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The color gauge-invariant transverse momentum dependent (TMD) quark correlators contain process
dependent gauge links in the bilocal matrix elements. In this paper, we split these process dependent
correlators into universal TMD correlators, which in turn can be parametrized in universal TMD
distribution functions. The process dependence is contained in gluonic pole factors, of which the value
is determined by the gauge link. The operator structures of the universal TMD correlators are identified
using transverse moments. In this paper, specific results for double transverse weighting of quark TMDs
are given. In particular, we show that for a spin 1/2 target one has three universal time-reversal even
leading ““pretzelocity distributions,” two of which involve double gluonic pole matrix elements and come
with process dependent gluonic pole factors. We generalize the results for single and double weighting to

TMD correlators of any specific rank, illustrating it for unpolarized, spin 1/2 and spin 1 targets.
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L. INTRODUCTION

The transverse momentum dependent (TMD) correla-
tors for quarks and gluons include not only the dependence
on the longitudinal momentum fraction x but also the
dependence on the transverse momentum p7 of the partons
(quarks or gluons). This enables one to incorporate
spin-momentum correlations. The correlators in turn are
parametrized in terms of parton distribution functions
(PDF) and parton fragmentation functions (PFF). The lead-
ing TMD distribution and fragmentation functions in these
correlators include besides the well-known spin-spin den-
sities that survive in the collinear case (where the trans-
verse momentum is integrated) also spin-orbit densities.
These provide for instance a natural interpretation for
single spin asymmetries observed at high energies. The
correlators are the nonperturbative objects that enter the
description of high-energy scattering processes through a
convolution with the perturbative hard scattering process.
They constitute nonlocal matrix elements of the parton
field operators. Collinear gluons exchanged between the
soft and hard parts are resummed into the nonperturbative
objects and show up as the Wilson lines or color gauge
links that make the correlators gauge-invariant. For TMD
correlators the nonlocality in the operators is in the trans-
verse direction as well as longitudinal (light-like) direc-
tion, and there is no unique way to connect the fields
through the gauge link [1-4]. The link depends on the
process under consideration. In fact, in the case of single
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spin asymmetries it is the closing of the gauge link with the
transverse gauge link at light-cone plus or minus infinity
that plays a major role in distinguishing time-reversal even
(T-even) and time-reversal odd (T-odd) TMD distribution
and fragmentation functions [5-7]. To study the
pr-dependence it is convenient to look at the transverse
moments, obtained by weighting the TMD functions with
one or more powers of pr [2,8]. It has been shown in
Ref. [2] that single weighted correlators relevant for differ-
ent azimuthal asymmetries can be expressed in terms of
two collinear correlators, the first one containing a T-even
operator combination and the second one containing a
T-odd combination. The latter involves a quark-quark-
gluon matrix element with vanishing gluon momentum
and is known as the Efremov-Teryaev-Qiu-Sterman or
gluonic pole matrix element [9-14]. This matrix element
appears in cross sections multiplied with a process depen-
dent gluonic pole factor, which depends on the hard part of
the process. Examples of such process dependent T-odd
functions are the Sivers and Boer-Mulders function. The
pr-weighted moment of the fragmentation correlators can
also be divided into two parts similar to distributions, but
here T-odd effects can come also from the fact that one has
complex non-plane wave final states [2]. For fragmentation
the gluonic pole matrix elements vanish and since for a
given transverse moment there is only one specific operator
combination, there is no process dependence [15-19]. This
is for example the situation for the Collins fragmentation
function. Generally, the dependence on the gauge link
complicates the universality properties of TMDs as well
as factorization issues.

In terms of transverse moments, the study of TMD
correlators becomes simpler. There remains a process
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dependence, but this is dealt with by process dependent
gluonic pole factors, that depend on the hard part of the
process. In other words, given a process one already knows
which correlators are important. While single weighted
moments are important for cos(¢) and sin(¢) asymmetries,
one needs higher pr-moments for cos(ng) or sin(ne)
asymmetries. For double weighted transverse moments,
one looks at weighting with p% pl;. The pretzelocity
TMD PDF hi;(x, p3) is an example for which double
weighting is important. It has received some attention in
the literature recently. It is a twist two chiral odd and
T-even TMD distribution function. It contributes to the
sin(3¢ — ¢g) asymmetry in semi-inclusive deep inelastic
scattering (SIDIS) [20,21] and to the cos(2¢ + ¢, — @)
asymmetry in the Drell-Yan process involving two trans-
versely polarized protons [22,23]. In some models, such as
the bag model and spectator model, the pretzelocity distri-
bution is shown to be related to the difference between the
helicity distribution and the transversity distribution of
the nucleon [21]. This relation is not expected to hold in
the presence of gluonic interactions. In this work, we
analyze the double pr-moment of quark correlators taking
into account the gauge link, and show that like the first
moment these can also be separated into a T-even and a
T-odd part. The T-even part contains three contributions,
two of them coming from quark-quark-gluon-gluon matrix
elements containing two zero momentum gluons, which
are double gluonic pole matrix elements. The coefficients
of these matrix elements depend on the gauge link U and
are process dependent, showing that also the T-even pret-

zelocity PDF hlU)(x, p2) is nonuniversal. We will show
that the pretzelocity function is a combination of universal
functions, linked to the three possible T-even matrix ele-
ments. While these three functions themselves are by
construction universal, it is a particular combination that
appears in a given process with link dependence in the
multiplicative coefficients. The appearance of three pret-
zelocity functions is a striking example of how the sepa-
ration of the correlator into T-even and T-odd contributions
is no longer enough to isolate the process dependent
part of the correlator when higher transverse moments
are involved. In addition to this, we will extend the trans-
verse moment analysis to give definitions of universal
p3-dependent functions of a definite rank. This will be
done in general for targets with spin and illustrated for
unpolarized, spin 1/2 and spin 1 targets.

II. FORMALISM

A. Starting points
The quark-quark TMD correlator is given by

(p[,L,’](x prin)

2
j’df(zpa):& PP O U g i(OIP) gn—or (1)
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FIG. 1 (color online). The gauge links (a) [ + ] and (b) [ — ]
running from O to ¢ with ¢ - n = 0. The light-like separation
& = £ - P and the transverse separation &7 are nonzero.

where we use the Sudakov decomposition p* = xP* +
pr + on* for the momentum p* of the produced quark.
In this decomposition, P# is the momentum of the incom-
ing hadron, which is in essence the leading light-like
direction, while n is the conjugate light-like direction
satisfying P -n = 0. The component o « p - P along
this direction is integrated over. The nonlocal matrix ele-
ment (I)EJI.]](x, pr;n) contains a process dependent gauge
link Uy ¢, connecting the two fields. The process depen-
dence is in the path of the gauge link. For the two simplest
possibilities, the [ + ] and [ — ] gauge links, the gauge link
runs from 0O to ¢ through plus or minus infinity along n,
respectively. This is illustrated in Fig. 1. More complicated
gauge links can arise as well. We refer to Ref. [4] for a
detailed description of these gauge links. After integration
over transverse momenta, one has the quark-quark col-
linear correlator,

dé-P
(I)EJU](X) = fi—we’pf(Pl lpj(O)U%]g]¢i(§)|P>|§-n=O,§r=0’
2

where the gauge link is reduced to a straight-line gauge
link or Wilson line, which runs from 0 to £ along n. Since
the quark-quark correlators cannot be calculated directly, it
is common to make a parametrization that contains TMD
or collinear PDFs, respectively. In the TMD case, there are
for a spin 1/2 nucleon eight leading contributing terms in
the parametrization of the TMD correlator [24],

