-
tion functions g and 4 can be calculated from the following
matrix expansion [4]:

MY, 5(x) = [g(x)S Yysh + h)AysyL Bl (D)

where M}, 5 is defined as

"Here we emphasize that the TMD quark distributions follow
their definitions in the Drell-Yan process. If we choose those for
the semi- mcluswe DIS process, the two equations associated
w1th Tr(x) and TF )(x) will change signs.

For the convenience of our presentation, we have changed the
normalization for Tp(x, x,) and T(F )(xl, Xx,) by a factor of
1/27M as compared to those in [17,19].
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Applying the time-reversal invariance, we find the above
definition of ¢ to be the same as that in [15], except a
normalization factor of 2.

The above four correlation functions are subsets of more
general twist-three quark-gluon correlation functions
[18,20]: Gp(x,y), Gp(x,y), Hp(x,y), and E(x, y). They
are defined by parametrizing the following correlation
matrix [18]:

dy_dy;
2 2T
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These functions are called D-type twist-three quark-gluon
correlation functions, because they are defined by the
covariant derivatives. We can also define the F-type corre-
lation functions [20] by replacing D, with F* in the
above matrix,
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By using the equation of motion [16,20] it was found that
these two types of correlation functions are related to each
other,

1
Gp(x, x;) = P— P Tr(x, xy), ey
I

~ 1 -
Gplx,x) = P— x Tr(x xp) + 8(x — x)g(x), (12)

where P stands for the principal value prescription. A
similar expression holds for H, and Ej, with 7' and 74,

These twist-three functions and their contributions to the
inclusive DIS and Drell-Yan lepton pair productions have
been under intense investigation in the last two decades
(see, for example, [18]). The above four correlation func-
tions Egs. (3) and (4), however, will enter in the transverse
momentum weighted cross sections in the semi-inclusive
hadron production in DIS and Drell-Yan lepton pair pro-
duction in pp collisions [7,8,21]. They will provide addi-
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tional information on the quark-gluon correlations in the
nucleon and will be complementary to those studied in the
inclusive DIS and Drell-Yan processes. Recent experimen-
tal developments will help to pin down these contributions
and build strong physics associated with these correlation
functions [22].

One of the important questions remaining to be an-
swered is the scale evolution for these correlation func-
tions. The evolution equation controls the energy
dependence of the associated observables [23]. For ex-
ample, with the evolution equations, we will be able to
compare the single spin asymmetries coming from the
same quark-gluon correlation function Tx(x) in hadronic
processes at different energy experiments. The general
structure of the evolution equations for the twist-three
quark-gluon correlation functions has been known in the
literature [24]. However, the above correlation functions
Egs. (3) and (4) are special projections of the general twist-
three quark-gluon correlations, and their evolutions are not
directly available from the already known results [24].
Earlier attempts [25] have been made to derive the evolu-
tion equations for the correlation functions of Egs. (3) and
(4), but were not complete. On the other hand, from the
large transverse momentum quark Sivers function calcu-
lated in [17], we would already obtain the evolution equa-
tion for Tr(x), since the collinear divergence in that
calculation will lead to the splitting function of Tr(x).
This splitting function was confirmed by a complete cal-
culation of next-to-leading order QCD correction to the
transverse momentum weighted spin asymmetry in Drell-
Yan lepton pair production [26]. More comprehensive
evolution equations for Tp(x), together with those for the
three-gluon correlation functions which are relevant to the
single spin asymmetry observables, have recently been
derived in [27]. In this paper, we will extend these studies
to calculate the scale evolutions for the above four quark-
gluon correlation functions, but restrict ourselves to the
nonsinglet case for the splitting functions.

