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Recently, a lot of attention has been devoted to the in�uence of collinear gluon exchange in deep
inelastic scattering and related processes. The most striking observable effect of the gluon exchange
are transverse single spin asymmetries. In factorization formulae this effect is encoded in the gauge
link appearing in the operator deˇnition of parton distributions and fragmentation functions. The
presence of the gauge link, however, makes the universality of such correlation functions a nontrivial
issue. The main steps of these recent developments are summarized with a particular emphasis on
the question of universality of T -odd fragmentation. A one-loop calculation suggests that T -odd
fragmentation functions, in contrast to the corresponding parton distributions, are universal.

�·¨¢¥¤¥´ ±· É±¨° µ¡§µ· ¢²¨Ö´¨Ö £²Õµ´´µ° ¸¢Ö§¨ ´  Ê´¨¢¥·¸ ²Ó´µ¸ÉÓ T -´¥Î¥É´ÒÌ ËÊ´±Í¨°
Ë· £³¥´É Í¨¨. Ÿ¢´Ò¥ µ¤´µ¶¥É²¥¢Ò¥ · ¸Î¥ÉÒ ¶µ¤É¢¥·¦¤ ÕÉ, ÎÉµ T -´¥Î¥É´Ò¥ ËÊ´±Í¨¨ Ë· £³¥´-
É Í¨¨, ¢ ¶·µÉ¨¢µ¶µ²µ¦´µ¸ÉÓ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ËÊ´±Í¨Ö³ · ¸¶·¥¤¥²¥´¨Ö, Ö¢²ÖÕÉ¸Ö Ê´¨¢¥·¸ ²Ó-
´Ò³¨.

INTRODUCTION

For inclusive DIS the importance of gluon exchange between the struck quark
and target spectators has been emphasized recently [1]. It has been demonstrated
that this rescattering effect causes (additional) on-shell intermediate states in the
Compton amplitude, resulting in a shadowing contribution to the DIS cross sec-
tion. In Feynman gauge, this shadowing effect is described by the gauge link
appearing in the deˇniton of parton distributions.

Subsequently, the effect of rescattering has also been investigated in the case
of semi-inclusive DIS [2]. Using a simple model, it has been shown that a
transverse single target-spin asymmetry arises from the interference between the
tree-level amplitude of the fragmentation process and the imaginary part of the
one-loop amplitude, where the latter describes the gluon exchange between the
struck quark and the target system. This asymmetry has been interpreted as a
model for the time-reversal odd (T -odd) and transverse momentum dependent
(k⊥-dependent) Sivers function [3] including its gauge link [4].
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Since the gauge link in DIS and in the DrellÄYan process runs along a
different path, one deals a priori with different parton distributions in both cases.
Nevertheless, one can relate both deˇnitions by applying time-reversal. This leads
to a very interesting consequence which has been discussed in Ref. 4: the Sivers
asymmetry in semi-inlcusive DIS has the opposite sign compared to the one in
DrellÄYan, i.e., the Sivers function is nonuniversal.

In the following these issues will be treated in more detail [5]. (We do
not discuss here an interesting possible relation of the Sivers asymmetry to a
spin-dependent generalized parton distribution, which has been suggested very
recently [6].) The main part of this note concerns the study of universality for
T -odd spin-dependent fragmentation functions, where we focus on the fragmenta-
tion of an unpolarized quark into a transversely polarized spin-1/2 hadron [7] Å
the fragmentation counterpart of the Sivers parton distribution. To this end we
investigate the gluon exchange incorporated in the gauge link of the fragmenta-
tion functions for both e+e− annihilation and semi-inclusive DIS. In a one-loop
model calculation we ˇnd universality of T -odd fragmentation [7]. We point out
that a corresponding calculation leads also to universality of the T -odd Collins
fragmentation function [8].

1. GAUGE-INVARIANT CORRELATION FUNCTIONS

In inclusive DIS the longitudinal momentum fraction of the struck parton is
ˇxed by external kinematics, while its transverse momentum cannot be measured
but is rather integrated over. This situation changes in semi-inclusive lepton nu-
cleon scattering (like e−p → e−HX), where in addition to the scattered electron
a hadron H is detected in the ˇnal state. If the cross section is kept differential in
the transverse momentum PH⊥ of the hadron, one is sensitive to both the trans-
verse momentum on the parton distribution side (transverse momentum of the
quark relative to the target) and on the fragmentation side. (We limit ourselves to
the kinematics |PH⊥| � Q, with Q denoting the mass of the exchanged gauge
boson.) At tree level, it is relatively easy to derive a factorization formula for
this process [9].