Pl (x, prin)

el
PrpST0

=A%) = 0 ) LIl s
+ 10 Py + G p) 0T

+ iy, pT)[5 T}z 3)

with the spin vector parametrized as S* = §; P* + Sh +
M?S; n* and shorthand notations for g[U] and hl[U]

- Sy
&0 pr) = S8k, p2) — M EL_2T UM, p2).  (4)

The TMD distribution functions in this parametrization
depend on x and p2 = —p2 = —|p|*. The leading con-
tributions in the correlator all have a J/ factor and are
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distinguished by different azimuthal behavior for the trans-
verse vectors such as py and Sy. The correlators and the
TMD distribution functions in the parametrization also de-
pend on the gauge link. Time-reversal relates the functions
in ®Y to those in BV, where U’ is the time-reversed
gauge link, which means interchanging the running via
light-cone plus or minus infinity. For the functions £ and
hi one has f ]LT[U] = - llT[Ur], a property that is referred to
as naive T-odd. Each TMD has either zero, one or two
factors of pr as a prefactor. This will play a role when
integrations over transverse momenta are considered. It is
actually useful to use in the parametrization irreducible
(symmetric and traceless) tensors in the transverse space,

o 1, .
ps pi? = pipt — 5 phei”. ... )

2

Just integrating (without weights) Eq. (3) over transverse
momenta, only the contributions without prefactor of py or
traces survive, yielding

a0 = {110+ Su8107s + mysi ] L ©

at the leading twist two level. Here g, (x) is the integrated
version of gELL’] (x, p%) and h,(x) is the py-integrated version
of W, p2) = WlY(x, p2) + KV (x, p2) including a
trace term, which involves functions weighted with powers
of —p%/2M?* = p%/2M?, in general

2\
O, p}) = ( pT) f.(x, p3).

2M? ™

The integrated functions £ (x) are usually referred to as
transverse moments, but we will extend this name to azi-
muthally averaged functions that still depend on p7. The
collinear PDFs in Eq. (6) are independent of the gauge link
U. In other words, all operator definitions of these collinear
PDFs have a unique straight-line gauge link.

The behavior of (TMD) PDFs under time-reversal can be
studied. The functions fi5 and hi are time-reversal odd,
while the remaining six functions are time-reversal even.
Similarly, one can look at the behavior of the matrix
element(s) under time-reversal. Using the fact that the
simplest gauge links for quark correlators, the [+ ] and
[ — 1 gauge links, are a time-reversal couple, one can
construct T-even and T-odd TMD correlators [2],

(a)

FIG. 2 (color online).
in (b) and (c) are equal to each other.

(b)
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DI—even) () = 5(@[*]()@ pr) + G, pn), (82)
1

¢(T7°dd)(X, pr) = E(CD[H(X, pr) — ®[7](X, PT))- (8b)

For the unweighted integrated case the separation between
T-even and T-odd objects would be trivial, since the [+]
and [—] gauge links are identical after integration over
transverse momentum. As a result, ®(x) = PTeven)(y)
and ®T°dd(y) = (0. For the transverse momentum
weighted case both functions are important. One thus is
tempted to identify the TMD functions fi and Ai to the
T-odd correlator and the other TMD functions to the
T-even correlator, in which the T-odd ones acquire process
dependence. The situation will turn out to be more com-
plex, which is most easily demonstrated by looking at
transverse momentum weighting.

B. Single transverse weighting

In the py-weighted case multiple matrix elements
appear, since the transverse weighting gives rise to a de-
rivative that not only acts on the fields, but on the gauge
links as well. Weighting with p§ can be rewritten in terms
of two contributions, which upon py-integration only de-
pend on x and depend on the link just through a gluonic
pole factor [2],

D5V (x) = f & prpf @i, pr)

- (cbg(x) - @g(x)) + mCV g (x)

= ®¢(x) + VD2 (x). )
The matrix element ®&(x) is referred to as the gluonic
pole matrix element. All matrix elements are built from
multiparton twist three operator combinations, illustrated
in Fig. 2. The relevant ones in the final result of a calcu-
lation involve gauge-invariant operators iDf and F}*
rather than Af,

q)?)ij(x_xbxl |x)
=fdg'Pdn_'PeiprnH(p—m)f
(2m)?

X (Pl j(0)Upg iDF( Uy ey (P e, (10)

b, p1;

—
P

()

The correlators (a) ®4(x — x1, x;|x), (b) ®4(x|x;, x — x;) and (c) P4(x, —x;|x — x;). Note that the diagrams
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a df‘Pd’r] P

(I)Fij(-x — X1, X |x) = IW

X (Pl (0)Upo, ) F7(m)

X Uy (P an

The matrix elements showing up in Eq. (9) are related to
these multiparton correlators, to be precise we need the
matrix elements

0 = [ dxi e —xi,x o), (12)

eiprmtilp=pi)-¢

P (x) = [dleVxL(Dﬁa(x — xy, x1|x), (13)
1
g (x) = Pp*(x, 0]x). (14)

By using the Eqgs. (8a) and (8b), one finds that ®¢(x) is a
T-even matrix element, involving the ®;, and ®,, the latter
being the principal value integration over a correlator
involving the gluon fields defined in a T-invariant way.
The gluonic pole matrix element ®E&(x), in order to distinct
it from @ indicated with an index G, is T-odd.

The choice of notation for the arguments of multiparton
correlators, where the produced quark and gluon on the left
side of the cut have momentum fractions x — x; and x; and
the incoming quark on the right side of the cut has a
momentum fraction x, is illustrated in Fig. 2(a). Despite
the fact that the assignment of momenta in the correlators in
Egs. (10)—(14) is overdetermined, it has the advantage that
it is more transparent in our forthcoming generalization to
higher weightings. Furthermore, because of the absence of
T-ordering, one can move a gluon through the cut by
changing the sign of the momentum. Under Hermiticity
one finds that the correlators in Eq. (14) have the behavior
70<I>/§(x —xp, x110)yo = Pylxlxy, x — xy).

The weighting with transverse momenta can also be
analyzed by studying the parametrization in PDFs. For
single pr-weighting, only PDFs with one prefactor of py
in the parametrization in Eq. (3) survive. T-even PDFs
contribute to the ®%(x) matrix element, while T-odd
PDFs contribute to the ®&(x) matrix element, see
Ref. [2] for a detailed study of this. Since the T-odd matrix
element comes with a process dependent prefactor, it can
be seen that for single py-weighting, the behavior under
time-reversal can be used to identify the process dependent
parts. In literature, it has become common to use notations
like f lJ‘T(SID ) or f ]J‘T(DY) for these functions. This suggests
that there are many different versions of specific functions,
which are obviously not universal, one for each process
with a different gauge link. In fact there is a universal
transverse moment relating all link dependent ones,

Fir M) = i . (15)

Although the only difference for the single weighted case is
just the numerical prefactor that for simple processes is just
+1 or —1, we will show in the next section that for the
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TABLE I. The values of the gluonic pole prefactors for some
gauge links needed in the pp-weighted cases. Note that the value
of CFGU] is the same for single and double transverse weighting.