II. THE DERIVATION OF SCALE EVOLUTION
EQUATIONS

The scale evolution of these twist-3 correlation func-
tions can be studied in terms of the higher twist collinear
factorization approach in the covariant gauge as well as in
the light-cone gauge. In our calculations, we will choose
the light-cone gauge: A* = 0. There are several advan-
tages for this choice. First, the quark Sivers function was
previously calculated in the covariant gauge [17]. Our
calculation in the light-cone gauge will provide an impor-
tant cross-check for the results. Second, the light-cone
gauge is more convenient to calculate the evolution equa-
tions for g and . In particular, the evolution equations for
Tr(x) and g(x) can be calculated simultaneously. The only
difference is that for Tx(x) we have to take a pole contri-
bution for some diagrams, whereas for g(x) we will not
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take the pole (see the discussions below). Third, we can
further choose a particular boundary condition in the light-
cone gauge [3], which will greatly simplify the derivation.
We have also checked that the final results do not depend
on the boundary condition. According to the quark distri-
bution definition we have chosen above, it is convenient to
choose the retarded boundary condition, i.e., A | (—o0™) =
0. With this choice, the gauge link associated with the
TMD quark distributions in Eq. (1) becomes a unit [3],
and correspondingly the quark-gluon correlation functions
Tr(x) and g can be written as

Ay
87 M
X <PS|'L(O)ﬂ61MSJ_VlaJ.,U, l//a(y_)|PS>;

eixP*y’

Tr(x) =

(13)

d b -
8= [ e PSITO)ysiS L0 o (OIPS),
(14)

in the light-cone gauge with retarded boundary condition.
Similar expressions hold for the other two correlation

functions, T}”) and 4. In the following calculations, we
will focus on the derivation for the evolution functions for

Tr and g, especially for T, and those for Tfp”) and /1 can be
obtained accordingly.

We follow the general approach to calculate the evolu-
tion equations for these correlation functions. For example,
as a perturbative expansion, we have

Tp(x) = TOx) + TO) + -+, (15)

where TI(DO) is the “‘bare” leading order correlation function,

Tg) the next-to-leading correction, and the left terms are
even higher order expansions. The leading order evolution
of Tr(x) comes from the collinear divergence of the cal-
culation for Tl(pl). The contributions include the virtual and
real diagrams. The virtual diagrams can be calculated
following that for the spin-average leading-twist quark
distributions, and the results are the same at this order.
The real diagram contributions are much more involved. In
particular, we have to take into account the contributions
from the operators (9, ) and (¥ A ) [20], because
they are at the same order. Especially, because of the
contribution from A |, the evolution of the above correla-
tion functions will involve more general twist-three func-
tions such as Gp(x, x;) and Gp(x, x;) or Tr(x, x;) and
T}‘T) (x, x;). This is an important feature for the scale evo-
lution of the higher twist distributions, such as that of the
gr structure function [24].

We plot the Feynman diagram contributions from the
real gluon radiations in Fig. 1, where Fig. 1(a) is the
contribution from the partial derivative on the quark field,
and Figs. 1(b)-1(d) are those from A, contributions. The
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FIG. 1. Real gluon radiation contributions to the evolution

equations for the twist-three quark-gluon correlation functions
Tp(x), §(x), T (x), and A(x).

virtual corrections only contribute to the partial derivative
part, and their contributions are easy to carry out.

We perform the collinear expansion for the hard scatter-
ing part to calculate the contribution from Fig. 1(a). The
linear k; expansion term combining with the quark field
will lead to the quark-gluon correlation function 7 (x) and
g(x) in Egs. (11) and (12). In the collinear expansion in
terms of k;, we can fix the transverse momentum of the
probing quark (/,) or the radiated gluon (/,), because of
momentum conservation and we are integrating over them
to obtain Tr(x) and g(x). We have also checked that they
will generate the same result. In the following calculations,
we choose [, being fixed in the collinear expansion. This
will avoid the collinear expansion of the on-shell condition
for the radiated gluon and simplify the derivations.

