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Abstract

Distribution functions in hard processes can be described by quark—quark correlators, nonlocal matrix elements of quark
fields. Color gauge invariance requires inclusion of appropriate gauge links in these correlators. For transverse momentum
dependent distribution functions, in particular important for descrilfirgdd effects in hard processes, we find that new link
structures containing loops can appear in Abelian and non-Abelian theories. In transverse moments, e.g., measured in azimuthal
asymmetries, these loops may enhance the contribution of gluonic poles. Some explicit results for the link structure are given
in high-energy leptoproduction and hadron—hadron scattering.

0 2004 Elsevier B.V. All rights reserved.

1. Introduction

In this Letter we discuss the issue of color gauge invariance in bilocal operator matrix elements off the light-
cone[l]. Such matrix elements are relevant in hard processes in which also transverse momenta of partons play a
role such as semi-inclusive deep inelastic scatteritigl or the Drell-Yan process (DY). In these two cases the
quark correlation functions that appear at leading order in an expansion in the inverse hard scale turn out to have a
different gauge link structure. Upon integration ovensgerse momenta the difference in the gauge link structure
does not matter, but for the transverse moments it {@€53]. For the lowest transverse moments obtained from
transverse momentum dependent distribution functioeglifierence corresponds to a time-reversal odd gluonic
pole matrix elemeni6].

In the tree-level contributions to SIDIS and DY one was in essence dealing with diagrams with a single ‘active’
quark. In this Letter we consider more general situations, but in order to study the basic features we simplify the
discussion by first considering QED-like hard interactions between the quarks. Complications that arise in QCD
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by the explicit presence of gluons will be discussed at the end, but the full treatment will be done as part of yet to
come applications to hard QCD processes.

2. Gaugelink structuresin hard processes

In electroweak hard scattering processes such as deep inelastic scattering and the Drell-Yan process, the undel
lying hard processeg* + ¢ — g andg + g — y* involve a single quark. In these processes a hard g2ateset
by the virtuality of the photon. The transition hadrenquark is described by the correlator

d¥% . .
@ij(p. P)=f%E’I’EWW,/(O)%(E)IP), 1)

where depending on the process the nonlocality is limitetting the soft quark and hadron momenta determine
the lightcone direction ., one integrates over the quark momentum compongnts p - ny andpr ininclusive
deep inelastic scattering (DIS), rasting the nonlocality to the lightcor{@—9]. In the case that more external mo-
menta are measured, implying that other directions can be observed, one integrates only over the quark momentum
componentp~, restricting the nonlocality to the light-frofit0-12] Examples are 1-particle inclusive or semi-
inclusive deep inelastic scattering (SIDIS) and the Drell-Yan (DY) process, both of which involve two hadrons. In
that case one has to deal with transverse momentum dependent distribution functions. Lightlike:eatats
are introduced for convenience. They satisfy- n, = 1 and are set by the external momenta. They define light-
cone momenta* =« -n+ and the transverse projec(g#“ =gV — n{fn‘i}. Besides the correlator describing the
hadron— quark transition, correlator® (p, P) for the hadron— antiquark and correlatota(p, P) or A(p, P)
for quark or antiquark> hadron transitions can be written doyh8].

Diagrams with additional gluons emerging from the soft hadronic parts are described by quark—gluon correlators

d4E d4r;

By i€ e P @AY ©)IP). @

@%i(p.p—p1, P)=

In leading order of the expansion in inverse powers of the hard gZatme needs to include théj{ correlators
involving AT = A - n_ (longitudinal) gluons that are collinear withetin parent hadron. Together with multi-gluon
correlators they produce gauge links alongrthedirection, connecting the points 0 ahdo lightcone infinity[13].

Of the correlators involving transverse gluon fields, leading parts emerge that involve gluon fields at lightcpone
which in combination with the links along_ complete the gauge links between the points 0 aifseeFig. 1)

[3]. The resulting gauge links can be included in the correlator ifBgmaking it explicitly gauge invariant. The

link structure, arising in the off-collinear situation in which one does not integrate over all transverse momenta of
the quarks, turns out to have a different path structure for SIDIS as compared to Drell-Yan. In the case of SIDIS
they come fromA™ gluons coupling to an outgoing quark, while in DY they come framgluons coupling to an
incoming antiquark. The resulting path structures of the link operators are shdwg th

In this Letter we present, in leading order of the inverse hard scale, the calculation of the gauge link structure
in more complex hard processes. The hard subprocesses that we will consider in this section are quark—quark
scattering and antiquark—quark scattering, which we will take as colorless interactions for the sake of simplicity.
This suffices to illustrate the appearance of additional new structures in the gauge links.