U yl#l yl+lylol NL Tr (UHH UL+
Pplul dl=] ol+ol plO+]
¥l +1 3 1
U
Coa I
U
cil, 0 0 4

double weighted case the situation becomes more compli-
cated and one actually gains a lot by this different notation.
But even for single weighting there is a clear advantage
using Eq. (15), because it states that there is a universal
function with calculable process (link) dependent numbers
rather than an infinite number of somehow related func-
tions. For some gauge links, these numbers are shown in

Table I. Here U™ is the Wilson loop ul-1"yt+l,
C. Double transverse weighting

In order to evaluate the double transverse weighting we
need to consider matrix elements like

(I)gg(x — X| — Xy, X1, X3]X)
. . .
_ f de-Pdn-Pdn P . y.p)ixrp)yit—n—0)(EP)

20 27 27
X (P, S| O Fae(n UL} FP ()
X UL (&P, S)]Lc. (16)

among others, where LC indicates that all transverse com-
ponents and n-components of the coordinates are zero.
Besides this matrix element one needs @5, Prp and ©pp
as well as bilocal matrix elements, obtained by direct or
principal value integrations over these matrix elements (as
in the case of single transverse momentum weighting) or
gluonic pole matrix elements, where x; or x, or both are zero.
Explicitly, the matrix elements are discussed in Appendix A.

The actual weighting of the gauge link dependent TMD
correlator ®LVl(x, p;) gives

) = [ @prplypf W pi)
— $leA() + wCE;U]<<i>{aaGB}(x) + @ggﬂ}(x))
+ 27 Cod PGE)
z
= PP () + wc[GU](ciaggﬁ}(x) + cin{gf}(x))
+ w20 @l () + w2l ol (x).
a7

For the correlators containing two (or more) gluon fields
like the one in Eq. (16), one must distinguish the different
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color structures for the correlator, hence a summation over
the color structures c. For double weighting, there are in
the double gluonic pole part two possible color structures
related to the appearance of the color traced Wilson loop
N%_ Tr,(U'™). The differences between the two different

correlators CI){(?GB }C(x) are made explicit in Appendix A.

Just as for the single weighted case in Eq. (9), the structures
Ci)m with one or more partial derivatives denote differences
between correlators with a covariant derivative minus
a correlator with a principal value integration, e.g.,
Ci)g”éﬁ }(x) = dD{l;“C’? }(x) — @f’cﬁ}(x). For completeness, they
are given in Appendix A. Since the weighting is done
with the symmetric combination, we have symmetrized
in the indices, which should not influence the result. We
also omitted the Dirac indices on the fields. The precise
form of all correlators in terms of matrix elements can be
found in Appendix A.

The only leading twist TMD PDF that contributes is the
pretzelocity hlLT[U] (x, p%). Since this function is T-even, its
(double) transverse moment could be associated with both
the matrix elements d)i,‘;ﬁ }(x) and 772 CD{(?Gﬁ i (x). The gluonic
pole matrix elements come with gauge link dependent
prefactors, so the pretzelocity function as it has been
defined in literature up to now is not universal. The double
gluonic pole factor gives the gauge link dependence and
one must identify the gauge link dependent function as the
sum of three functions,

) = PN +
+ Cld PP (), (18)

where the functions 252 (x), k5?8 (x) and AP E? (x)
are universal. For simple processes like SIDIS and Drell-
Yan with Cs; = 1 and Cgg,, = 0 one finds just the sum of
two pretzelocity functions. For processes with a more com-
plicated gauge link structure, other combinations involving
three functions will appear, as can be seen in Table 1. The
double weighted results also show that for higher transverse
moments, and hence also for the full p;-dependent treat-
ment, a separation in T-odd and T-even functions is no
longer sufficient to isolate the process dependent parts.

III. DEFINING TMDS

For the definition of a TMD correlator parametrized in
terms of PDFs (or PFFs) depending on the collinear frac-
tion x and transverse momentum p1 it is important to keep
in mind the role of x and p;. These are identified with
kinematic variables in a high-energy scattering process.
This is most well known for x, which in a SIDIS process
is identified with the Bjorken scaling variable. In the same
way the transverse momentum can be identified, e.g., from
the noncollinearity of produced hadrons or from jet-jet
asymmetries, even if for transverse momenta the identifi-
cation is usually contained in a folding of transverse

PHYSICAL REVIEW D 86, 074030 (2012)

momenta of several hadron correlators. So for purposes
of further analyzing we assume that we know that a hadron
correlator depends on ‘“‘measurable”’x and p;. When in-
cluding the additional collinear gluons producing the
gauge link, pr is the sum of all transverse momenta of
the partons exchanged between the (soft) hadron correlator
and the hard process. This requires integration over the
transverse momenta of collinear gluons.

The leading relevant TMD operator structure for our
considerations thus will be of the generic bilocal form

dé-Pd*ér
CI)W](x,pT;n)=/%e”"§

X (Pl (0) U 71 0(E) Y (E)P)l g, (19)

where U is one of the possible gauge links for TMD
correlators. We can define in this way ®%(x, py) =
P (x, pr) — P(x, pr), as well as correlators CDZ%,
fl)gﬁ, o égf, fi)jg, o, <I>g'g, where one in particular
for ®;; must take care of the color structure.

Our identification of operator structures and TMD func-
tions in the parametrization of correlators depends on the
comparison of moments in x and pz, even if such moments
in real life are limited by kinematics of the process. This is
well known, but nontrivial, for the collinear dependence,
where the moments can be related to local matrix elements
of quark and gluon fields. All these operators have the same
twist (canonical dimension minus rank of Lorentz indices),
which means they contribute at the same order of the hard
scale. The x¥~! Mellin moments correspond to expectation
values of leading twist operators of rank N. These local
matrix elements have a calculable scale dependence gov-
erned by the anomalous dimension of the local operator. The
scale is usually identified with the kinematic limit such as
the exchanged momentum Q2 in SIDIS. The x-dependent
functions can be reconstructed from the Mellin moments.
Their scale dependence then is obtained by folding them
with splitting functions, of which the Mellin moments are
precisely the anomalous dimensions.