There are two more reactions which can be described within the same for-
malism. One is the DrellÄYan process (like pp → µ+µ−X), where the transverse
momentum of the lepton-pair is small compared to the mass of the timelike pho-
ton. The other is e+e− → H1H2X , where the two detected hadrons have a low
transverse momentum relative to each other. The factorization for this class of
processes becomes highly nontrivial once gluonic corrections are included. One
source of the complications is the presence of soft gluons, which typically lead to
an additional nonperturbative factor (Sudakov factor) in a factorization formula.
(In the case of the one-loop calculations for T -odd correlation functions to be
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discussed below, these difˇculties don't show up yet. Therefore, we refrain from
elaborating more on this issue here.) A treatment to all orders in the strong
coupling constant has been given at least for the e+e−-annihilation process [10].

We now specify the gauge invariant correlation functions entering a fac-
torized description of this type of processes. The correlator through which the
k⊥-dependent parton distributions are deˇned reads

Φij(x,k⊥, S) =
∫

dξ− d2ξ⊥
(2π)3

eik·ξ 〈P, S | ψ̄j(0)W(0, ξ)ψi(ξ) |P, S〉
∣∣∣∣
ξ+=0

. (1)

The target state is characterized by its four-momentum P and the covariant spin
vector S (P 2 = M2, S2 = −1, P ·S = 0). The quark momentum is k with
k+ = xP+. The quark ˇelds carry a Dirac index, while �avor and color indices
are suppressed. The color gauge invariance of the correlator is ensured by the
Wilson line W(0, ξ), where the suitable path of this line is discussed below. The
gauge link encodes the reinteraction of the struck quark with the target system
via the exchange of collinear gluons. The k⊥-dependent parton distributions can
be obtained from Eq. (1) using suitable projections. For instance, the unpolarized
quark distribution is given by f1(x,k2

⊥) = Tr (Φγ+)/2.
In contrast to the correlation functions which show up in inclusive processes,

with two quark ˇelds separated only along one light-cone direction (here the ξ−

direction), the quark ˇelds in Eq. (1) have also a separation in transverse position
space. Moreover, a proper deˇnition of k⊥-dependent parton distributions requires
that the gauge link in (1) has the form [4,11,12]

W(0, ξ)DIS = [0, 0,0; 0,∞,0]× [0,∞,0; 0,∞, ξ⊥] × [0,∞, ξ⊥; 0, ξ−, ξ⊥]. (2)

In this equation, [a+, a−,a⊥; b+, b−,b⊥] denotes the Wilson line connecting the
points aµ = (a+, a−,a⊥) and bµ = (b+, b−,b⊥) along a straight line.

It is now important to note that the path of the gauge link depends on the
process. For DIS the future-pointing Wilson line in (2) has to be taken, while for
DrellÄYan one has a past-pointing line [4, 12,13],

W(0, ξ)DY = [0, 0,0; 0,−∞,0]×
× [0,−∞,0; 0,−∞, ξ⊥] × [0,−∞, ξ⊥; 0, ξ−, ξ⊥]. (3)

As a consequence, the deˇnitions of k⊥-dependent parton distributions are dif-
ferent for both processes. In other words, one is dealing with a potential nonuni-
versality for these objects. The same feature appears in the case of fragmentation
functions, which a priori have a different gauge link in semi-inclusive DIS and
in e+e− annihilation [13]. Whether and how one can still obtain universality for
parton distributions and fragmentation functions will be discussed in the following
two sections.



150 METZ A.

Another interesting discussion arises when considering the correlator in
Eq. (1) for different gauges. For example in Feynman gauge the Wilson line at the
light-cone inˇnity (second piece on the r.h.s. in Eqs. (2), (3)) can be neglected.
In contrast, this line needs to be taken into account in light-cone gauge [12], in
which the transverse gluon potential doesn't vanish at the light-cone inˇnity.

For the subsequent discussion, T -odd correlators will be of particular impor-
tance. It turns out that two (out of eight) k⊥-dependent parton distributions are
T -odd and can appear at leading order in a 1/Q-expansion (twist-expansion) of
observables. The same holds for T -odd fragmentation functions. The following
list (in the notation of Ref. 14) summarizes these functions and their meaning:

• f⊥
1T : distribution of an unpolarized quark in a transversely polarized tar-

get [3];

• h⊥
1 : distribution of a transversely polarized quark in an unpolarized tar-

get [15];

• D⊥
1T : fragmentation of an unpolarized quark into a transversely polarized

hadron [14];

• H⊥
1 : fragmentation of a transversely polarized quark into an unpolarized

hadron [8].