The starting point in the calculation of high-energy hadronic scattering cross sections is the assumption that at
tree-level it can be written as a convolution of hard, perturbatively calculable, partonic scattering processes with
(the aforementioned) correlation functions describing the hadsoquark or quark— hadron transition§l4—

16]. For example, the tree-level contribution to the cross section of the high-energy hadronic scattering process
ha+hpg — he + hp + X (seeFig. 2) involving the amplitudeV for the hard quark—antiquark scattering process
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Fig. 1. The gauge link structuie the quark—quark correlat@ in SIDIS (a) and DY (b), respectively.

Fig. 2. Decomposition of the cross section for two-hadron productidradron—hadron scattering with ar antiquark—quark subprocess.
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Fig. 3. (a) Ther- ands-channel contributions to quarantiquark scatteringzq + g2 — ¢3 + ¢4). (b) Thes- andu-channel contributions to
quark—quark scattering/{ + g2 — g3 + qa)-

q1(p) + g2() — q3(k) + Ga(l’) is written as
o x / d*pd*kd 1 d @ (p) @ D) @ |M(p, k,1,1)|* ® Atk) @ Al). ()

The hard partonic scattering magrtain several contributions, sEg. 3a. The correlator®, @, A andA describe
the soft parts connecting the quarks in the hard process to the hadrons involved in the physical (partly inclusive)
process. The convolution in E3) indicates that one needs specific Dirac tracing, depending on the particular
forms of M.

As an illustration of Eq(3), let us consider the situation where the incoming quark and antiquark have different
flavors, in which case one only has thehannel contribution in the hard processHig. 3a. Because we want
to illustrate the involvement of another strongly inténag particle in the hard pross, it is convenient to keep
the hard process itself colorless. Therefore, we consider the exchange of a photon as indiEaedanThe
expression for the scattering cross section is

2
o o</d4pd4k di1d* s*(p+4q —k){<qi2) Tr[cb(p)y“A(k)y”]Tr[cﬁ(l)yvA_(l’)yM]}, (4)

whereg =1’ — [. To obtain the link structure of thé (p) correlator in Eq.(3), we consider all the (colorless)
gluon insertions coming from the lower blob. All other soft correlators in the hadronic scattering process also get
specific gauge link structures from their respective lamgjital gluons coupling to the hard part. Introducing a set

of light-like vectorsn,. andn_, such thak is proportional to the momentum of the lower blob and- n, =1,

we find that the singlet* = A - n_ gluon insertions on the I.h.s. of the cut lead to the additional contributions in
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Fig. 4. Treelevel diagram and insiens of longitudinal gauge bosons.

the cross section iRig. 4b—d

) 1 1 e r .
o o</d4pd4kd4l d’'s%(p +gq —k);{mTr[cD(p)y“A(k)y [Tr[@ OnAl)y,]

i(f— p1)
(k— p1)?+ie

1 _ _
p f dp Tr[qbf:(p, P = POV AK) (i ye) y“] TH[ S Oys AT )y,

4 1 o _ i v |:‘ i(_l/‘i'ﬁl) . 1/ ]
+g1/d T P tie Tr[@% (p. p — pOY"* AK)y" ] Tr Q(l)yvi(l/_p1)2+i€(lVa)A(l WV
4 ; (22 _ 22 vV
+g1/d L P——— Tr[@% (p. p — POV  A)Y"]
PP i(=/-p)
><Tr[cli'(l)(lm)i(lerl)erl.6 yvA(l)Vu]}, (5)

wherep and p; are collinear withn . For ease of distinguishing the involved fermions, the coupling constants of
the longitudinal gauge particles are indicated withandg». Investigating the analytic structurejrf, one finds

that the poles a,bir # 0 cancel each other. This is analogous to Wagahtdies, where consecutive insertions take
care of all the cancellations of the poleﬁ # 0. Making use of the fact that for the leading contributions in the

soft correlatorsp (p) oc p, A(k) ok, @ (1) o< J and A(l") o< J' [17], the final result for the scattering cross section
is