A. TMDs of definite rank

For the pr-dependent functions we follow a similar pro-
cedure. An expansion of TMDs involves the symmetric trace-

less tensors p7'“" of rank m. These traceless tensors satisfy

fdzprp?"'a"'PTil...imf...(X, ph) = fM(x).  (20)

Actually, it is sufficient and for our purposes desirable to
integrate only the azimuthal part,

de, 4.«
[ 2—77”1%' "pri i f..0 pE) o fM(x, p2). (21

The rhs of these equations contain the transverse mo-
ments £ defined in Eq. (7) as well as constant tensors
without azimuthal dependence. Writing the following
parametrization:
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DU (x, pr) = B(x, p3) + wCYIEL Pri <I)’ i(x, p2) + m2CY]

GG,c MZ

th (I)l (x pT)+ C[U]thj (I)lj

{aG}(-xJ p%) +

PHYSICAL REVIEW D 86, 074030 (2012)
Prij j

(I)léG L(-x; p%) + 7T3C[U] plek

ijk 2
GGG.e 3 CDGGGL(X’ pr) Tt

[l PrTijk 3 ijk
7 C66.c Mlé (D%GG}C(X’ pE) Tt ..

(22)

P P ik

18 Ol ph) + w R ph) +
PT ik

MU (Dlaa( PT)+

we reproduce the moments. Note that in Eq. (22) depending
on the gauge link there are multiple contributing color
structures for terms with two or more gluonic pole terms,
hence the inclusion of the summation over these color struc-
tures c. For the collinear correlators CI)gGC(x) this is dis-
cussed in Appendix A, for the TMD correlator <I)GG (x, p3)
it is discussed in Appendix B. The operator structures on
the rhs thus are the ones appearing in an angular expansion,
in which the azimuthal dependence is made explicit. The
combinations like ®y, ¢, indicate symmetrized combinations
‘D{ac} ®,; + dg,. Upon g-integration only the structure
®(x, p2) survives. Hence, we identify this as the rank zero
TMD correlator,

D(x, p3)

P
= {fl(xr p7) + Spgi(x pHys + hi(x, p%‘)'}/SST}E,

(23)
where the TMD correlator &, (x, p7) rather than h,7(x, p%)
appears [see also the remark following Eq. (6)]. Next, we
look at the weighted expressions before pr-integration in
order to explicitly identify further TMD functions,

PT T = (1
S pp) = ST @G ph) = 85 (x, ph)
« pa' Fi
— WC[C;U]CI)G(I)(X, p3) + #@g(x, p3)

wC) pMT LDE(x, p3) + . (24)

The first term is 0bV10usly a term that needs to be there
because we already identified a nonzero rank zero TMD
correlator. The next two terms involve the T-even and
T-odd transverse moments of ®§(x, p7) and ®E&(x, p?),
respectively, which survive g-integration. The other terms

PTPT PTPT
(ID[U] _
M2 (x, PT)
1 (1)
_2M k q)ﬁ} (x, pT)
+ OPD(x, p2) +
1
-3 g2

D(x, p2) — ngﬁ”T'fb’“)( pT)—f

(Cl)gz)a(x pr) + 'n'C[U]q)g)G}(x, p2) +

in Eq. (24) contain higher rank tensors in py. Comparing the
unintegrated expression with the parametrization for a
spin 1/2 target one thus immediately identifies in addition
to the rank O correlator in Eq. (23) two rank one TMD
correlators,

Pri (I)l( PT) = {hﬁ(x pT)SL y;fT
Y
gt P o)
S
Pri (Dt (X pT) _ _{ flT( PT) T pr To
+ ihi(x, p2) ﬁT} X (26)

the first one being T-even, the second one T-odd.

Before going to double weighting, it is useful to realize
that in Eq. (22) one does not need to subtract trace terms
from the second rank correlators. This is automatic because
of the use of the tensor p?ﬂ . We can write

Prij zij _ (PTiPTj _ PT ij
M2 (D{QG} = ( M2 M2 gT'J>q){{9G}
pTlpT] (1)
M2 CDZ;G} + (D{a -G}
P1iPrj i I iz
T (fb{ég} 587 %.G}). @7

In Eq. (27) we introduced the notation 9 - G in the sub-
script of one of the correlators to indicate that these two
operators in this correlator have been contracted. Also for
double pr-weighting we write down (selected contribu-
tions in) the unintegrated result starting with Eq. (22).
We find for the double weighted result,

C[U] aﬁ Pri (I)l(l)( pT)

v L

M
G 7P Ta(l)g} (x, p) + ...

7CDED (x, p2) + w2 CE) LD (x, p2) + ...

{oG}

20V @

66.cPG6.c (% P%)) + (28)

an equation that after symmetrizing in & and 3 can be used to identify the remaining TMDs for a spin 1/2 target. We have
omitted terms with rank one tensors in py multiplying o2P o5 etc., as well as terms with rank 3 or rank 4 tensors like pT ;

074030-6



GENERALIZED UNIVERSALITY OF HIGHER TRANSVERSE . PHYSICAL REVIEW D 86, 074030 (2012)

and pTﬁ ;j- The last 11ne in Eq. (28), containing terms that arise by contraction of the indices i and j in the explicit rewriting
of the product p§ pT prij through the contribution gT grij» 1s included for completeness. Note that taking the trace

—3 gTaﬁ gives

2M

1 #CVIGR)

+ (cbg%g (x, p3) + ch%

2
P Pri i PrTi i
~ 52 @V pr) = W p7) + ZE DT (x, p%}) +aCq S g pF) -

{o- G}(x’ p%) .

(2
{a-G}(x’ pp)+ GG.c

1.
iq)(az-)a (x, p7)
ZC[GUG] CCI)(G2)G e p%) + ...

204 @2 (x, p§))+..., (29)

where the terms between brackets come from the correlators with contracted operators in Eq. (28). This shows that

’,’; PV, pr) = <1><x P} -

+ (‘i)gf @(x, p2) — traces) + V] (@;BG(}?)

illustrating how the projection with the properly symme-
trized traceless second-rank tensor p‘;ﬁ gives the properly
symmetrized traceless TMD structures. The terms without
azimuthal dependence are identified with the rank two
TMD correlators, which for a spin 1/2 target are parame-
trized as

pTl] pTl] T’YSYT?

EX

LY (x, p}) = hi" (x, p3) 31)

)pru Shysyp P
2)

Prij &
0l P} = (32)

PTij 4 PrijSiysyy P
]\;2](1)162( PT)=—hl(Bz)( ,pr)%ﬁ (33)

th_/

(Dldc}(x pT) (34)

The last TMD correlator in these equations is a T-odd rank
two TMD correlator, which is not present for a spin 1/2
target. The result can also be summarized as the existence
of three universal pretzelocity functions hf‘T(A), hJ‘(B D and

hJ'(B ? and a gauge link dependence given by
J_[U ()C pT) . hJ_(A)(x p%) + C[C;Uc];th_(Bl)( X, p%)
+ Chdahit ™ (x, p). (35)

This shows e.g., that AL (x, p2) = ALPY)(x, p2), but
that for other processes (with more complicated gauge
links) other combinations of the three possible pretzelocity
functions occur. In asymmetries involving p%’g -moments
of the quark TMD correlator contributions from all
four correlators can appear. In particular we find for a
transversely polarized spin 1/2 target three pretzelocity
functions, as was already established in Eq. (18). For a
spin 1/2 target our treatment is complete, since there are no

( la B (x p2) — trace) -

1
—MWC[GU](p{T“(I)g}“)(x, p3) — trace) +...