For the A contribution, we notice that F*# = 9% A/ in
the light-cone gauge. Therefore, one can relate the corre-
sponding soft matrix to the correlation function 7T (x, x;) in
the following way:

i dy dy;
x —x; +ie 4
XAPS|P (07 )he S 1, gF " (3D (y7)IPS)
[dy dyl Pte txP*y’el(x x)Pty;

eucP* t(x x)PFyr

X (PS|P (0 e S 1,8A 1L, O ¥ (YTIPS).  (16)

In the above formula, the soft gluon pole appearing in the
first line comes from the partial integration. The prescrip-
tion of this pole has been determined because we have
chosen the retarded boundary condition. For the same
reason, we have to regulate the light-cone propagator in a
consistent manner, and the gluon propagator in Fig. 1(c) in
the light-cone gauge with retarded boundary condition is
given by [3]
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—i afl _
2+ ie(g

where [ is the gluon propagator momentum entering the
quark-gluon vertex in Fig. 1(c).
Adding the contributions from the partial derivative and

1“nP + nep

DeR(1) = [-n+ie

) (17)

A, we find that the real diagram contributions to T}l) can
be summarized as

d N
1l = [ dxdlys e UG L)AL e, o
L
X Tr(x, x) + fdxdxldzlgl

X A{LH ,(xP, x, P, L) p1 X I }—m

X TF()C, xl), (18)

where the transverse spin vector has been integrated out,
and the transverse index w is not meant to be summed up.
l41 is the probing quark transverse momentum. In the
above equation, )2l (k, 1,) represents the hard partonic part
in Fig. 1(a) with transverse momentum dependence on k | ,
and H «(xP, x| P, 1,) is the hard part for Figs. 1(b)-1(d)
with transverse polarized gluon A, , insertion where all
momenta are collinear. We have to include both contribu-
tions to obtain a complete result.

We have similar expression for g(x) splitting. The only
difference is to replace p with ysp and a similar replace-
ment in the hard parts in the above two terms. Moreover,
because of simple Dirac algebra, the first term is the same
for both T(x) and g(x) which comes from Fig. 1(a). Let us
first discuss this contribution. In the calculations, we have
to perform the collinear expansion in terms of k. Because
of the momentum conservation, Iy = k/ — I, we can

separate the contribution from the explicit dependence on
k,U«
1>

Tk v = [ 6Ty 01 UK 1)
—&wwwwmﬂhﬂ (19)

The first term is easy to derive, and its contribution is

dr? 1 d 1+ 22
= f 7xcp( _ZZ )TF(x,x), (20)

2, i

2

where z = x3/x, and the well-known splitting kernel ap-
pears. The collinear divergence in the transverse momen-
tum integral dli, | is identified as the splitting function for
Tr(xg). This splitting kernel contains the end-point diver-
gence, which should be canceled out by the virtual diagram
contributions. After taking into account the virtual contri-
bution, the end point will be regulated by the plus function,
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iy, (d 1+ 3
”L [ c ( S 5601 — z))TF(x, x),
-2+ 2

21

where the plus function follows the definition of [23]. To
calculate the second term of Eq. (14), we do the collinear
expansion of the hard scattering part H(k, l,) with I,
fixed. The transverse momentum k| flow can go through
the quark line in Fig. 1(a), labeled as a X in the diagram.
We can further simplify the derivation by using the follow-
ing identity:
o i 0.

ek TR 2
which essentially represents the application of the Ward
identity. Applying the above identity, we can relate the & |
expansion in the quark propagator and quark line to that
with a transverse polarized gluon insertion with zero mo-
mentum attachment. These contributions will be combined
with those from Figs. 1(c) and 1(d). We discuss them
below.

As we mentioned above, the contributions from Fig. 1(a)
are the same for the evolutions of Tp(x) and g(x).
Therefore, the above results apply for that of g(x) too.
However, the contributions from Figs. 1(b)-1(d) are differ-
ent for Tr(x) and g(x). This is because for this part, we
have to take a pole contribution to obtain the splitting for
Tr(x), whereas for g(x) we do not take a pole contribution.
We first discuss their contributions to the evolution of
Tr(x) correlation function. Depending on the value of x, =
x — x; when we take the pole, these poles are called soft
(xg = 0) and hard (x, # 0) poles, respectively. The hard
pole contribution only comes from the light-cone propa-
gator in Fig. 1(c), and its contribution is easy to calculate.
For this, we obtain

di? Ldx Cyfl +z
(1)}h gL Ca
T |F1g l(c) 277. f ‘ f ( )TF(XZ’ X)

(23)