2
o X fd4p dk d*1d™ s*(p+q — k)(q—12> {Tr[<1§(p)y”A(k)y”] Tri[@ Dy Al)y,]

1 ) )
- gZ/d4P1W Tr[@% (p. p — pOY"* A Y | TI[@ D AL )y ]
—r
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Fig. 5. The basic gauge links for distribution functionsring from the soft correlator for quark 1 that arise frerf -gluons interacting with

the other initial- or final-state fermion legs in the amplitude (2, 8 4pand the conjugate amplitude (2*, 3* and 4*) for (a) quark—antiquark
scattering §1 + g2 — g3 + ga) (b) quark—quark scattering{ + g2 — g3 + q4)-

1 N _
+g1/d4p1? Tr[@5(p, p — POV AK)Y "] TS D AW )y,
—p, t+1ie
+ 1/d4 1
§ P pf +ie

The contributions found in Eq6) represent the first terms of gauge links, (oo™, 75 &7, &r), Ug, (57, &7
oo™, &r), andUy, (—oo™, &r; £, &7), respectively. They are of the form

Tr[@4(p, p — pOY" AK)Y"] Tr[ai(l)yvA'(l’)m]}. (6)

b
Ug(a;b)zPexp(—ig/dx~A(x)>, (7

with the integration along a straight line betweeandb. The link structure arising in this way from the insertions
of longitudinal gluons coming fron® (p) (Fig. 4b—d) in the hard amplitudg; g2 — ¢3g4 is indicated inFig. 5a.
The same figure also gives the results for the insertions in the conjugate diagram, which can be handled in the
same way and lead to the links connecting the point 0 in the correlation function to lightcone infinity. The first
order calculations presented here explicitly, can be extkmmaclude all longudinal gluon insertions to which
we, without giving the derivation, haadded the transverse gauge link pieces. These transverse fields at infinity
emerge, in the same way as for the simple processes with just a single quark line, as boundary terms that also
need to be substracted from transverse gluon correldtyr obtain gauge invariant correlators in terms of the
field strength tensd6]. For a hard quark—quark scattering amplitgydg> — g3¢4 the resulting link structures are
given inFig. 5.

Taking all the insertions of lontydinal gluons into account, as in E¢), we have found that this expression
reduces to Eq(3) with the correlator® (p) now containing a link connecting the quark fields at 0 gndhree
combinations of links appear

Z/I}Ef] = U, (0; —00™, 07 ) Uy (—00™, 075 —00™, &7) Ug (007, &7 §), (8)
UE_] = Ug(O; oo, OT)Ug(OO_, Or; 007, éT)Ug(OO_, érs E), 9)
U}ED] ZU}E’HL{}E’*]T, (10)

where the latter constitutes a counterclockwiség@v) loop from the point O via lightcone infinity to and back
via negative lightcone infinity to 0. The result fog + hp — hc + hp + X with the quark—antiquark subprocess is
a gauge link insertion{é[,j] Tr(ug[lD”), shown inFig. 6a. The trace operation introduced in this figure will become
relevant when we take the full color stture of the inserted gluons into account.
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Fig. 6. Contributions to the cross section atiguark—quark scattering andet corresponding gauge link sttuges. In the contributions b—d
one hag1=g>=g.

An interesting case to consider is whenandg» are each others antiparticles. Besidesrttthannel contri-
bution which we have treated above, there is alsostitannel quark—antiquarknaihilation contribution (see
Fig. 3a). The link structure for the-channel amplitude and its conjugate are, just astbleannel contribution,
given by the gauge lines iRig. 5a. Including interference terms, four contributions arise in the cross section. We
observe that in these terms the correlation functiqp) appears with different gauge link structures as indicated
in Fig. 6b—d. In the terms of the scattering cross section that contaircAannel amplitude, we again get the prod-
uct of the link operator(s;! andzZ!", but in these terms we only have a single coupling congtart g» = g
and the two link operators add up to the link structuéé]. We note that the result iRig. 6d actually involves
Tr(u,ﬁ]uy”), i.e., the trace of the unity operator in the ap@space, which becomes relevant in case the color
structure is considered.