(x, p}) — traC@S) + WzCE;U(; L(‘Dgg(f)(x, pa) — tracesc) +..,

(30)

[

higher-rank TMD correlators such as pr; /kfi)g ak 5(x, p7). In
the case of a spin 1/2 target the pretzelocity TMD func-
tions th 52) actually was referred to as junk TMD in
Ref. [8].

We want to summarize our results in this section in
tabular form. We first represent the contributions in
Eq. (22) in Table II. The assignment of the TMD PDFs
for an unpolarized and polarized spin 1/2 target has been
discussed in this section and is summarized in Tables III
and IV. For the corresponding fragmentation functions the
assignments are different, since gluonic pole matrix ele-
ments vanish in that case [15-17] and all functions are
assigned to 0 o, operator structures. The assignments thus
are as in Tables V and VI. The T-odd TMD PFFs (such as
the Collins function HlL) are due to the fact that the
definitions of fragmentation functions involve non-plane
wave states or equivalently a hadronic number operator,
which are not invariant under time-reversal. Thus, there is
only a single (T-even) function H (z, k2.) appearing in the
parametrization of the correlator A By, p2).

TABLE II. The contributions in the TMD correlator for corre-
lators ordered in columns according to the number of gluonic
poles (G) and ordered in rows according to the number of
contributing partial derivatives (9 = D — A). The rank of these
operators is equal to the sum of these numbers. Their twist is
equal to the rank + 2.

Gluonic pole rank

0 1 2 3

CI)(.X, p%) WC[GU] q)G 2C‘[GUG] ¢ CDGG ¢ 7T3 C[GUG]G,cq)GGG,C
®, T CE;U]q){aG} ™ CGG,CCI){BGG},L-

D, 77'C[cU](D{aaG}

Dy
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TABLE III. The assignment of TMD PDFs for a spin 0 or
unpolarized target to the quark correlators as given in Table II
involve at most rank one TMD correlators. There is no T-even
function corresponding to &Di,

PHYSICAL REVIEW D 86, 074030 (2012)

TABLE VII. The operator assignments of TMD PDFs for a
tensor polarized spin 1 target require operator structures up to
rank 3. There are several different functions f77(x, p) and

hf‘TT(x, PZT)

PDFs for spin 0 hadrons (gluonic pole rank)

PDFs for tensor polarized spin 1 hadrons (gluonic pole rank)

0 1 2 3 0 1 2 3
1
fi hit firLs P hivs &1urs Mirr 15 hig”
Sirr hllLr’ 8117
(A) L(4)
firr hirr

TABLE IV. The assignment of TMD PDFs for a polarized
spin 1/2 target to the quark correlators as given in Table II
involve at most rank one TMD correlators for longitudinal
polarization, while they involve also rank two TMD correlators
for a transversely polarized spin 1/2 target.

PDFs for spin 1/2 hadrons (gluonic pole rank)

0 1 2 3
1 1

g1 hy fllr th(B])’ th(BZ)

817> hlLL

pi@

17

TABLE V. The operator structure of quark TMD PFFs for
spin O or unpolarized hadrons. All gluonic pole matrix elements
vanish.

PFFs for spin 0 hadrons (gluonic pole rank)

0 1 2 3

D,

Hi

TABLE VI. The operator structure of quark TMD PFFs for

polarized spin 1/2 hadrons. Gluonic pole matrix elements
vanish.

PFFs for spin 1/2 hadrons (gluonic pole rank)
0 1 2 3
G, Hy
Gir, Hiy, Diy
Hiy

B. Results for spin 1 hadrons

Extension to higher spin targets is straightforward. We
illustrate this by giving in Table VII the assignments for
spin 1 tensor polarized TMD functions. These were first
given in Ref. [25]. The (slightly updated) parametrization
of the TMD correlator for the TMD PDFs for a tensor
polarized target are given in Appendix C as well as the
parametrization of the TMD PFFs in Appendix D. From

these tensor polarized spin 1 contributions, the f E(%]T(x, p3)

and hilU)(x, p2) can be written as a combination of
multiple universal PDFs, multiplied with process depen-
dent gluonic pole factors,

FirCe p3) = fiPr(x p3) + Cog S50 p3), (36)

higg (5 p3) = €'y (v pp) + Coda i (5, p3).

(37)

Note that the h--Y(x, p2) is a rank 3 object, for which all
contributing universal functions are multiplied with a pro-
cess dependent prefactor. A special case is the T-odd TMD
PDF h,;r, which is forbidden because of time-reversal
invariance. Following Ref. [25], this rank zero TMD PDF
is defined as the combination h;7(x, p%) = h}, ;(x, p3) +
hlLL(lT)(x, p3) and is shown as the wiped-out function in
Table VII. It shows a nice feature of our TMD functions
of definite rank. In the first column only T-even TMD PDFs
are allowed, in the second column only T-odd ones,
etc. The first victim of the application of time-reversal
invariance for leading quark TMDs, thus, is A7 7(x, p:‘}),
a (T-forbidden) transversely polarized quark distribution
function in a tensor polarized hadron. Note that the rank
two, T-odd function &; ,(x, p%) is allowed. The only rank 0
function for a tensor polarized spin 1 target thus is
fio(x, p%), introduced as the distribution b; in Ref. [26].

For fragmentation functions, gluonic pole contributions
all vanish and only the first column survives. The parame-
trization of the higher rank correlators contain the T-even
and T-odd TMD fragmentation functions. The fragmenta-
tion functions describing fragmentation into a tensor
polarized hadron are given in Table VIII.

C. Bessel weights

We note that the TMDs £ (x, p%) of a given rank do not
contain operators of definite twist. This is only true for
transverse moments £ (x) after py-integration. The TMD
correlators of definite rank appearing in the parametriza-
tion in Eq. (22) only are integrated over azimuthal
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TABLE VIII. The operator structure of TMD PFFs for a tensor
polarized spin 1 target requires operator structures up to rank 3.

PFFs for tensor polarized spin 1 hadrons (gluonic pole rank)
0 1 2 3

Dy, Hirr

Dyr. Hiy ;. Gipp. Hipp
Dirr. Hivg, Girr

Hirp

directions. The rank just refers to the azimuthal depen-
dence of the correlators in the full correlator ®LV1(x, p;).

Using that for a given rank m, there are two independent
combinations pj o | py|™ exp(*ime),), it is equivalent
to consider

Eliada §i1-in(x, p3) or - DU/, pheimer,  (38)
where @/ (x, p2) = (—p2/2M?)"2d (x, p%) assures
the appropriate small pr-behavior. A suitable normaliza-
tion of the correlator has to assure that <I>_(f_’1)(x, p>) repro-
duces the collinear transverse moments upon integration,

& m(x) = ﬁ 2l prldlp @M, p2). (39

Knowing the correlators in Eq. (38) to be Fourier trans-
forms of nonlocal matrix elements in transverse space, it is
natural to write the appropriately weighted TMD PDF in
their parametrization as a Bessel transform,

FO (x| pyl) = jo ® byl p 151, (1B F (x, b),
(40)

such that f/2(x, b)exp(ime,) is the (two-dimensional)
Fourier transform of F"/?(x, |ps|)exp(ime »)- Bessel
weightings are extensively studied in Ref. [27].