We emphasize that for the hard pole contribution the ex-
plicit factor 1/(x — x;) has been included in the above
result, which is finite because x # x;.
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On the other hand, the soft pole contribution comes from
the explicit pole in Eq. (13) which leads to a delta function
S(x; — x). Because this pole results into zero gluon mo-
mentum insertion to the diagrams, we can combine these
contributions with the second term in Eq. (14) as we
mentioned above. Therefore, we can add them together,

_ fdeF(x, x)dzzglzgl{% [A(k, 1,) i, o
1
—[A,(xP, xP, 1,) ;5]}. (24)

From this equation, we find that the contribution from
Fig. 1(b) cancels out that from the k| expansion on the
quark line with momentum k, because they have the same
color factor but opposite signs. The Fig. 1(d) and the k|
expansion on the quark propagator k — /, are also the same
but with a different color factor: the color factor for
Fig. 1(d) is —1/2N,, whereas that for Fig. 1(a) is Cp.
Their total contributions will add up to a color factor
C,/2. The same color factor C,/2 appears for Fig. 1(c).
Thus, the final result for this contribution will be propor-
tional to C,/2. By applying the identity of Eq. (17) again,
we can rewrite this part of the contribution as

a; C ad
——= 4 [deF(x x)d? lgl[ ] Ho(xP, lgl)]( 1))

c
=24 [deF (x, x)d?1, LHo(xP, ly1)

a; CA dlgj_ Ldx (1l +z
= — —= — Tr(x, x), 25
277_2 flzl ./x,;x(l_Z) F(XX) ( )

where H, represents the hard scattering part without the
color factor, and we have made use of the fact that the hard
part ﬁo(xP, l, BERV lé | - Again, the same splitting kernel
appears. Finally, there is also a contribution from
T r(x,, x,), which only comes from the hard pole diagram
Fig. 1(c) and has been given in Ref. [28]. Summing up all
contributions, we obtain the scale evolution equation for
the diagonal part of the quark-gluon correlation function

TF(Xl, Xz),

J ldx 1+z2 3
9 Inu? TF( xp p) =5 [ [ {m+55(1 —Z)}TF(X,x)
2
+ %{i +z Tr(xz, x) — J:ZZ Tr(x, x) + Tp(xz X)H’ (26)

which is consistent with that in Refs. [26,27]. The complete evolution equation for T(x) shall also contain contributions
from the three-gluon correlation functions, which have been calculated in [27]. In the present paper, we only take into
account the singlet case and neglect three-gluon correlation function contributions for all of the evolution kernels.

As we mentioned above, the contributions from Figs. 1(b)-1(d) to the evolution of g(x) are different from that of T (x).
For g(x) splitting, we do not take pole contributions from these diagrams. For example, we do not have cancellation
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between diagrams Fig. 1(b) and collinear expansion of the
quark line k of Fig. 1(a). Moreover, without taking a pole
there will be an additional integral variable in the splitting
function, similar to that for the evolution of the g; structure
function [24]. The A contribution from Figs. L(b)-1(d)

can be transformed into 7 and T, or to G, and G, [18].
|

PHYSICAL REVIEW D 79, 114022 (2009)

Because we do not take a pole for the scattering ampli-
tudes, the calculations for these diagrams are straightfor-
ward. The partial derivative contribution from Fig. 1(a) is
similar to that for the Tr(x) calculation. This part depends
on g(x). After adding all these contributions together, we
obtain the evolution equation for g(x),

=5 [ [ fewoon - afer( g+ Ja0 - 0) - G4
Gyt (et 2E 1)+%<XB(+;”<2;§:;3; 7]
+ Gplx, y)I:CF();% +1B _ % - 1) + % é%__x;yy]} 27)

where again z = x/x, and the definitions of G, and Gp
follow that in [18]. The end-point singularity from g(x)
with color factor C,/2 on the right-hand side of the equa-
tion is canceled out by that from G, at the second line. We
further notice that we can replace G, and G, with T and
T on the right-hand side by using the following relations
between them [16,20]:

1
Gp(x, x|) = P— r Tr(x, xy), (28)
1

Gplx,x))=P

1
. Tr(x, xp) + 8(x = x)g(x), (29)
1

where P stands for the principal value prescription.
However, we still have the g(x) term on the right-hand
J

dlnp

2 1) =, f dx[c {(1 22) #2001 - 910 + { 2

I
side of the equation. Although we can rewrite g(x) in terms
of Gp, and T [15], that will not eliminate its dependence
completely and the right-hand side will depend on G, T,
and G instead. Therefore, the evolution of g(x) depends
on three functions: g(x), Gp(x, y), and Gp(x, y). This fea-
ture is different from that for Tr(x), where it only depends
on Ty and T'f. It may indicate the nontrivial QCD dynam-
ics associated with the evolution of the correlation function
g(x). This has also been shown in its contribution to the
Drell-Yan dilepton azimuthal asymmetry in p p scattering.
We leave this study for a future publication.

Since the derivation follows a similar procedure, we skip
the technical details and only list the final result for the

evolution equation of correlation functions T,(V") (x, x), h(x).
For T(F"), we have

T\ (xz, x) — T(”)( }] (30)

1-

which is consistent with the large transverse momentum Boer-Mulders function hl (x, k1) calculated in [19]. Accordingly,

we obtain the evolution equation for /2,
ah(xB, ©) _
dInu?

£ 1 fofons—ofof 2w -0)-§ ]

2(x —y — xp)

T Hp, y>[cp

where the twist-three function Hp(x, y) has been intro-
duced in Ref. [18]. Similar to that of g(x), the evolution
of h depends on h and Hp,.

III. CONCLUSION

In conclusion, we have derived the scale evolution for
the transverse momentum dependent quark-gluon correla-
tion functions associated with the four &, -odd TMD quark
distributions in the nonsinglet case. We have performed our
calculations in a light-cone gauge with a particular bound-
ary condition for the gauge potential, and we have checked

Cy 2xp(xpx + xpy — x> — yz)]}
2 (xp = ¥)(x =)y

|

that our results do not depend on these boundary condi-
tions. Our result on the evolution of Tx(x) confirms recent
calculations [26,27]. The scale evolution for g and h
reveals nontrivial QCD dynamics. We hope this will stimu-
late further theoretical studies.

Meanwhile, we notice that the scale evolution for the
general twist-three operators has been calculated in the
literature [24]. It will be interesting to compare the evolu-
tion equations for the correlation functions studied in this
paper with these well-known results. Especially, the evo-
lution of the twist-three distribution g7(x) and its contri-

€1V
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bution to semi-inclusive processes deserve further inves-
tigation. We will address these issues in forthcoming
papers.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231 and

PHYSICAL REVIEW D 79, 114022 (2009)

the National Natural Science Foundation of China under
the approval No. 10525523. We are grateful to RIKEN,
Brookhaven National Laboratory and the U.S. Department
of Energy (Contract No. DE-AC02-98CH10886) for pro-
viding the facilities essential for the completion of this
work. J. Z. is partially supported by the China Scholarship
Council.

[1] S.J. Brodsky, D.S. Hwang, and I. Schmidt, Phys. Lett. B
530, 99 (2002); Nucl. Phys. B642, 344 (2002).

[2] J.C. Collins, Phys. Lett. B 536, 43 (2002).

[3] X.Ji and F. Yuan, Phys. Lett. B 543, 66 (2002); A. V.
Belitsky, X. Ji, and F. Yuan, Nucl. Phys. B656, 165 (2003).

[4] D. Boer, P.J. Mulders, and F. Pijlman, Nucl. Phys. B667,
201 (2003).

[5] X. Ji, J.P. Ma, and F. Yuan, Phys. Rev. D 71, 034005
(2005); Phys. Lett. B 597, 299 (2004).

[6] J.C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001
(2004).

[7]1 P.J. Mulders and R. D. Tangerman, Nucl. Phys. B461, 197
(1996); B484, 538(E) (1997).

[8] D. Boer and P.J. Mulders, Phys. Rev. D 57, 5780 (1998).

[9] Z.t. Liang and X.N. Wang, Phys. Rev. D 75, 094002

(2007).

D. W. Sivers, Phys. Rev. D 43, 261 (1991).

M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett. B

362, 164 (1995); M. Anselmino and F. Murgia, Phys. Lett.