Typically, T -odd correlation functions give rise to azimuthal/single spin asym-
metries. In 1993, in connection with the Sivers function f⊥

1T , it was proven that
T -odd parton distributions should vanish because of time-reversal invariance [8].
(This claim later on needed to be revised as will be explained in Sec. 2.) In
contrast, T -odd fragmentation functions may well exist because of ˇnal state
interactions taking place in the fragmentation process, which give rise to the
required nontrivial phase (imaginary part) in the scattering amplitude.

2. RESCATTERING AND T -ODD PARTON DISTRIBUTIONS

We now turn attention to possible observable effects of the Wilson line, i.e.,
the rescattering of the struck quark via the exchange of collinear gluons. It was
demonstrated in 2001, that even for inclusive DIS this rescattering in�uences the
cross section [1]. The gluon exchange leads to additional on-shell intermediate
states in the forward Compton amplitude, yielding a reduction of the cross section
which may be interpreted as shadowing effect [1].

One may wonder now whether an observable exists, which is entirely con-
nected with the gauge link. Such a situation was discussed in the context of a
simple spectator model calculation for a transverse single target spin asymmetry
in DIS [2]. The relevant process is

γ∗ + p → q + s, (4)
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and is shown in Fig. 1. The quark q may fragment or form a jet. It is only
important that the transverse momentum of the outgoing quark is detected. The
spectator s is a scalar diquark. The proton is polarized transversely with respect to
its momentum. A tree level calculation, i.e., taking only the diagram in Fig. 1, a,
leads to a vanishing asymmetry because the scattering amplitude has no imaginary
part. In order to obtain an imaginary part, loop corrections need to be included.
(The gluon loops have been modelled by an Abelian gauge ˇeld in Ref. 2.) It is
easy to see that at one-loop only the box graph in Fig. 1, b, which describes the
reinteraction of the struck quark with the target system to lowest order, gives rise

Fig. 1. Tree-level (a) and relevant one-
loop (b) contribution for single spin
asymmetry in DIS in spectator model
(see also text). The spectator is indi-
cated by a dashed line. The thin line
characterizes the possible on-shell in-
termediate state

to an imaginary part. Now one indeed ob-
tains a nonzero transverse single spin asym-
metry which is given by the interference of
the tree-level amplitude A with the imagi-
nary part of the one-loop amplitude B,

A⊥ =
σ↑ − σ↓

σ↑ + σ↓ = A × Im B �= 0. (5)

We re-emphasize that the spin asymmetry
would be zero if there were no reinteraction
of the struck quark. In other words, for
this observable the rescattering enters in a
maximal possible way.

In Ref. 2 it has been stated that the
asymmetry in (5) is a new effect, and that this effect is not compatible with
factorization. However, later on [4] it was found that the asymmetry obtained
in [2] is nothing else but a model for the T -odd Sivers function including its
gauge link. Therefore, the result of [2] is neither a new effect nor it is necessarily
in contradiction with factorization. However, in Ref. 2 it has been demonstrated
for the ˇrst time explicitly, that T -odd parton distributions can be nonzero. It
turned out that the proof, according to which T -odd parton distributions should
vanish [8], no longer holds once the path-ordered exponential is taken into ac-
count [4].

As mentioned in the previous section, the parton distributions in DIS and
DrellÄYan have a different gauge link, which endangers the universality of these
objects. Nevertheless, the two deˇnitions can still be related using time-reversal.
One ˇnds that all six T -even k⊥-dependent parton distributions are in fact uni-
versal, while a violation of universality appears only for the two T -odd functions
in the sense that they have a reversed sign in both processes [4],

f⊥
1T

∣∣∣
DIS

= −f⊥
1T

∣∣∣
DY

, (6)

h⊥
1

∣∣∣
DIS

= −h⊥
1

∣∣∣
DY

. (7)
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From a practical point of view this violation of universality has no direct con-
sequence, since the possibility of relating cross sections of different processes is
not spoiled. An experimental investigation of relations (6), (7) would serve as
a very important check of our present-day understanding of the nature of T -odd
parton distributions.

3. RESCATTERING AND T -ODD FRAGMENTATION FUNCTIONS

We now wish to investigate the corresponding in�uence of the Wilson line
on the fragmentation process. Because of their operator structure, fragmentation

Fig. 2. Tree-level diagrams of fragmenta-
tion in e+e− annihilation (a) and semi-
inclusive DIS (b). In both cases a quark
fragments into a spin-1/2 hadron and a
scalar remnant (dashed line)

functions in DIS and e+e− annihila-
tion cannot be related using time rever-
sal (see also [13]). Hence, one has to
conclude that, unless another argument
comes to our aid, fragmentation func-
tions are nonuniversal.