Bessel weighting may also offer a convenient way to
incorporate the soft factor which usually is given in
b-space [28]. This factor has been omitted from Eq. (19).
Our decomposition in Eq. (22), however, can always be
written down, but the @ _(x, p2) will be modified by the
inclusion of the soft factor.

IV. CONCLUSIONS

In Eq. (22) we have presented a parametrization for TMD
quark correlators that distinguishes different azimuthal de-
pendences. For this we write down an expansion in terms of
irreducible tensors in the transverse momentum multiplied
with correlators depending on x and p%. These correlators
contain tensors describing the polarization of the target and
TMD functions depending on x and p7. The rank of the
irreducible tensors in transverse momentum space also
defines the rank of the correlators and TMD functions multi-
plying this tensor. The field theoretical expression for the
quark correlator basically has two quark fields connected by

PHYSICAL REVIEW D 86, 074030 (2012)

a gauge link. The operator structure of the TMD correlators
of a definite rank contain Dirac gamma matrices, derivatives
or gauge fields with transverse indices in color gauge-
invariant combinations and a definite rank. They are struc-
tured in a similar way as higher twist operators in the
collinear case. Each independent operator combination de-
fines a particular TMD function. For leading twist operators
the relevant ‘transverse’ operators are either gluonic pole
(G) or partial derivative (9 = D — A) or combinations
thereof. A special feature of these operator combinations
of definite rank is that they are either T-even or T-odd after
extraction of a gluonic pole factor without having to perform
weighting and integration over transverse momentum.

Using the parametrization of TMD correlators in
Eq. (22), one finds that rank zero and rank one contribu-
tions are similar to previously used definitions for T-even
and T-odd contributions, such as e.g., obtained by combin-
ing “opposite”” gauge links in Eq. (8). Just as the collinear
transverse moments, these TMD functions are universal
functions, multiplied with a process dependent prefactor,
rather than nonuniversal gauge link dependent functions.
By explicitly and systematically looking at all contributing
functions, one finds for an unpolarized target two TMD
quark correlators, the first being of rank 0, containing the
TMD PDF f,(x, p2). Looking at the operator structure, it is
interpreted as the momentum distribution of quarks. The
second unpolarized TMD correlator is a T-odd gluonic pole
matrix element of rank one. It contains the Boer-Mulders
TMD PDF A (x, p?).

For a polarized spin 1/2 target there are an additional
eight TMD correlators, containing rank zero, rank one and
rank two contributions. The two rank O correlators contain
the TMD PDFs that are interpreted as the well-known
polarized spin distribution functions in longitudinally or
transversely polarized targets. For a longitudinally polar-
ized target, there is a T-even rank one TMD correlator
@, (x, p}) containing the worm gear function hi; (x, p}).
For a transversely polarized target, there exist one T-even
TMD correlator ®,(x, p?) and a T-odd rank one TMD
correlator ®(x, p) containing the worm gear function
g17(x, p%) and the Sivers function fi-(x, p%), respectively.
The three TMD correlators of rank two appear in the
T-even correlator ®,;(x, p?) and the two T-even double
gluonic pole correlators @ . (x, p7), giving rise to the

pretzelocity functions A M (x, p2), hiPV(x, p2) and
hi2(x, p2). These functions in general both show up in

particular azimuthal asymmetries but with gauge link de-
pendent prefactors, where the gauge link in turn depends
on the process. As for the functions themselves and in
particular their interpretation, the function hllT(A) is related
to the quark structure of a nucleon, while the functions
hlLT(BC) are the ones involving quark-gluon correlations.
For a spin 1 target one finds apart from the above mentioned

TMD correlators additional correlators because one also has
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the possibility of tensor polarization. The full list of TMDs has
been given in Table VII, including rank 3 contributions
coming with process dependent prefactors. Rank 3 contribu-
tions like this are specific for targets with spin 1 or higher.

The procedure for defining universal TMD correlators
of definite rank can be extended to gluon TMDs and to
higher twist situations. The extension to gluon TMDs will
be presented in a forthcoming publication. The situation
for higher twist TMDs is complicated by the fact that the
lowest twist operators that contribute to the TMDs not only
contain two quark fields or two gluon fields, but they also
contain additional (gluon) operators with transverse direc-
tions, D§ and F7%, no longer in the combination 9%.

As a final advantage of the universal TMD correlators
we mention that, although their nonlocal operator structure
is of the form in Eq. (19) with a particular gauge link U, the
TMD correlators of definite rank have definite T-behavior
(even or odd) and are independent of the gauge link. The
U-dependence is in the gluonic pole factors and the color
structure of the operator combination. Thus one can study
the universal TMD correlators, for instance in lattice cal-
culations, by using just the sum and difference of the
simplest UL*1 and UL~ staple links.
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APPENDIX A: DOUBLE WEIGHTED
COLLINEAR MATRIX ELEMENTS

Double py-weighting is worked out in the same way as
the single weighting. In evaluating the weighting one can
actually choose the derivatives to work on & or 0 or mix
these, but that does not matter for the final answer. Since
we just are interested in the general structure, we work with
the multiparton element with all gluons on the left side of

the cut. For the gauge link UL we note that (writing only

[o, §]
the relevant pieces of the matrix elements) [29]

ap+] — pn] oapT (1]
107 Uo,e1 = Vi0,00 97 V0,611 Vlee 1
_ i gt ipapinl
= Uloe)Vi0,.£1 P V[wgy  (AD
which is then further evaluated using
iDFUN .. (&)

= U o(iD§(6) ~ A3(&) + 6™ (). w(@). (A2
The A“(f) and 7G"*(£) are defined as
AZ(§) = [ dn-Pe(é-P—mn-P)

[n] na
U[g ]G (77)U[1, £ (A3
7G" (&) =§[_oodn-PUF;’]W]G"“(?;)U%Q, (ad)

with €({) being the sign function taking the values 1, —1
and 0. Note that G"%(&) = G"“(& - P, é7) does not depend
on ¢-n. The above described method for calculating
the structure of the matrix elements for a single transverse
weighting can be extended to higher transverse weightings
by repeated application of Eq. (A2). For example, for the
U] gauge link this implies

iDFDFUL ... () = UL o (i05(6) — 430 (100 ~ 451))) .. (&) + Uf2 (wGr(©)mGr8(®)) .. w©

+ U%n] ﬂ( Gna(5)<iD$(§) - Aﬁ(g))) .