B 442, 470 (1998); M. Anselmino, M. Boglione, U.

D’Alesio, E. Leader, and F. Murgia, Phys. Rev. D 71,

014002 (2005).

A. V. Efremov and O. V. Teryaev, Yad. Fiz. 36, 242 (1982)

[Sov. J. Nucl. Phys. 36, 140 (1982)]; Phys. Lett. 150B, 383

(1985).

J.W. Qiu and G. Sterman, Phys. Rev. Lett. 67, 2264

(1991); Nucl. Phys. B378, 52 (1992); Phys. Rev. D 59,

014004 (1998).

C. Kouvaris, J. W. Qiu, W. Vogelsang, and F. Yuan, Phys.

Rev. D 74, 114013 (20006).

H. Eguchi, Y. Koike, and K. Tanaka, Nucl. Phys. B752, 1

(2000).

H. Eguchi, Y. Koike, and K. Tanaka, Nucl. Phys. B763,

198 (2007).

X. Ji, J.W. Qiu, W. Vogelsang, and F. Yuan, Phys. Rev.

Lett. 97, 082002 (2006); Phys. Rev. D 73, 094017 (2006);

Phys. Lett. B 638, 178 (2006).

R.L. Jaffe and X.D.Ji, Nucl. Phys. B375, 527 (1992);

(10]

(1]

[12]

[13]

[14]
[15]
[16]

[17]

(18]

Phys. Rev. Lett. 67, 552 (1991).

J. Zhou, F. Yuan, and Z. T. Liang, Phys. Rev. D 78, 114008
(2008).

R.K. Ellis, W. Furmanski, and R. Petronzio, Nucl. Phys.
B212, 29 (1983); B207, 1 (1982).

A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders,
and M. Schlegel, J. High Energy Phys. 02 (2007) 093; S.
Arnold, A. Metz, and M. Schlegel, Phys. Rev. D 79,
034005 (2009).

A. Bravar (Spin Muon Collaboration), Nucl. Phys. A666,
314 (2000); A. Airapetian et al. (HERMES
Collaboration), Phys. Rev. Lett. 84, 4047 (2000); Phys.
Rev. D 64, 097101 (2001); Phys. Rev. Lett. 94, 012002
(2005); M. Diefenthaler (HERMES Collaboration), AIP
Conf. Proc. 792, 933 (2005); H. Avakian (CLAS Collab-
oration), Proceedings of the RBRC Workshop on Single-
Spin  Asymmetries (Brookhaven National Laboratory,
Upton, NY, 2005); V.Y. Alexakhin et al. (COMPASS
Collaboration), Phys. Rev. Lett. 94, 202002 (2005).

G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977).
See, for example, I.1. Balitsky and V.M. Braun, Nucl.
Phys. B311, 541 (1989); P. G. Ratcliffe, Nucl. Phys. B264,
493 (1986); X.D. Ji and C. h. Chou, Phys. Rev. D 42, 3637
(1990); Y. Koike and K. Tanaka, Phys. Rev. D 51, 6125
(1995); J. Kodaira, Y. Yasui, K. Tanaka, and T. Uematsu,
Phys. Lett. B 387, 855 (1996); A.V. Belitsky and D.
Mueller, Nucl. Phys. B503, 279 (1997); A.V. Belitsky,
Nucl. Phys. B558, 259 (1999); B574, 407 (2000); A.V.
Belitsky, X.D. Ji, W. Lu, and J. Osborne, Phys. Rev. D 63,
094012 (2001); 1. 1. Balitsky, V. M. Braun, Y. Koike, and
K. Tanaka, Phys. Rev. Lett. 77, 3078 (1996).

A.A. Henneman, D. Boer, and P.J. Mulders, Nucl. Phys.
B620, 331 (2002).

W. Vogelsang and F. Yuan, Phys. Rev. D 79, 094010
(2009).

Z.B. Kang and J. W. Qiu, Phys. Rev. D 79, 016003 (2009).
Y. Koike, W. Vogelsang, and F. Yuan, Phys. Lett. B 659,
878 (2008).

[19]
[20]

(21]

(22]

(23]
[24]

[25]
[26]

(27]
(28]

114022-7