To investigate this point we have
performed a model calculation for T -odd
fragmentation (unpolarized quark into
transversely polarized hadron, i.e., model
for D⊥

1T ) [7], which is quite similar to
the calculation of Ref. 2 discussed in the
previous section.

In Fig. 2, the tree-level diagrams of the fragmentation in e+e− annihilation
and in DIS are displayed. For e+e− annihilation we consider the decay of a

Fig. 3. One-loop diagrams of fragmenta-
tion in e+e− annihilation (a) and semi-
inclusive DIS (b). The possible on-shell
intermediate states are indicated by thin
lines

timelike virtual photon into a qq̄ pair,
where the quark fragments into a spin-
1/2 hadron (e.g., a proton) and a scalar
remnant, i.e.,

γ∗(q) → q̄(p1, λ
′)+p(p, λ)+s(p2). (8)

The fragmentation of the quark is de-
scribed in the model of Ref. 2.

The one-loop corrections are shown
in Fig. 3. For e+e− annihilation (semi-
inclusive DIS) a single photon is ex-

changed between the remnant and the antiquark (initial quark). These diagrams
provide a simple Abelian model for the lowest order contribution of the gauge
link of the fragmentation function. Two cuts (on-shell quark and antiquark, as
well as on-shell antiquark and remnant) for e+e− annihilation have no counterpart
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in semi-inclusive DIS. The quark-photon cut in e+e− annihilation corresponds to
the cut in DIS.

In contrast to T -odd parton distributions, there is another source Å beyond
the rescattering encoded in the gauge link Å that leads to T -odd fragmentation.
Because of ˇnal state interactions in the fragmentation process, imaginary parts
can appear in the scattering amplitude for the fragmenting quark is necessarliy
timelike (for those Feynman graphs in which the gauge link doesn't enter) [8,16].
Such effects are obviously universal, and therefore won't be discussed in the
following.

To proceed with the calculation, we consider e+e− annihilation in the rest
frame of the timelike photon. The proton in the ˇnal state has no transverse
momentum, and its minus-momentum is given by zq−, where q− is the minus-
momentum of the virtual photon. We ˇx the plus-momentum of the antiquark
according to p+

1 ≈ q+. The antiquark also carries a soft transverse momentum
−∆⊥, implying that the fragmenting quark and the outgoing proton have a relative
transverse momentum, which is necessary for the transverse spin asymmetry.
These requirements specify the kinematics:

q =
(

Q, Q,0⊥

)
, p1 =

(
Q,

∆2
⊥ + m2

q

Q
,−∆⊥

)
,

p =
(

M2

zQ
, zQ,0⊥

)
, p2 =

(
∆2

⊥ + m2
s

(1 − z)Q
, (1 − z)Q,∆⊥

)
. (9)

For simplicity, in (9) only the leading terms have been listed.
In the model of Ref. 2, the proton carries no electromagnetic charge. There-

fore, the charge of the fragmenting quark (denoted by e1) and the one of the
remnant are equal. The interaction between the quark, the proton, and the rem-
nant is described by a scalar vertex with the coupling constant g. The x component
of the current for the diagram in Fig. 2, a reads

J1
(0)(λ, λ′) = e1 g

1
s − m2

q

ū(p, λ) (q/ − p1/ + mq) γ1 v(p1, λ
′) =

= e1 g
1 − z√

z

Q

∆2
⊥ + m̃2

[
(∆1 − iλ∆2)δλ,−λ′ − λ

(
M

z
+ mq

)
δλ,λ′

]
, (10)

with m̃2 =
1
z

(
M2 1 − z

z
+ m2

s − m2
q (1 − z)

)
,

where use has been made of the relation

s − m2
q = (q − p1)2 − m2

q =
z

1 − z

(
∆2

⊥ + m̃2
)
, (11)
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which connects the total energy
√

s in the c.m. frame of the outgoing proton and
scalar remnant with the variables z and ∆2

⊥.
The transverse spin asymmetry Ax (polarization of the proton along x axes)

is given by σpol/σunp, with the cross sections evaluated according to

σunp ∝ 1
2

∑
λ,λ′

J1(λ, λ′)
(
J1(λ, λ′)

)∗
,

σpol ∝ 1
2

∑
λ′

[
J1(sx =↑, λ′)

(
J1(sx =↑, λ′)

)∗
− (12)

−J1(sx =↓, λ′)
(
J1(sx =↓, λ′)

)∗]
.

While σunp is computed using the tree-level current, in σpol the imaginary part
of the one-loop amplitude is inlcuded to obtain a nonzero asymmetry.