0@ + U ((i05(6) ~ 43O} 6 ) .. (&)
(A5)

After integration over py the resulting correlators can be rewritten in terms of color gauge-invariant multiparton correlators
as was done for the single weighting. In this case one needs the correlators of the form

q)ﬁ

dé-Pdn-Pdn' -P

eixz(ﬂ/'P)eixl(U'P)ei(X—xl—xz)(f‘P)

0, 02(x —X; — X, X, Xplx) = [

2T 2T
X (P, SIFOUL! 0% (U 0

27

05 (MU 4 (£)IP, S)lyc. (A6)

with Of; and O%; Hermitian operators like iD7 and/or F7%. In general more than one color structure is possible. As an
example, for the operator combination ¢ F'F ¢, one can have the two distinct color configurations,
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c=1:Tr[FFyi]= yFFy = J F F's s, (A7)

c=2:Tr[FFITr [ ] = Gy Tr [FF] = "y s Fss.
(A8)
An example of a correlator one needs is
o = [%°7
X (P, S|P UL iDF()iDE(€) p(E)IP, )l
= fdxldx2¢>gg(x — X| = Xy, X1, X3|%). (A9)

Other correlators involving A%(£) or wG3 (&), given in
Egs. (A3) and (A4), are given by

q)gf(x) = fdleVxLl /dszVxLz(Difg(x —X| — X9, X1, %] %),

(A10)
(ng(x) - fdxldszVLq);gg(x_xl — X3, X1, X3]x),
X1
(A11)
(I)aﬁ(x)=fdx dx PVifl)a'B(x—x — Xy, X1, X5|X)
DA 1 2 Xy DF 1 2 A AD y
(A12)
)= [dudf—x 0.0l (AL3)
D (x) = f dx, D (x = x1,%,,01x), (Al4)
AR f dx,PV — D (x — x5, 0, x,), (A15)
X2
PP (x) = [dxlpviq>;ﬁ(x — x;, 1, 01%), (A16)
X1
DL ()= DL (x,0,0x). (A17)

¢ = 1: Te[Uf )G (OGE@) ¢(&)§(0)] = §(0)

¢ = 2: Te[UL OGO U L@ 9(0)] = $O UL L (@) Tr U LG G UL
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Using for the correlators, just as for the single weighted
case, the notation @, for the correlators with covariant
derivative minus a correlator with a principal value inte-
gration (iDy — A7), implies

BB (x) = DL (x) — DEE(x) — DB () + DIP (), (A18)
B3 (x) = Do (x) — PIE (), (A19)
D (x) = DEH (1) — DA (). (A20)

The second transverse moment in terms of the collinear
functions then is (symmetrizing in « and ()

[ P prp pPOHI(x, pr)

= 1P () + 7dP () + DS (x) + DL (v),

(A21)

which is the result given in Eq. (17) with C[Gﬂ =1,
CE;C;,] =1 and C[G+G]’2 = 0. For other gauge link structures,

similar calculations can be performed.

APPENDIX B: DOUBLE WEIGHTED
TRANSVERSE MOMENTUM
DEPENDENT MATRIX ELEMENTS

The leading relevant TMD operator structure for our
considerations referred to in Eq. (19) is bilocal,

- Pdé;
S(x, prin) = /%e”’f
=

X (PIFO) U gOOIP)lgro. (B)
The nonlocality, however, involves a transverse separation,
hence the gauge link U ¢ in general can be complicated.
For the two cases ¢ = 1, 2 one now finds for the gauge link

U{(()Dg)]ﬂ the nonlocal structures

APPENDIX C: PARAMETRIZATION OF THE SPIN 1 DISTRIBUTION CORRELATOR

The parametrization of a distribution correlator for a spin 1 hadron was first given in Ref. [25] and is given by

D(x, pr) = Oylx, pr) + OpL(x, pr) + Or(x, pr) + Ppp(x, pr) + Prr(x, pr) + Prr(x, pr),

Ul H @6 w(e) ®2)
(B3)
(CI)
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where the contributions O, (x, pr), P.(x, pr) and
®,(x, py) are parametrized in the same way as those
contributions in the correlators that describe an unpolar-
ized, longitudinally or transversely polarized spin 1/2 par-
ticle, given in Eq. (3) using the notation of Ref. [24]. We
update the parametrization for the remaining correlators
contributing for spin 1 particles, using the same TMD
PDFs as in Ref. [25]. This leads for the leading twist
TMDs to

@, (x, pr)
I5T}

i (C2)

{flLL(x pT)SLL + lhlLL(x PT)SLL 7’
D, 7(x, PT)
= {_flLT(xr P%)pT

+ Wy (% pR)ysy.€r” Sir,

.S,

T Prv
+ gir(x PR er”Siry DAL

. -S P
—zhﬁTU;p%EEjZ£Z§§}E (C3)
Drr(x, pr)
pToz,BSTg 2\ MV pg"pT,u
{flTT(x PT)i_ngT(X,PT)ET STTVp775
p
_hllTT(x’p%')757V€;'pSTTpa'ﬁT
PTa STT Pr
+zhh76rpr}——fl——ﬂ4}2. (C4)

We note that all polarized quark distributions (g and A
functions) in a tensor polarized target, iy, gi17, My 7s
hi; 7+ &177> Wiy and hip, are T-odd. Just as in Ref. [25],
the integrated case is given by

P
Dy ()= fr.(0)SL £ (C5)
_ vp y
D r(x)=hy r()y, €7 SLrp > (Co)
Dyr(x) =0, (o))
where
hr(x p3) = hip(x p3) + hiff (. pp). (C8)

For identifying the proper rank one TMD, it is also useful
to define

L()

= hirr(x, p7) + higy (x, p7). (Y]

hy TT(X, P%)

APPENDIX D: PARAMETRIZATION OF THE
FRAGMENTATION CORRELATOR

The parametrization of the fragmentation correlator for
a spin 1 particle, also first used in Ref. [25], is similar in

PHYSICAL REVIEW D 86, 074030 (2012)

structure to the parametrization of the distribution correla-
tor and is given by

A(z, kr) = Ay(z kr) + Ap(z, ky) + Ar(z, kr) + Ay (2, ky)
+ Apr(z k) + App(z, k), (D1)

where the Ay (z, kr), Ap(z, kp) and Ap(z, ky) are the cor-
relators that describe fragmentation into an unpolarized,
longitudinally and transversely polarized spin 1/2 particle.
For spin 0 only A (z, ky) is relevant. The correlators in
Eq. (D1) are with the notation of Ref. [24] at leading twist
given by

(Z’ kT) - {D (Z, kz) + lHJ‘ (Z, k% [][f[Th}g (D2)
AL(Z’ kT) = {GIL(Z, k%)ShL Vs + HIJ‘L(Z, k%)ShL YS%T}K)
M, |2
(D3)

AT(Z’kT)_{ Glr(z,k%) " ys+Hz(z, k%) ys8r

kr- ShT ’)’skT
M, M,

ET kTpShTU}K
M, |2

_HlJ'T( ki )

+ DL (2 R2) (D4)
I(T}K
M2
(D3)

Az kp)= {D]LL(Zr 2)Sper +iHiy, (2 k2)SuL

kr-S
ALT(Z, kT) = {_DILT(Zr k%) TMhLT
h

V

—Gir(z k%)fr ShLT,uM

Hi(z, k%)?’s?’ufT Shetp

kySpir Kr }K

iHL (2, k>
—iHip (2 k)= M, M2

(Do)

2 kTaBSZfT
Azrr(z, kr) = 1Dyrr(z, kT)T
h

. Kekr,
+ Girr(z k7) €7 Shrrnp ——5 M2 Vs
k7
Mh
bopis 1) K
M2 M, 2

+ Hip(z, k%)YS va;pShTTpo
+ iHi7p(z k7) (D7)