If we take the hard procesd (p, k,[,!’) in Fig. 2to represent quark—quark scattering, the gauge links arising
from the insertions of collinear gluoris the amplitude and its conjugatEi¢. 5b) combine into one or (in case
of identical quarks) four possible link structures in the cross section, as summarized i Again we get the
product of the link operatog}; | andi/!, wheret/! is traced if the amplitudes on both sides of the cut are each
others Hermitian conjugates. For the interference temugiark—quark scattering, however, the two operators do
not add up to a simple link operator suchi4s’.

The loop that we have found in the gauge link disappears upon integration of the matrix elements over transverse
momentum. Therefore, it only affects those processes where one is sensitive to the transverse momentum of the
quarks inside the nucleon. These involve transverse mondgftts), defined as transverse momentum weighted
integrals of thepr-dependent distribution functions. In these martsehe loop will contribute through a gluonic
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Fig. 7. Contributions to the cross sectioncgufark—quark scattering and therresponding gauge link strucés. In the contributions b—d one
hasg; =g2=¢g.

pole matrix element, responsible for time-reversal odd distribution functions, such as the Sivers fili&;ioh
For example, for unpolarized quarks in SIDIS one [&s

Tr[@) ™ (x)y*]
I o [(OPErds ip-& 7 70+ (.
= [ @pr i [ LS S O U 0 1P, S o
d&é= ; +s- - r
-£ / f—ne’” (P SITO)y* / dn™ UO: 7)YGH OUG: EIWE)I P S) e+t o, (11)

(only the T-odd part). Transverse moments appearing in processes involving hard quark—quark scattering yield
different results. Taking, for instance, the link structur&ig. 7b gives

dPerde . -
f &pr p§ f %e”’f (P, SIY (Q)y TUTUTO; £)yr(§)|P, S)le+ =0

dé= . 4- - r
=3%/2$—nelp$ (P, S|y Oy~ / dn= U0 ™ )G (7 )UMN 5 E7) Y E)IP, S)le+—g,—0, 12)
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Fig. 8. Amplitudes which contribute to the SIDEBoss section in which a hard gluon is radiated.

Fig. 9. Amplitudes which contribute to the DY @®section in which a hard gluon is radiated.

where one finds that the difference is again a gluonie poatrix element, but with a different strength. This
strength is set by the link structure and thus by the process, a feature that also appears in non-Abelian theories, as
we will see in the next section.

3. Link structuresin QCD processes

Although we have made various simplifying assumptions in the processes that we have considered in the pre-
vious section, it illustrates the appearance of open and closed integration paths in the gauge link in the correlator
@, which we will also find in QCD. In the Abelian examples given above the only particles carrying charge were
the fermions, hence the charge tracing followed the Dirac tracing. In the non-Abelian case such as QCD, this is in
general no longer the case. In the previous section, we already indicated the charge flow and contractions via the
traces inFigs. 6 and 7which is particularly relevant in QCD. The non-Abelian loops are not gauge invariant by
themselves, but only together with the quark fields in threedator or when they are cakdraced. In the calculation
of several QCD processes we find that the sum of all gluon insertions to a single amplitude again does not have any
poles atp; # 0.

The first example that we will give here is SIDIS at largg, for which the leading hard parts are given in
Fig. 8 One can distinguish this process from ordinary SIDIS by looking at two jet production. The longitudinal
gluons coming from the incoming proton are collected into links. These gluons couple to the radiated gluon, the
fragmenting quark and the off-shell quark in the hard process. Since there are no incoming lines to which the
longitudinal gluon carcouple, loops will not appear. A calculatioaking all possible insertions into account
confirms this and shows that the link structure is similar to that in ordinary SIDIS

large pr SIDIS: TeNey i L e [+ Ty — Ir U, (13)

Cr N¢ CrN,
where the symbol Tris used to distinguish color tracing from Dirac tracing did= 1/2 andC = TF(NC2 —1)/N,
= 4/3 in U(3). The weighted transverse moment appearing in an appropriate azimuthal asymmetry is therefore
(p["r]a.
aThe second process considered here is DY at latgevhere the situation is more complicated. In simple DY

there is only one (incoming) line to which longitudinal gluons can couple, which lead/toldink. However,
if a hard gluon is radiated (sé€g. 9), the link structure changes completely. The outgoing line together with the
incoming line give in general the possible presence oo land this is exactly whatours here. The calculation
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leads to a link structure in the quark—quark correlator for the lower hadron of the form