It turns out that for e+e− annihilation the contributions to the spin asymmetry
caused by two on-shell intermediate states (on-shell quark and antiquark, as well
as on-shell antiquark and remnant) cancel against each other (to leading order in
1/Q) [7]. Therefore, we are left only with the on-shell qγ intermediate state, for
which one obtains the following asymmetry [7]:

Ax,qγ = − (e1)2

8π

2(M/z)∆2

(M/z)2 + ∆2
⊥

∆2
⊥ + m̃2

∆2
⊥

[
ln

p20 − |p2| cos α

ms
+

+ cos α ln
p20 + |p2|

ms
+

1 − cos2 α

4(1 − z)

(
1 − p20

|p2|
ln

p20 + |p2|
ms

)]
, (13)

where the result holds for mq = 0. In Eq. (13) the energy and the three-
momentum of the remnant, as well as the scattering angle (angle between the
antiquark and the remnant) in the c.m. frame of the proton and the remnant
appear. These variables can be expressed in terms of z and ∆2

⊥ (see Ref. 7).
By explicit calculation we have shown that for semi-inclusive DIS the spin-

asymmetry caused by the on-shell qγ state coincides with the result in (13), i.e.,
the asymmetry in both processes has even the same sign. This means, we do
not observe a sign-reversal for this contribution as was the case for T -odd parton
distributions. The origin for the different behavior can be directly traced back to
the different kinematics one has to deal with in fragmentation.

In summary, our calculation shows that the total transverse spin asymmetries
in e+e− annihilation (summing the contributions of all three on-shell intermediate
states) and in semi-inclusive DIS are equal, i.e., the T -odd fragmentation of an
unpolarized quark into a transversely polarized spin-1/2 hadron is universal in
a one-loop model. Therefore, we observe universality for the fragmentation
function D⊥

1T . The same conclusion holds for the Collins function as well, since
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the imaginary part due to the qγ cut for the four independent helicity amplitudes
is equal for both processes. Hence, we have the results

D⊥
1T

∣∣∣
DIS

= D⊥
1T

∣∣∣
e+e−

, (14)

H⊥
1

∣∣∣
DIS

= H⊥
1

∣∣∣
e+e−

. (15)

It is relatively easy to see that the universality we have obtained in this speciˇc
one-loop calculation is a general one-loop result, i.e., it doesn't depend on the
model we are using for the fragmentation [7]. It remains to be seen whether
universality of fragmentation functions holds to all orders. There is work in
progress to clarify this important issue [17].

Acknowledgements. I am very grateful to John Collins for drawing my
attention to the fact that in e+e− annihilation, compared to semi-inclusive DIS,
two additional on-shell intermediate states may contribute to the transverse spin
asymmetry. This work has been supported by the Soˇa Kovalevskaja Programme
of the Alexander von Humboldt Foundation.

REFERENCES

1. Brodsky S. J. et al. // Phys. Rev. D. 2002. V. 65. P. 114025.

2. Brodsky S. J., Hwang D. S., Schmidt I. // Phys. Lett. B. 2002. V. 530. P. 99.

3. Sivers D. W. // Phys. Rev. D. 1990. V. 41. P. 83; 1991. V. 43. P. 261.

4. Collins J. C. // Phys. Lett. B. 2002. V. 536. P. 43.

5. See also: Teryaev O. V. // Part. Nucl. 2003. V. 35, No. 7. P. 46.

6. Burkardt M. // Proc. of X Workshop on High-Energy Physics, Dubna, 2004. P. 495.

7. Metz A. // Phys. Lett. B. 2002. V. 549. P. 139.

8. Collins J. C. // Nucl. Phys. B. 1993. V. 396. P. 161.

9. Ralston J. P., Soper D. E. // Nucl. Phys. B. 1979. V. 152. P. 109.

10. Collins J. C., Soper D. E. // Nucl. Phys. B. 1981. V. 193. P. 381.

11. Collins J. C., Soper D. E. // Nucl. Phys. B. 1982. V. 194. P. 445.

12. Belitsky A. V., Ji X., Yuan F. // Nucl. Phys. B. 2003. V. 656. P. 165.

13. Boer D., Mulders P. J., Pijlman F. // Ibid. V. 667. P. 201.

14. Mulders P. J., Tangerman R. D. // Nucl. Phys. B. 1996. V. 461. P. 197; Erratum // Ibid. 1997.
V. 484. P. 538.

15. Boer D., Mulders P. J. // Phys. Rev. D. 1998. V. 57. P. 5780.

16. Bacchetta A. et al. // Phys. Lett. B. 2001. V. 506. P. 155.

17. Collins J. C., Metz A. In preparation.