1 1 1 / 1 /
where DIT’ Hl . HlLL’ GILT’ H]LT’ HlLT’ G]TT’ HlTT and
H fTT are T-odd. The relative sign difference between
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certain corresponding TMD PDF and TMD PFF contribu-
tions comes from the definition e?ﬂ = e*Pron ,n_,,
where interchanging n, and n_ gives a relative minus

sign

[24]. The TMD PFFs G,(z k%), H,(z k%),

H,;7(z, k%) and H,77(z, k%) are defined in the same way

PHYSICAL REVIEW D 86, 074030 (2012)

as their TMD PDF counterparts, whereas integrated TMD
PFFs are defined as

D (z) =2 f dkrD_(z, k3). (D8)

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

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

A. V. Belitsky, X. Ji, and F. Yuan, Nucl. Phys. B656, 165
(2003).

C.J. Bomhof, P.J. Mulders, and F. Pijlman, Phys. Lett. B
596, 277 (2004).

S.J. Brodsky, D. S. Hwang, and I. Schmidt, Phys. Lett. B
530, 99 (2002).

S.J. Brodsky, D.S. Hwang, and I. Schmidt, Nucl. Phys.
B642, 344 (2002).

A. Bacchetta, C.J. Bomhof, P.J. Mulders, and F. Pijiman,
Phys. Rev. D 72, 034030 (2005).

C.J. Bomhof and P.J. Mulders, Nucl. Phys. B795, 409
(2008).

A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys. 36,
140 (1982).

A. V. Efremov and O. V. Teryaev, Phys. Lett. 150B, 383
(1985).

J-W. Qiu and G.F. Sterman, Phys. Rev. Lett. 67, 2264
(1991).

J-W. Qiu and G. F. Sterman, Nucl. Phys. B378, 52 (1992).
J-W. Qiu and G.F Sterman, Phys. Rev. D 59, 014004
(1998).

Y. Kanazawa and Y. Koike, Phys. Lett. B 478, 121 (2000).
L.P. Gamberg, A. Mukherjee, and P.J. Mulders, Phys.
Rev. D 83, 071503 (2011).

S. Meissner and A. Metz, Phys. Rev. Lett. 102, 172003
(2009).

074030-13

L.P. Gamberg, A. Mukherjee, and P.J. Mulders, Phys.
Rev. D 77, 114026 (2008).

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

A. Metz, Phys. Lett. B 549, 139 (2002).

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

H. Avakian, A.V. Efremov, P. Schweitzer, and F. Yuan,
Phys. Rev. D 78, 114024 (2008).

P.J. Mulders and R. D. Tangerman, Phys. Rev. D 51, 3357
(1995).

J. Zhu and B.-Q. Ma, Phys. Rev. D 82,
(2010).

A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders,
and M. Schlegel, J. High Energy Phys. 02 (2007) 093.
A. Bacchetta and P.J. Mulders, Phys. Rev. D 62, 114004
(2000).

P. Hoodbhoy, R.L. Jaffe, and A. Manohar, Nucl. Phys.
B312, 571 (1989).

D. Boer, L. Gamberg, B. Musch, and A. Prokudin, J. High
Energy Phys. 10 (2011) 021.

J.C. Collins, Foundations of Perturbative
(Cambridge University Press, Cambridge, 2011).
M. G. A. Buffing and P.J. Mulders, J. High Energy Phys.
07 (2011) 065.

D. Binosi and L. Theussl, Comput. Phys. Commun. 161,
76 (2004).

D. Binosi, J. Collins, C. Kaufhold, and L. Theussl,
Comput. Phys. Commun. 180, 1709 (2009).

114022

0CD


http://dx.doi.org/10.1016/S0370-2693(02)01819-1
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
http://dx.doi.org/10.1016/S0550-3213(03)00121-4
http://dx.doi.org/10.1016/S0550-3213(03)00121-4
http://dx.doi.org/10.1016/j.physletb.2004.06.100
http://dx.doi.org/10.1016/j.physletb.2004.06.100
http://dx.doi.org/10.1016/S0370-2693(02)01320-5
http://dx.doi.org/10.1016/S0370-2693(02)01320-5
http://dx.doi.org/10.1016/S0550-3213(02)00617-X
http://dx.doi.org/10.1016/S0550-3213(02)00617-X
http://dx.doi.org/10.1103/PhysRevD.72.034030
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.024
http://dx.doi.org/10.1016/j.nuclphysb.2007.11.024
http://dx.doi.org/10.1016/0370-2693(85)90999-2
http://dx.doi.org/10.1016/0370-2693(85)90999-2
http://dx.doi.org/10.1103/PhysRevLett.67.2264
http://dx.doi.org/10.1103/PhysRevLett.67.2264
http://dx.doi.org/10.1016/0550-3213(92)90003-T
http://dx.doi.org/10.1103/PhysRevD.59.014004
http://dx.doi.org/10.1103/PhysRevD.59.014004
http://dx.doi.org/10.1016/S0370-2693(00)00261-6
http://dx.doi.org/10.1103/PhysRevD.83.071503
http://dx.doi.org/10.1103/PhysRevD.83.071503
http://dx.doi.org/10.1103/PhysRevLett.102.172003
http://dx.doi.org/10.1103/PhysRevLett.102.172003
http://dx.doi.org/10.1103/PhysRevD.77.114026
http://dx.doi.org/10.1103/PhysRevD.77.114026
http://dx.doi.org/10.1103/PhysRevLett.93.252001
http://dx.doi.org/10.1103/PhysRevLett.93.252001
http://dx.doi.org/10.1016/S0370-2693(02)02899-X
http://dx.doi.org/10.1016/0550-3213(95)00632-X
http://dx.doi.org/10.1016/0550-3213(95)00632-X
http://dx.doi.org/10.1016/S0550-3213(96)00648-7
http://dx.doi.org/10.1103/PhysRevD.78.114024
http://dx.doi.org/10.1103/PhysRevD.51.3357
http://dx.doi.org/10.1103/PhysRevD.51.3357
http://dx.doi.org/10.1103/PhysRevD.82.114022
http://dx.doi.org/10.1103/PhysRevD.82.114022
http://dx.doi.org/10.1088/1126-6708/2007/02/093
http://dx.doi.org/10.1103/PhysRevD.62.114004
http://dx.doi.org/10.1103/PhysRevD.62.114004
http://dx.doi.org/10.1016/0550-3213(89)90572-5
http://dx.doi.org/10.1016/0550-3213(89)90572-5
http://dx.doi.org/10.1007/JHEP10(2011)021
http://dx.doi.org/10.1007/JHEP10(2011)021
http://dx.doi.org/10.1007/JHEP07(2011)065
http://dx.doi.org/10.1007/JHEP07(2011)065
http://dx.doi.org/10.1016/j.cpc.2004.05.001
http://dx.doi.org/10.1016/j.cpc.2004.05.001
http://dx.doi.org/10.1016/j.cpc.2009.02.020