TrN, 1 Tr _ 9 1 1

large pr DY: C—FUH]VC T [ueM] - CFNCu[ = éu[ﬂﬁc T [uoM] - gl (14)
The explicit links and their differences only appear in the (unintegrated) transverse momentum dependent parton
distributions. After integration over transverse momenta, the differences vanistxjn Weighing with pr once,
one obtains the transverse momedt$(x) and, as we have seen in §d2), these differences may lead to an
enhancement of the gluonic pole contribution in the transverse moment. In QCD, however, this is not the case
for traced loops. For a loop in the gauge link“Ta!P1], one obtains a structure in the integrand of the form
Tr¢[UUG U], which vanishes. Therefore the transverse moment appearing indarg¥ has the link structure
Soltl _ 1gl=l |t differs from the ordinary DY process, where the transverse momarifi¥ .

We mention here two other examples, hamely processth quark—antiquark and quark—quark scattering as
hard processes, relevant in processes like pion production in hadron—hadron scattering. Each of the soft parts in
such a process gets a particular link structure. Considering for hadron—hadron scattering only the contribution
coming from quark—antiquark scattering giverHig. 6a, with in ther-channel now gluon exchange, one finds that
all four link structures irFig. 6 are involved due to the color-flow,

. . 1 1 7
Fig. 6ain QCD: /11— Tr [U1P11] + s (15)
c
For quark—quark scattering one finds
. . 51 1
Fig. 7ain QCD: av TrC [ =Myt — ZZ/{[D]L{[H, (16)
c

where the latter term is an example of an open loop, which, in analogy t{lE)gives an enhancement of the
gluonic pole contribution as comparedibt!.

In the above examples we have only been concerned with the link structure of the cobebatuich describes
the embedding of an incoming quark. The link struetarose from longitudinal collinear gluons. In the same
way the other correlators must be dealt with and will acquire particular link structures, which also may involve
loops. One of those correlators, which describes the fragmentation of a quark in SIDIS aplargeceives,
for instance, a loop contribution. Since there are two sourced fodd effects on the fragmentation side, the
transverse moment as given in Efl) and (12xonsists in this case of two terms, one coming from gluonic poles
and one from final state interactions. As arguefbinthe combination of these two mechanisms spoils the simple
sign relation between unintegrated fragmentation functions appearing in SIDIS and electron—positron annihilation
found in Ref[20], which uses the model of Rg21].

4. Conclusions

In this Letter we have shown that loops can appear in link structures in the correlation functions used in hard
processes. These link structures become relevant as soon as one is sensitive to the transverse momenta of th
partons. The loops may contribute to the transverse moments as enhanced gluonic poles. For distribution functions,
gluonic poles are the origin of thE-odd distribution functions appearing in single spin asymmetries. In order to
show the appearance of loops we started with an Abelian version of QCD. However, also in non-Abelian theories,
loops appear for which a few explicit results have been given.

The link structures can be derived by resumming all longitudinally polarized gluons, coming from a soft blob,
into a gauge invariant correlation function. Althouglistseems to break universality, this needs not to be the
case inpr-integrated angpr-weighted quantities, which lead to well-defined bilocal lightcone matrix elements.
Nevertheless, in the study of factorization (see, §22.,23] and the evolution of transverse momentum dependent
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distribution and fragmentation functiof34] one also needs to account for the structure and appearance of loops
in the gauge links. In principle things look fine forC85, because we found that one is always dealing with a
U -link, but in DY a gluon ladder leads to different link structure. Also for fragmentation in SIDIS one finds such
differences.

We have discussed the link structures appearing in laig&IDIS and largepr DY processes. We note that
having found the link structures, there is still worktie done in finding out the specific observables in which one
sees their effects. One needs an observable sensitive iotthnsic transverse momentum of the partons, which is
different from the largepy [25]. T-odd observables, such as the L-R asymmetpyih — 7 X [26—29] may play
an important role here, as they are absent for integrated distribution functions at leading order.
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